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Thesis summary in French

Thesis summary in French

L’intégrité de l'information génétique est essentielle pour assurer le bon fonctionnement de
la cellules afin d’éviter l'instabilité génomique, une des caractéristiques principales du
cancer. Il a été estimé que I'ADN subit environ a 70 000 Iésions par jour dont 75% sont
des lésions simple brin (SSBs) pouvant potentiellement étre converties en cassures
double brin (DSB : Double Strand Breaks). Bien que les DSBs soient moins fréquentes,
elles sont plus dangereuses pour la cellule si elles ne sont pas réparées pouvant ainsi
conduire a l'instabilité génomique. En effet, les DSBS peuvent entrainer des translocations
impliquées dans le processus de carcinogenése. Au sein de chaque cellule, en fonction du
type de lésion, plusieurs mécanismes permettent de réparer 'ADN. Suite a des DSBs, la
voie de signalisation de Réponse aux Dommages de I'ADN (DDR: DNA Damage
Response) est activée. Cette voie de signalisation est caractérisée par le recrutement des
protéines effectrices au site de lésion. Bien que la voie DDR intervienne immédiatement
aprés la survenue d’'une cassure double brin, la réparation est médiée par plusieurs voies
sous-jacentes qui dépendent du cycle cellulaire et font interevenir différentes protéines
effectrices. Les deux voies de signalisation sous-jacentes principales sont la Jonction
d’extrémités non homologues (NHEJ: Non Homologous End Joining) et la Recombinaison
Homologue (HR: Homologous Recombination). La voie NHEJ répare la cassure en liant
les deux extrémités de deux brins mais avec la persistance d’insertions ou de délétions au
site de lésion, créant-ainsi des erreurs dans 'ADN apres réparation. La voie NHEJ est la
voie privilégiée en phase G1 du cycle cellulaire, bien qu’elle soit aussi active pendant
toutes les phases du cycle cellulaire. Au contraire, la voie HR ne cause pas d’erreurs étant
donné que la réparation utilise le chromosome homologue, non endommage, comme
modeéle. Pour cette raison, c’est la voie privilégiée en phase S et G2 du cycle cellulaire.
L’étape cruciale au cours de la recombinaison homologue est la résection de I'extrémité
de ’ADN : lorsque I'extrémité 5’ simple brin est digérée pour laisser une longue extrémité
3’ simple brin qui va envahir 'ADN double brin homologue et ainsi servir de modéle pour
la réparation. La résection se déroule pendant les phases S et G2, lorsque les
chromosomes homologues sont accessibles. Ce processus inhibe la voie NHEJ au profit
de la voie HR. Le succés de la réparation dépend de I'efficacité des facteurs impliqués et
de l'efficacité de la signalisation, qui dépend des modifications post-traductionnelles
(PTMs) des histones et des protéines non-histones. La signalisation débute par une
cascade de phosphorylations qui induisent la phosphorylation du variant d’histone H2AX

7



Thesis summary in French

(yYH2AX) sur la sérine 139 et correspond a un des premiers événements. La trés forte
compaction de 'ADN sous forme de chromatine a l'intérieur du noyau cellulaire, peut étre
modulée par des modifications d’histones qui ont donc un réle trés important dans la
réparation de I'ADN. Des études récentes ont montrées que l'efficacité de réparation
dépend de PTMs spécifiques ainsi que de la localisation dans I'espace nucléaire de 'ADN
endommagé. Plusieurs études chez la levure ont montrées que, pour étre réparée plus
efficacement, les cassures DSBs peuvent étre relocalisées a d’autres endroits que la ou le
dommage a eu lieu initialement pour une meilleure efficacité. Un de ces sites préférentiels
pour la réparation est le complexe du pore nucléaire (NPC), qui est un canal connectant le
noyau et le cytoplasme, dont la fonction principale est la communication entre les deux
compartiments. Pour cette raison, il apparait surprenant que cette structure puisse étre
également impliquée dans la réparation de 'ADN. Plus récemment, il a aussi été montré
dans les cellules de mammiféres, que les protéines du pore nucléaire (les nucléoporines)
ont un rdle dans la réponse DDR.

De plus, plusieurs protéines adaptatrices peuvent servir d’intermédiaire pour l'interaction
entre le NPC et le noyau, et ainsi conférer au NPC un réle dans la maintenance de la
stabilité génomique. Un exemple de protéine adaptatrice chez la levure est le complexe
coactivateur Spt-Ada-GcnS-Acetyltransferase (SAGA) ainsi que le complexe TRanscription
and EXport 2 (TREX-2). Chez la levure l'interaction physique et fonctionnelle entre les
deux complexes connecte la transcription en cours avec le pore nucléaire pour I'export
immédiat.

Dans ce contexte, la connexion entre la transcription et I'export chez la levure a été
démontrée comme étant requise pour la maintenance de l'intégrité du génome. Les
mutants TREX-2 présentent un phénotype d’hyper-recombinaison, une des
caractéristiques principales de linstabilité génomique dans les cellules de levure. En
revanche, la situation est tres différente dans les cellules de mammiféres dans lesquelles
la transcription et I'export sont deux processus distincts. Le réle des nucléoporines ainsi
que leurs protéines associées dans la DDR ne semble pas lié a I'export des ARN ou a la
transcription.

Dans ce contexte, le but de mon projet est de déterminer la relation entre le complexe
TREX-2 associé au complexe du pore nucléaire et la stabilité du génome dans les cellules
humaines.

Le complexe TREX-2, est composé de cinq sous-unités présentant une forte homologie
de séquence et de structure de la levure aux mammiféres. TREX-2 est formé par
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'association de la protéine architecturale GANP, de deux sous-unités ENY2, et d’'une
copie des protéines PCID2, DSS1 et CENTRIN (Sac3, Sus1, Thp1, Sem1 et Cdc31 chez
la levure). ENY2/Sus1 est présente en double dans le complexe TREX-2 et est également
présente dans le module de Deubiquitination (Nagai et al.) du complexe SAGA, dont la
fonction est de retirer l'ubiquitine de I'histone H2B. Contrairement a la levure, les
expériences d'immunopréicipitation (IP) couplées a I'analyse par spectrométrie de masse
(MS) dans les cellules de mammifére ont montré que SAGA et TREX-2 sont deux
complexes distincts, ne partageant que la sous-unité ENY2. Aucune autre sous-unité de
TREX-2 n’est associée avec SAGA.

Afin de déterminer le role potentiel de TREX-2 dans la stabilité génomique, nous avons
décidé d’analyser la réponse cellulaire face a un dommage de 'ADN causé par des
drogues en absence de certaines sous-unités spécifiques de TREX-2. Parmi les cinq
sous-unités du complexe TREX-2, la protéine architecturale GANP est la plus
représentative de la fonction et de l'intégrité du complexe. De fait, une déplétion de GANP
dans les cellules humaines a pour conséquences une perte de la localisation de TREX-2
au NPC et I'accumulation d'ARNm dans le noyau, démontrant ainsi que la fonction
d’export des ARNm est également affectée. La déplétion d’ENY2 cause le méme
phénotype mais étant donné son association avec SAGA, nous avons décidé de
déterminer la fonction de TREX-2 par une déplétion de GANP.

Nos résultats montrent que les cellules avec un faible niveau de GANP résiduel sont plus
sensibles, que des cellules contréles, aux DSBs induites par la phléomycine qui est une
drogue radiomimétique. Cette observation est accompagnée d’un défaut de la DDR qui
est démontré par un retard de la réparation des cassures et une phosphorylation
persistante des kinases de signalisation sans affecter I'action précoce de la DDR. Etant
donné la localisation de GANP au niveau du NPC, nous avons cherché a déterminer si les
cassures non réparees s’accumulent en périphérie du noyau. Cependant, les analyses de
la distribution de l'intensité de YH2AX n’ont pas montré d’accumulation des cassures non
réparées en périphérie, suggerant un effet plus global.

Pour rappel, une seule cascade de signalisation caractérise la voie DDR apres la
détection d’'une cassure, se séparant ensuite en deux voies sous-jacentes principales :
NHEJ et HR. Nos résultats ont montré que le défaut de réparation lors de la déplétion de
GANP n’est pas médié par une altération des étapes initiales de la DDR, suggérant que
GANP est impliqué dans les étapes plus tardives. L'utilisation des lignées cellulaires
U20S contenant une cassette reporter DR-GFP, permettant de mesurer |'efficacité des
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voies NHEJ et HR suite a une cassure induite par Iscel dans la cassette DR-GFP, nous a
permis d’identifier un réle spécifique de GANP dans la voie HR, dont les premieres étapes
de résection sont affectées.

La déplétion de GANP s’accompagne effectivement d’'une diminution importante du
recrutement de tous les facteurs de résection.

Afin d’étudier le réle du complexe TREX-2 dans la DDR, nous avons décidé de tester si la
déplétion d’autres sous-unités du complexe a le méme effet sur la DDR. Nous avons ainsi
testé la fonction I’ENY2, bien quU’'ENY2 soit présente dans au moins un autre complexe.
De maniére surprenante, la déplétion d'ENY2 a l'effet opposé, c’est a dire une forte
augmentation de l'efficacité de HR.

ENY2 fonctionne comme une protéine adaptatrice dans le module DUB de SAGA,
compose d’'ENY2, d’ATXN7, d’ATXN7L3 et de 'enzyme USP22 qui catalyse le retrait de
l'ubiquitine de la Lysine (K) 120 de I'histone H2B mono-ubiquitinée (H2Bub1). La marque
H2Bub1 est associée avec I'élongation de la transcription et il a été montré récemment
que la monoubiquitination de H2B intervient en réponse a un dommage induit dans 'ADN
aprés une irradiation. Bien que le recrutement de RNF20/40, qui catalyse I'ubiquitination
d’H2B, aprés un dommage dans 'ADN a déja été étudié, peu de choses concernant la
régulation de la déubiquitination et de I'importance de I'équilibre entre H2B et H2Bub1 en
réponse a un dommage de ’ADN sont connues

Grace a lI'analyse des niveaux de H2Bub1 lors de la déplétion de GANP ou ENY2, avec
ou sans induction de dommage de ’ADN, nous avons montré que contre toute attente que
la dynamique de H2Bub1 ne dépend pas seulement de la présence d’ENY2 dans le
module DUB du complexe SAGA, mais aussi de la stabilité de TREX-2 pour maintenir un
bon équilibre entre ubiquitination et deéubiquitination. Comme attendu, les cellules
dépourvues d'ENY2 ont des niveaux d’H2Bub1 plus élevés mais de maniére surprenante
les cellules sans GANP ont des niveaux de H2Bub1 réduits, avant et aprés dommage de
I’ADN.

Aprés une double déplétion de GANP et ENY2, les niveaux de H2Bub1 sont similaires a
ceux de cellules contrdles (avec ou sans induction de dommages de ’ADN) suggérant que
l'interaction d’ENY2 avec le complexe TREX-2 a un réle fondamentale dans I'équilibre
entre ubiquitination et déubiquitination de H2B et que cet équilibre est essentiel a une
réparation efficace pour la voie HR. De plus, nous montrons que la déplétion ’ENY2 a
partir de cellules ayant des niveaux réduits de GANP permet de restaurer completement le
recrutement de la protéine RAD51 en charge de la résection au niveau du site Iscel

10



Thesis summary in French

suggérant un lien entre I'équilibre de H2Bub1 pour la HR et que cette redistribution
dépend de l'intégrité du complexe TREX-2.

En conclusion, notre étude a montré que le complexe TREX-2 humain est fondamental
pour la réponse face a un dommage de I'’ADN et pour une réparation efficace et que ce
processus nécessite le couplage entre TREX-2 et SAGA pour la régulation des niveaux
d’'H2Bub1.
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Thesis Summary

The maintenance of proper genetic information is essential to ensure correct cellular
functions and to avoid genomic instability that is a hallmark of cancer. It has been
approximated that the DNA is challenged by 70.000 lesions per day of which 75%
correspond to single stranded DNA breaks (SSBs) that could be eventually converted into
double stranded DNA breaks (DSB), in which both strands are broken. DSBs are less
common but more dangerous for the cell because, if unrepaired, they can lead to genomic
instability, translocations and eventually cancer. Cells have evolved different pathways to
repair their genome, accordingly to the type of lesion. In response to DSBs they initiate a
signalling cascade, named the DNA Damage Response (DDR). This signalling pathway is
characterized by the recruitment and the extensive spreading of DDR proteins around the
lesions. Although the DDR response involves one main common pathway which
intervenes immediately after the insurgence of the break, the repair is accomplished
following different sub-pathways, depending on the cell cycle stage, and is mediated by
different proteins. Two main sub-pathways exist: Non-Homologous End Joining (NHEJ)
and Homologous Recombination (HR). The former ligates the extremities of the two ends
and often leaves insertions or deletions at the site of break, thus being error-prone.
Although NHEJ is active throughout the cell cycle, it is the favourite pathway during the G1
phase. HR is instead by definition error-free, because the break is repaired using as a
template the homologous chromosome; for this reason it is the preferred pathway during
the S and G2 phases of the cell cycle. The decisive step in HR is DNA end resection, in
which the 5" ssDNA end of the blunt end is digested to leave a long 3’ end ssDNA filament
that will invade the homologous double strand of DNA to use it as a template for repair.
The resection process happens in S and G2 phases, when there is availability of
homologous chromosomes, inhibiting NHEJ and favouring HR.
The successful completion of the repair is driven by the efficiency of all the factors
involved and by the efficient signalling, that relies on different post-translation
modifications (PTMs) starting from a phosphorylation cascade that, as one of the earliest
events, induces the phosphorylation of the histone variant H2AX on serine 139 (yH2AX). It
is not surprising that histones modifications play a key role in DNA repair if we consider
that the repair has to be completed in the context of chromatin, but also in the highly
compartmentalized environment of the nucleus. Recent studies have shown that the
efficiency of the repair and the choice of the pathway are made also accordingly to the
chromatin environment, characterized by specific histone PTMs and to the spatial
12
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localization of the damaged DNA. Several studies in budding yeast (y) have shown that
DSBs can relocate to different sites from where they have been generated for efficient
repair. One of these sites, in yeast, is the Nuclear Pore Complex (NPC), the channel that
connects the nucleus with the cytoplasm, whose main function is indeed the
communication and transport between the two compartments. For this reason it appeared
surprising that these structures had a role in DNA repair. More recently it has been shown,
also in human (h) cells, that proteins of the nuclear pore (so-called nucleoporins) have a
role in the DDR.

In addition many adaptor proteins might mediate the interaction between the NPC and the
inner nuclear environment and contribute to the additional roles of the nuclear pore in
genome stability maintenance. Important examples of these adaptors in yeast are the Spt-
Ada-Gcenb5-Acetyltransferase (SAGA) co-activator complex and the TRanscription and
EXport complex 2 (TREX-2). In yeast the physical and functional interaction between the
two complexes connects the ongoing transcription with the nuclear pore for immediate
export. This connection has been shown to be required for the maintenance of genome
integrity, and mutants of the TREX-2 complex show hyper-recombination phenotype, a
hallmark of genomic instability in yeast cells. In mammalian cells, the situation is different
as transcription and export are two distinct processes and the involvement of nucleoporins
and associated proteins in the DDR has not been connected with RNA export or
transcription defects.

In this context the aim of my project was to investigate the relationship between the NPC-
associated TREX-2 complex and genomic stability in human cells.

The TREX-2 complex is composed of five subunits both in yeast and mammals whose
crystal structure reveals a strong homology. hTREX-2 is composed by the protein GANP,
two ENY2 subunits, PCID2, DSS1 and CENTRIN (respectively Sac3, Sus1, Thp1, Sem1
and Cdc31 in budding yeast). Interestingly, the hENY2/ySus1 subunit is present twice in
the complex and is also found associated with the Deubiquitination (DUB) module of the
SAGA complex, whose function is to remove ubiquitin from Lysine (K) 20 (K23 in yeast) of
monoubiquitinated histone H2B (H2Bub1). Differently from yeast, immunoprecipitation (IP)
experiment followed by Mass Spectrometry (MS) in mammalian cells showed that SAGA
and TREX-2 are two distinct complexes and while they both co-immunoprecipitate with
ENY2, no other TREX-2 subunit is found associated with SAGA.

To investigate the possible role of the TREX-2 complex in genome stability in human cells
we decided to analyse the cell response to DNA damaging drugs in the absence of TREX-
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2 specific subunits. Among the five subunits that form the TREX-2 complex the scaffold
protein GANP is the main representative of the function and responsible for the integrity of
the complex. In fact GANP knock-down (KD) in human cells results in impairment of
TREX-2 localization at the NPC and accumulation of mRNA in the nucleus. ENY2 KD
results in the same defects, but given its association with SAGA we decided to start to
investigate TREX-2 function in GANP KD.

Our results show that cells depleted of GANP are more sensitive, compared to controls, to
the DSBs-inducing radiomimetic drug phleomycin. This is accompanied by a defect in the
DDR demonstrated by delayed repair of breaks and a persistent phosphorylation of
signalling kinases without affecting the early activation of the DDR. Given the NPC
localization of GANP we investigated whether the unrepaired breaks were accumulated at
the periphery of the nucleus; however analyses of yH2AX intensity distribution showed no
specific accumulation of breaks at the periphery suggesting a more global effect.

As mentioned before, a unique signalling cascade characterizes the DDR pathway after
break recognition that diverges in two main pathways of repair, NHEJ and HR. Our results
showed that repair defects in GANP KD are not mediated by alterations in the initial steps
of the DDR suggesting the involvement of GANP at later steps. With the utilization of two
specific U20S cell lines, containing a DR-GFP cassette allowing the measurement of the
HR or NHEJ efficiency after a unique DSB induction, we showed a specific role of GANP
in the HR pathway, which is defective from the early stages of resection in the absence of
GANP. Indeed, recruitment of all tested resection factors at a single DSB was severely
impaired in GANP KD cells.

To further investigate the role of the whole complex in the DDR we decided to test whether
depletion of another subunit of the TREX-2 complex would have the same effect on the
DDR. Surprisingly depletion of ENY2 had the opposite effect, showing a strong increase in
HR efficiency.

ENY2 functions as an adaptor protein in the DUB module of SAGA, composed of ENY2,
ATXN7, ATXN7L3 and the enzyme USP22 that catalyses the removal of monoubiquitin
from the H2Bub1.

We ascribed the increase in HR efficiency in ENY2-depleted cells to the disruption of the
SAGA DUB because depletion of a second subunit of the DUB, ATXN7L3, showed the
same increase.

H2Bub1 mark is associated with transcription elongation and it has recently been shown
that monoubiquitination of H2B occurs in response to irradiation-induced DNA damage.
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While the recruitment of RNF20/40 catalysing the formation of H2Bub1 after DNA damage
has been extensively studied, little is known about the regulation of its deubiquitination and
the importance in the balance between H2B and H2Bub1 in the response to DNA damage.
Analysing the levels of H2Bub1 in GANP and ENY2 KD cells, with or without damage
induction, we show that, unexpectedly, the dynamic of H2Bub1 mark is not only dependent
on ENY2 presence, as a result of the DUB stability, but the stability of the TREX-2
complex is also an important factor for the correct balance between ubiquitination and
deubiquitination. As expected cells lacking ENY2 showed higher basal levels of H2Bub1
but surprisingly cells depleted of GANP had lower amount of global H2Bub1, before and
after damage.

The double KD of GANP and DUB subunits ENY2 or ATXN7L3 restored H2Bub1 to control
levels, (both in undamaged and damaged cells) suggesting that the interaction of ENY2
with the TREX-2 complex plays a fundamental role in balancing the DUB activity.
Moreover we ascribed the repair defects of GANP and ENY2-depleted cells to the
disrupted H2B/H2Bub1 balance because the additional DUB depletion on cells already
depleted of GANP completely rescues the recruitment of resection protein RAD51 at the
unique DSB site.

In summary our study showed that the human TREX-2 complex, is fundamental for
efficient DNA damage repair in human cells and that this process involves interplay
between TREX-2 and SAGA in regulating H2Bub1 levels.
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Introduction

1.1. DNA damage: a threat for genome integrity

The genome is a bag of information encoded by the DNA that has to be passed as
faithfully as possible to the next generation. The maintenance of its integrity is
fundamental to the life of the single cell and of the organism. However the DNA is
constantly challenged by endogenous and exogenous damaging agents that pose a threat
to its stability. For this reason the cell has evolved a series of protection mechanisms to
copy with the huge amount of damage that the DNA receive every day, estimated to be
around 10°to 10° molecular lesions (Lindahl, 1993; Lindahl and Barnes, 2000).
Endogenous damage occurs generally at higher rate compared to exogenous damage and
among the several causes of endogenous damage the majority are represented by the
incorporation of ribonucleotides during DNA synthesis, and by Reactive Oxigen Species
(ROS) produced by oxidation processes in the cell. ROS can react with the DNA molecule
inducing bases modifications that lead to mismatches in the double helix of DNA.
Physiological processes such as replication or collisions between the replication fork and
the transcription machinery can pose a threat to the genome. Stalling of the replication
fork, process know as replication stress, can lead to Double Strand Breaks (DSBs)
(Helmrich et al., 2013; Techer et al., 2017). Moreover DNA damages such as DSBs or
deamination of cytidines can happen in a programmed and regulated manner in biological
process as meiosis or in the immune response (Alt et al., 2013; Baudat et al., 2013).
Exogenous sources of DNA damage are mainly represented by Ultraviolet (UV) light,
which generates bases modifications that create DNA helix distorstion (Karran and Brem,
2016; Park and Kang, 2016). lonizing radiation (IR) used in radiotherapy and
chemotherapic agents can create different kind of damages such as DSBs, Single
Stranded Breaks (SSBs) and base lesions (Mavragani et al., 2017).

Given the complexity of DNA lesions that can occur in the genome cells have evolved
different kind of pathways to repair them faithfully. For example base modifications created
by UV, IR and chemotherapy or breaks arising in one strand of the double helix, can be
repaired by the Nucleotide Excision Repair (NER), Base Excision Repair (BER) and the
Mismatch-Mediated Repair (MMR) pathway (Liu et al., 2017; Scharer, 2013; Wallace,
2014).

DSBs are much less frequent than base modifications but at the same time they are
among the most dangerous type of lesions because if unrepaired they can lead to

unwanted chromosome rearrangements such as translocations and genome instability.
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1.2 The DNA Damage Response (DDR); from break recognition to signal spreading

DNA DSBs activate a complex signalling cascade called the DNA Damage Response
(DDR) that relies on a myriad of post-translational modifications (PTMs) that alter the
specificity of protein-protein interaction and their catalytic activity. Recruitment of a
plethora of proteins at the damage sites is controlled by PTMs and ensures that the
damage is faithfully repaired using alternative pathways (reviewed in (Thompson, 2012)).
Several DDR factors are involved in the recognition of the damage that will be covered by
subsequent recruitment of proteins forming the so-called Irradiation-Induced-Foci (IRIF)
(Bekker-Jensen and Mailand, 2010). Break repair happens on the basis of different non-
redundant pathways, which rely on unique proteins and signalling mechanisms; however
the first steps of the DDR are recognized as a single common pathway relying on
activation of apical kinases that will recognize the breaks and start a signalling cascade

(Figure 1).

yH2AX
One of the first events that characterizes the DDR is the phosphorylation of the histone
variant H2AX on serine 139 yH2AX), that was characterized as an immediate response to
irradiation-induced damaged and other DNA damaging agents (Takahashi and Ohnishi,
2005) (reviewed in (Kinner et al., 2008; Lobrich et al., 2010; Stucki and Jackson, 2006)).
Phosphorylation of H2AX is performed in a redundant way by master regulators of the
DDR, apical kinases that control PTMs of a variety of downstream effectors, Ataxia
Telangiectasia Mutated (ATM), DNA dependent Protein Kinase (DNA-PK) and Ataxia
Telangiectasia and Rad3 related (ATR) (An et al., 2010; Burma et al., 2001; Lou et al.,
2006; Stiff et al., 2004). While ATM and DNA-PK respond principally to DSBs, ATR is
activated in response to a variety of damages, being recruited via ssDNA coated by the
ssDNA binding protein Replication Protein A (RPA) (Zou and Elledge, 2003). The principal
kinase responsible for H2AX phosphorylation is generally considered ATM because it has
been shown that Mouse Embryonic Fibroblasts (MEFs) depleted for DNA-PK still support
YyH2AX formation as Wild-Type (WT) MEFs while ATM-depleted mouse and human
fibroblasts show delayed phosphorylation (Stiff et al., 2004). Interestingly ATM-depleted
human lymphoblasts fail completely to form yH2AX. yH2AX formation at the sites of breaks
plays a critical role in for the recruitment of downstream effectors (Celeste et al., 2002; Lou
et al., 2006) that forms platforms for the recruitment of subsequent proteins in a cascade
that has as main goal the repair of the DSB. Loss of H2AX is compatible with life and

H2AX null mice are viable with reduced fertility (Celeste et al., 2002) but consistently with
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its role in repair H2AX null mice MEFs and Embryonic Stem (ES) cells are 2- to 3-fold
more sensitive to irradiation than control cells and shown elevated chromosomal instability
even without irradiation (Bassing et al., 2002; Celeste et al., 2002). H2AX is also
phosphorylated on tyrosine 142 by the chromatin remodeler Williams Beuren Syndrome
Transcription Factor (WSTF) (Xiao et al., 2009); however the role of this modification in
DNA repair is not clarified yet. It has been proposed that this phosphorylation might
interfere with the more canonical phosphorylation on ser139 and that it is needed to
restrain YH2AX at the vicinity of the break (Stucki, 2009).

Ataxia Telangiectasia Mutated (ATM)

ATM is thus a key player in the DDR (reviewed in (Derheimer and Kastan, 2010; Lavin,
2008; Lavin and Kozlov, 2007; Lee and Paull, 2007)) that induces yH2AX formation and
spreading helping the formation of a platform for proteins docking. ATM is usually
activated in response to damage, and this activation is generally attributed to its interaction
with the MRE11-RAD51-NBS1 (MRN complex; described hereafter) after break
recognition (reviewed in(Lavin, 2007; McKinnon, 2012). However activated ATM is
detectable at very low levels of damage (=3 DSBs per cell) (Bakkenist and Kastan, 2003)
thus is possible that ATM might be activated at long distance from the break and then
recruited to the site of break through MRN interaction (Bakkenist and Kastan, 2003). One
simple model implies chromatin modifications at the basis of initial ATM activation
(Bakkenist and Kastan, 2003) where chromatin relaxation plays a key role. Indeed forced
chromatin relaxation can activate ATM even in the absence of detectable DSBs (Rogakou
et al., 1999; Rogakou et al., 1998; Stucki and Jackson, 2006). Only after ATM activation
through chromatin modification the MRN complex would play a role in recruiting activated
ATM at the vicinity of the break (Bakkenist and Kastan, 2003). In any case regulation of
ATM activity seems to be a job shared by different regulators. First among all, ATM itself
autophosphorylates on three different phosphorylation sites. Serine 1981 is probably the
most known phosphorylated site (Goodarzi et al., 2004), but serine 1983 and serine 367
have also been shown to play a role in ATM activation (Kozlov et al., 2006). Indeed the
three phosphorylation-defective mutants are all defective in phosphorylation of ATM
substrates (Kozlov et al., 2006) but ser1983 and ser367 seems not be strictly fundamental
for yYH2AX formation as instead ser1981 (Kozlov et al., 2006). However ser1981
phosphorylation alone is not sufficient to activate ATM, which remains as an inactive
dimer. Interestingly activation of ATM relies in large part on acetylation on Lysine (K) 3016

by the Histone Acetyltransferase (HAT) Tip60 (Sun et al., 2005). A constitutive complex
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Tip60-ATM was shown to be important in the early activation of ATM upon DSBs (Sun et
al., 2005). Tip60 acetylates ATM in response to irradiation concomitantly with ATM
autophosphorylation (Sun et al., 2005); consistent with these data Tip60 localizes at the
sites of breaks in foci co-localizing with ATM®'®" and yH2AX (Sun et al., 2005). The
acetylation event seems to be sufficient to induce monomerization and thus activation of
ATM (Sun et al., 2007). Recruitment of Tip60 at DSBs seems to rely on MRN complex
(Sun et al., 2005) and on the presence of the trimethylated version of K9 on Histone H3
(H3K9me3) (Sun et al., 2009). ATM also phosphorylates p53 and Chk2 to block the cell
cycle in G2/M phase (Matsuoka et al., 2000; Saito et al., 2002).

Mediator of Damage Checkpoint (MDC) 1

One of the first proteins being recruited to the breaks through yH2AX is the large protein
MDC1 whose foci are visible already after 1 hour of repair (Lukas et al., 2004; Shang et
al., 2003; Stewart et al., 2003; Stucki et al., 2005). ATM and MRN complex recruitment is
dependent on MDC1, indeed MDC1-depleted cells show severe defects in ATM foci
formation and MRN breaks localization; moreover mutants of NBS1 (part of the MRN
complex) unable to interact with MDC1 are not recruited to damaged sites (Lukas et al.,
2004). MDC1 binds yH2AX through its tandem BRCA1 C-terminal (BRCT) domain that
recognizes phosphorylated proteins (Stewart et al., 2003; Stucki et al., 2005) and serves
as a platform to recruit additional ATM through its Fork-Head Associated (FHA) domain. It
has been shown that ATM®'®" is not diminished in MDC1 deficient cells, but its
recruitment is impaired (Lou et al., 2006) thus activated ATM still requires MDC1 to
localize at the breaks. Recruitment of additional ATM is needed to phosphorylate
additional H2AX giving rise to a positive feedback loop that will expand for megabases
(Pilch et al., 2003) to amplify the signal. Moreover MDC1 is ubiquitinated on its BRCT
domain (Strauss and Goldberg, 2011) and this ubiquitination is important for the
downstream recruitment of Receptor Associated Protein (RAP) 80, part of the BRCA1A
complex (described hereafter), fundamental for the ubiquitin signalling cascade that will
follow (described hereafter), which is in turn required to spread and amplify the signal.

P53 Binding Protein (53BP) 1

53BP1 was firstly identified as p53-interacting protein in a two-hybrid screen (lwabuchi et
al.,, 1994) and it is one of the first proteins to co-localize with yH2AX after DSBs induction
after IR exposure (Schultz et al., 2000). Mice depleted of 53BP1 have a similar phenotype
to H2AX null mice (Morales et al., 2003; Ward et al., 2003). How 53BP1 is recruited at the
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breaks has been matter of debate in respect to the requirement of MDC1 for this purpose
(Eliezer et al., 2009; Fradet-Turcotte et al., 2013; Stewart et al., 2003; Zgheib et al., 2009),
however it is clear the impact of chromatin modification on the binding and release of
53BP1. 53BP1 binding to chromatin is mediated by its tandem tudor domain that can
interact with dimetylated K20 of histone H4 (H4K20me2), although this histone mark is not
shown to increase after damage induction, or specifically induced at the sites of breaks,
thus other mechanisms of regulation must be involved in 53BP1 binding at DSBs (Botuyan
et al., 2006). Additional regulation is mediated by its C-terminal ubiquitin interacting
domain, capable of binding to monoubiquitinated histone H2A on K15 (H2AK15ub)
(Fradet-Turcotte et al., 2013); this modification is instead specifically induced at the sites of
breaks by the Ring Finger Protein (RNF) 168 (described hereafter). Moreover, a third
chromatin mark is involved in 53BP1 dynamics at the breaks; acetylation of K16 on
histone H4 (H4K16ac) by Tip60 is shown to reduce the affinity of 53BP1 for H4K20me2,
by creating steric hindrance that would favour the release of 53BP1 (Tang et al., 2013).
Moreover 53BP1 interacts with a series of proteins that promote his release from the break
in specific moments of the cell cycle. The high level of regulation of 53BP1 dynamics at
the break site is probably due to its key role in the choice between different DDR pathways

that will be used downstream to repair the break (described hereafter).
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Figure 1 First steps of the DNA damage response.

(A) Double Strand Break formation. (B) After DSB induction transient chromatin relaxation is induced through acetylation
by the HAT TIP60, which will also acetylate ATM kinase inducing its activation. Recruitment of TIP60 to the break
requires H3K9me3 and the MRN complex. DNA ends are recognized by the Ku heterodimer (C) activation of ATM is
induced by TIP60 acetylation and concomitant autophosphorylation on serine 1981; activation induced monomerization
of ATM and phosphorylation of downstream substrates such as the histone variant H2AX (yH2AX). (D) yH2AX recruits
downstream factor MDC1, which will in turn recruit additional ATM that will phosphorylate more H2AX, contributing to the
signal spreading for megabases around the lesions and to the formation of IRIF. 53BP1 will also be recruited at yH2AX
foci through its interaction with constitutive and induced histone PTMs, respectively H4K20me2 and H2AK15ub.

AC = acetylation; P = phosphorylation

1.2.1 DDR pathways

As mentioned before, after a unique signalling cascade, the choice of the pathway is made

on the basis on different factors, which includes the current cell cycle stage, the chromatin

environment and chromatin localization in the highly compartmentalised space of the

nucleus. In addition, scheduled physiological breaks, such as in meiosis or in

Immunogloblulin (Ig) Class switching, are repaired by already decided pathways, important
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for the physiological outcome of the repair. The main two pathways of repair are the Non-
Homologous End Joining (NHEJ), generally considered error-prone, and the error-free
Homologous Recombination (HR) pathway, that are implemented, in the case of failure, by
more mutagenic pathways such as Alternative-End Joining (Alt-EJ) and Single Strand
Annealing (SSA). The principal difference between HR and NHEJ is the use of a sister
chromatid to copy the genetic information that have been lost in the damage. HR is
generally defined error-free because it uses this strategy to repair the break, thus is mainly
active during S/G2 phases of the cell cycle, when a sister chromatid is available; while
NHEJ is generally defined as error-prone, being active in all cell cycle phases and based

on the ligation of two broken ends without using complementary information.

1.2.2 Non-Homologous End Joining (NHEJ)

DSBs that arise in the genome in all the cell cycle stages are generally repaired by the
classical NHEJ, a highly conserved pathway among eukaryotes that is based on the
simple re-ligation of the two broken ends. If the ends are compatible for ligation, this can
happen without errors, but a minor processing of the ends can easily produce small
deletions or insertions thus making NHEJ an error-prone repair pathway (Figure 2).
Although NHEJ is active throughout the cell cycle is basically the only operating pathway
in G1, when HR is not competing.

Break recognition: Ku heterodimer and MRN complex

As mentioned before, break recognition is one of the first steps of the DDR and it involves
different proteins, among which the MRN complex and the Ku heterodimer composed of
Ku70 and Ku80. Between MRN and Ku, the latter is involved in NHEJ whereas the MRN
complex plays a major role in HR (described hereafter). Thus a mechanism that directs
pathway choice must exist at earlier steps. In yeast as in human, Ku and MRN (MRX in
yeast; Mre11, Rad50 and Xrs2) are recruited at the breaks in a simultaneous way (Wu et
al., 2008) and in yeast the MRX complex is able to displace Ku to initiate HR (Shao et al.,
2012). However in human cells, where Ku is very abundant and NHEJ is the major repair
pathway, a simple competition between MRN and Ku is not enough to displace Ku and
initiate HR (Sun et al.,, 2012). In fact it has recently been shown that Ku70 is
phosphorylated and this phosphorylation is required for its dissociation from DSB ends.
Indeed blocking the phosphorylation sites induces a significant decrease in HR mediated

repair (Lee et al., 2016).
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DNA-PK complex

The two broken ends are recognized by the KU heterodimer. Ku can only load at DNA
ends independently on the structure of the end: it can bind to blunt ends, ends with a 5'- to
3’-overhang and hairpin ends (Mimori and Hardin, 1986). Moreover multiple Ku molecules
can bind to a DNA end through a binding and translocation mechanism (Paillard and
Strauss, 1991). The association of Ku heterodimer to both the ends was shown to limit
DSB mobility, indeed Ku depletion leads to separation of the two broken DNA ends and
increase the translocation frequency (Roukos et al., 2013; Soutoglou et al., 2007). After Ku
heterodimers associates with the broken ends DNA-PKcs is recruited. DNA-PKcs is one of
the largest polypeptide in human cells and it is recruited at the break in a Ku-dependent
manner (Gottlieb and Jackson, 1993; Taccioli et al., 1994). Ku and DNA-PKcs form the so-
called DNA-PK complex together with DNA, and no interaction between Ku and DNA-PKcs
is observed in absence of DNA (Suwa et al., 1994). Mammalian cells deficient for Ku or
DNA-PKcs are more sensitive to irradiation (Boubnov et al., 1995; Getts and Stamato,
1994; Peterson et al., 1995; Taccioli et al., 1994) although this can vary accordingly to the
cell cycle (Lee et al., 1997). Once the complex is formed, DNA-PKcs acquires
serine/threonine kinase activity and its first target seems to be itself with more than 15
autophosphorylation sites.

Ends processing

Most DSBs have incompatible ends that preclude direct ligation thus nuclease activity is
required to ensure that the two ends are compatible. When little resection happens in
NHEJ errors can be produced due to the absence of the homologous chromatid for repair.
The DNA-PK complex undergoes autophosphorylation and recruits the endonuclease
Artemis that can digest ssDNA and dsDNA and has both 5" and 3’ overhang endonuclease
activiy when in complex with the DNA-PK complex (Chang and Lieber, 2016; Chang et al.,
2015). It has been estimated that 20-50% of the DSBs that are produced by IR require
Artemis for repair (Kurosawa et al., 2008; Riballo et al., 2004). The remaining amount of
breaks can be resected by additional nucleases (Kanno et al., 2007; Pannunzio et al.,
2014) or have a favourable DNA end configuration for ligation without processing. Once
the DNA has undergone resection, polymerases will act to add the necessary nucleotides
to have as little as 4 base pairs (bp) of homology to direct the subsequent ligation.
Polymerases (Pol) y and Pol A can add nucleotides in a template-independent manner
(Bertocci et al., 2006)
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Ends Ligation

Ligation of the two ends, after processing, requires the DNA ligase IV and X-ray repair
cross-complementing protein 4 (XRCC4) in eukaryotes, the most important proteins for
NHEJ. In the presence of Ku the XRCC4-DNA ligase IV complex can ligate, with a 10-fold
increased efficiency, ends that possess 2 bp of homology (Gu et al.,, 2007a) or even
incompatible ends at a low efficiency (Gu et al., 2007a). When DNA ends do not share any
homology or they do not possess any overhang (blunt ends) probably the addition of one
more protein, the XRCC4-like factor (XLF), can increase the efficiency of re-joining (Gu et
al., 2007b; Tsai et al., 2007). XLF seems to be important for the re-joining of incompatible
ends that might arise often, considering that patients lacking XLF show IR sensitivity
(Ahnesorg et al., 2006; Buck et al., 2006)

DSB
AGATTCCTTACTATCCGCT
A. kTCTAAGGAATGATAGGCGA
Crr Ku
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AGATTc’g"éé't'é"A'c"T'A'T'E: CGCT
B2. TCTAA.GcttagaTGATA(‘.—)GCGA
Deletion and Addition

Figure 2 Non-Homologous End Joining outcomes.

NHEJ pathway does not rely on the utilization of homologous sequences to copy the missing information and it usually
re-ligates the two broken ends. DSB ends might not be compatible for direct re-ligation so they undergo a process of
digestion (resection) creating deletions (B1). Eventually some nucleotides might be added in a template-independent
manner by specific polymerases to create few base pair homology that will favour ligation, creating deletion in the

original sequence and insertion of a new sequence (B2). Adapted from (Chang et al., 2017)
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1.2.3 Homologous Recombination (HR)

HR is a highly conserved pathway that relies on the same basic principles from bacteria to
human. The first suggestion that recombination could be used to repair broken DNA came
from studies of irradiation in yeast during the 70s (Resnick, 1976). Later on it was
proposed a model for repair of restriction-enzyme cut plasmids, which involved
recombination and insertion of the plasmid in the yeast genome at the locus corresponding
to the homologous sequence to the cut region in the plasmid (Orr-Weaver et al., 1981).
The key step of HR is the digestion of the edge of the DSB to form a 3’ overhang ssDNA in
a process called resection. The 3’ strand will invade the homologous duplex of DNA to
form a displacement loop (D-loop) and it will be used as a template to prime synthesis to
recreate new DNA (Szostak et al., 1983). After this moment different models have been
proposed for the resolution of the structure (Figure 3). In the Double Strand Break Repair
(DSBR) model the 3’ overhang of the other side of the break anneals to the displaced
strand of the homologous duplex used for invasion, and will start a new synthesis that will
end up ligating the 5’ end of the other break (Figure 3 B). The structure formed at this point
is a double-cross structure called double Holliday Junction (dHJ) that can be resolved in
different ways. In one way the two “crosses” migrate toward each other and they are
dissolved with the help of helicases and topoisomerases: in this way there is no exchange
of genetic material and the result is called Non Crossover (NCO)(Figure 3 B1). In the
second way the dHJ is resolved by nucleases, and even in this case accordingly to the
position of the cut the result can be a NCO or eventually a crossover (CO) with exchange
of genetic information (Figure 3 B2). NCO events can also be explained by Synthesis
Dependent Strand Annealing (SDSA) model (Figure 3 B3) in which the invading 3’
overhang is displaced after a limited DNA synthesis, and reanneals with the other single
strand of the break. Models depicting NCO events are generally used to explain mitotic
recombination, in which there is a low frequency of genetic exchange compared to meiotic
recombination (Ferguson and Holloman, 1996; Nassif and Engels, 1993; Paques et al.,
1998) (Figure 3).

HR is usually defined as an error-free pathway, because it uses the homologous template
to faithfully replace the lost genetic information. Nevertheless highly mutagenic pathways
exist that involve at least the first steps of HR. Break Induced Replication (BIR) (Figure 3A)
involves invasion of the 3’'overhang and subsequent start of replication from that end that
will result in the transfer of genetic information from the donor causing loss of genetic
material (Kraus et al., 2001; Llorente et al., 2008).
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Figure 3 Different DSBs resolution pathways involving recombination events.

The resection process will digest the 5’ end of the damaged DNA (blue lines) to leave a 3’ overhang that can invade the
homologous duplex (red lines). (A) One ended break is repaired with the BIR pathway, in which the 3’ overhang invades
the homologous duplex and a process of replication starts. (B) The classical model for DSB repair involves the formation
of dHJ than can be resolved either by dissolution leading to NCO events, or by resolution leading eventually to exchange
of genetic material in the meiotic recombination (CO events). (C) SDSA model explains also NCO events that are the

most frequent in mitotic recombination. Adapted from (Symington et al., 2014).

As mentioned before the key step in HR is resection. This process requires many different

proteins that will be summarized in the following sections:

MRN complex: resection machinery

The MRN complex is a dynamic machine that acts in the first steps of the DDR, being one
of the first complex recognizing the breaks and fundamental for the resection process.
RADS5O0 is the biggest subunits of the complex harbouring ATPase activity and a zinc-hook
domain that drives the dimerization of RAD50 that is thus present as a dimer in the
complex (Cahill and Carney, 2007; Hopfner et al., 2002). MRE11 protein, as RADS50, is
also a dimer and harbours nuclease activity that is necessary for resection (Hopfner et al.,
2001). Interestingly, resection is aimed to produce a 3’ ssDNA overhang, but MRE11

possesses a 3’-to-5° dsDNA exonuclease activity and ssDNA endonuclease activity
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(Hopfner et al., 2001). The model proposes that MRE11, after recognizing the break would
move 100-200 bp from the DNA end (Shibata et al., 2014). At that point the first activity of
MRE11, stimulated by CtBP-Interacting Protein (CtIP; described after) involves the
catalysis of a nick in the dsDNA close to the damage site, through its endonuclease
activity, (Cannavo and Cejka, 2014) and then the 3’-to-5" exonuclease activity digests the
DNA towards the break (Cannavo and Cejka, 2014; Garcia et al., 2011). The other side of
the nick will be digested by the simultaneous action of the helicase BLOOM (BLM), the
Exonuclease (EXO) 1 together with the helicase DNA2 inducing long-range resection that
will create a long ssDNA stretch of more than 1000 bp, that will be covered by RPA,
needed for HR (Gravel et al., 2008; Mimitou and Symington, 2008; Zhu et al., 2008)
(Figure 2). The last subunit, NBS1, is an adaptor subunit also present in a dimer in the
MRN complex (Schiller et al., 2012) and is responsible for the interaction of MRN complex
with other proteins, that is in turn necessary for its dynamic activation and controlled action
(Lee and Paull, 2005; Limbo et al., 2012; Rahal et al., 2010).

A) MRE11 Endonuclease activity

3

B1) MRE11 3’-5’ exonuclease activity B2) BLM/EXO1 5’-3’ nuclease activity

o >
< >

DSB e
3
C) Resected RPA-coated DNA
o o pnpege = =
3

RPA

Figure 4 MRN and BLM/EXO1 in resection.

The concomitant action of MRN complex and BLM/EXO1 creates a long ssDNA filament that will be used to invade the
homologous duplex of DNA in the process of HR. MRN contains MRE11, RAD50 and NBS1. (A) MRE11 possesses
endonuclease and a 3’-to-5" exonuclease activity that are important in the first moments of resection, to digest a short
ssDNA filament. (B) the long-range resection is instead performed by BLM and EXO1 that posses 5’-to-3’ exonuclease
activity. (C) RPA has high affinity for ssDNA and it fastly covers the resected DNA

CtIP; a commitment for resection and HR
CtIP is the principal regulator of the choice between HR and NHEJ, and the first initiator of

resection. Interestingly short interfering (si) RNAs depletion of CtIP does not confer DSB
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repair defects in G2 phase of the cell cycle; on the contrary it has been observed that
repair even happens with a faster kinetics in G2 in the absence of CtIP and it is impaired
only upon additional abolishment of NHEJ (Shibata et al., 2011). At the same time
depletion of downstream factors confers DSB repair defects in G2 that are rescued by
concomitant depletion of CtIP (Kakarougkas et al., 2013). These results suggest that in the
absence of CtIP resection is not initiated and eventually the damage can be repaired by
NHEJ, but once resection has started NHEJ fails to repair the break. CtIP harbours a 5’
endonuclease catalytic activity that acts on branched DNA structures (Makharashvili et al.,
2014); however this activity is dispensable for its function in resection (Makharashvili et al.,
2014). CtIP best known function is its interaction with Breast Cancer (BRCA) 1 and the
MRN complex that is required to stimulate the initial stages of resection. The specific
stimulation of resection only in S/G2 phases depends on the activity of Cycline Dependent
Kinases (CDKs) that phosphorylate CtIP (Aylon et al., 2004; Huertas et al., 2008; Ira et al.,
2004; Jazayeri et al., 2006); CtIP phosphorylation is required for its interaction with BRCA1
and thus for its recruitment at the breaks and subsequent stimulation of MRN nuclease
activity (Chen et al., 2008; Huertas and Jackson, 2009; Yu and Chen, 2004; Yun and
Hiom, 2009). Moreover CtIP levels are higher in S/G2 compared to G1 (Chen et al., 2008)
and this could represent an additional level of cell cycle specific regulation. As mentioned
before 53BP1 protein dynamic at the breaks is highly regulated; phosphorylation of CtIP
by CDKs and its subsequent association with BRCA1 and MRN complex has also the role
of displacing 53BP1 from DSB ends, to favour resection (Chen et al., 2008). The exact
mechanism of the displacement is not clear yet, but is has been shown that loss of BRCA1
induces 53BP1 recruitment in G2 phase and vice versa loss of 53BP1 induces ectopic
recruitment of BRCA1 in G1 (Escribano-Diaz et al., 2013). Moreover depletion of 53BP1
restores resection in cells lacking BRCA1 (Bouwman et al., 2010; Bunting et al., 2010; Cao
et al., 2009) but not in cells lacking CtIP, consistent with the additional more active role of

CtIP in actively promoting resection through MRE11 activation.

BRCA1: multiple interactions playing in resection
BRCA1 is probably one of the master regulator of DNA damage repair due to its capability
in forming different complexes that can play different and opposite functions during HR
(Table 1). BRCA1 protein contains a Really Interesting New Gene (RING) domain that
mediates its interaction with BRCA1 Associated RING domain protein (BARD) 1, a BRCT
domain through which it can interact mutually exclusively with different proteins (Huen et
al.,, 2010) and it harbours an E3 ubiquitin ligase activity that plays a major role during the
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DDR (described after) (Brzovic et al., 2006; Christensen et al., 2007; Morris and Solomon,
2004; Nishikawa et al., 2004; Starita and Parvin, 2006). BRCA1 most widely accepted role
is that of promoting HR by favouring end resection (Moynahan et al., 1999; Schlegel et al.,
2006). The BRCA1 C complex is composed of CtIP and the MRN complex thus is
automatic the connection with DNA end resection. BRCA1 BRCT domain can interact with
the phosphorylated form of CtIP arising during S/G2 phases (Yu and Chen, 2004) and it
might act as a scaffold to stabilize MRN-CtIP. Indeed a phosphorylation-defective mutant
of CtIP which could not interact with BRCA1 was shown to have a reduced formation of
ssDNA at the damaged site and deficiency in HR mediated repair (Yun and Hiom, 2009).
A more recent study suggested that BRCA1 might also be involved in the
dephosphorylation-dependent displacement of 53BP1 from the broken ends, thus
favouring HR and abrogating NHEJ (Isono et al., 2017). A first role of BRCA1 in HR was
already postulated many years ago through its interaction with Breast Cancer (BRCA) 2
that had already a well-established role in HR through its interaction with RAD51
(Bhattacharyya et al., 2000; Chen et al., 1998; Scully et al., 1997; Thorslund and West,
2007; Xia et al.,, 2006). Differently from BRCA1 C complex, the interaction between
BRCA1 and BRCAZ2 is required at later steps, when resection has produced long stretches
of ssDNA that is covered by RPA. At this step, BRCA1, BRCAZ2 and Partner and Localizer
of BRCA2 (PALB2) are needed to load RADS51 onto the ssDNA and displace RPA. Thus
accumulation of BRCA2 and RAD51 at damage foci is dependent on BRCA1 although it is
not the only responsible, because PALB2 mutants that cannot interact with BRCA1 are still
able to accumulate at DSBs (Sy et al., 2009).

Surprisingly BRCA1 roles in HR seem to be more complex. In fact the BRCA1 A complex,
in addition to its best known role in the G2/M checkpoint (Table 1) (Yarden et al., 2002),
has been shown to have a role in resection different from the canonical. Indeed BRCA1 A
inhibits HR by restricting resection (Coleman and Greenberg, 2011). Depletion of RAP80
increases resection specifically in S/G2 phases, increases HR and SSA efficiency and
increases Sister Chromatid Exchange (SCE) that only happens as a result of HR
(Coleman and Greenberg, 2011). The increased resection in RAP80 deficient cells is
probably dependent on a shift of BRCA1 from the A complex to the C complex that

stimulates resection (Coleman and Greenberg, 2011).
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BRCA1 complex Function Components Reference

Core complex Promotes E3 ubiquitin ligase | BRCA1-BARD1 (Wu et al,, 1996)
activity

BRCA1A Promotes G2/M checkpoint. | BRCA1-Abraxas-RAP80- (Coleman and Greenberg,
Inhibits HR by restricting BRCC36-BRE-MERIT40 2011; Yarden et al,, 2002)
resection in S/G2

BRCA1B DNA replication and S phase | BRCA1-BACH1-TOPBP1 (Cantor et al.,, 2001)
progression

BRCA1C Promotes HR in S/G2 by BRCA1-CtIP-MRN complex (Chen et al., 1998; Yu et al,
stimulating initial step of 1998; Yun and Hiom, 2009)
resection through MRN
nuclease activity

BRRC Promotes HR by BRCA1-BRCA2-PALB2- (Dong et al., 2003; Sy et al,,
facilitating loading of RAD51-BRCC36-BRE 2009; Zhang et al, 2009a;
RAD51 at ssDNA Zhang et al., 2009b)

Table 1 Different BRCA1-containing complexes.

Table representing the different known complexes containing BRCA1. In bold are highlighted the complexes that have a

recognized role in resection. Adapted from (Huen et al., 2010)

RPA, Rad51 and BRCA2: playing on ssDNA

RAD51 is a central player in HR, needed for the actual process of recombination,
presynapsis, synapsis and post-synapsis formation (Sung et al., 2003). After a long strech
of ssDNA is produced by the concomitant action of MRN complex and BLM/exo1
nucleases, it will be covered at a first moment by RPA. Chromatin Immunoprecipitation
(ChlIP) analyses and cytology data have shown that RPA is the first protein arriving at
DSBs after resection has occurred (Gasior et al., 1998; Wolner et al., 2003) given its high
affinity for ssDNA. However the presence of RPA on ssDNA blocks the actual
recombination process, and for recombination to proceed RAD51 must replace RPA on
the filament. Mutations in RPA that inhibit HR by slowing down this process and inhibiting
RAD51 loading have been reported (Kantake et al., 2003). However RPA has also
functions in promoting HR by removing secondary structures on ssDNA that could impede
RADS51 loading (Sung et al., 2003). Moreover RPA protects the 3’ overhang from digestion
and the filament ssDNA-RPA is sensed by the checkpoint kinase ATRIP allowing enough
time to repair through cell cycle arrest (Ball et al., 2007; Choi et al., 2010; Zou and
Elledge, 2003). PTMs of RPA also have been shown to play a major role in HR;
phosphorylation of RPA by ATM and Cell cycle Dependent Kinase (CDK) 1 is critical for
RADS1 recruitment (Shi et al., 2010; Zou and Elledge, 2003). RAD51 recruitment is helped
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by a family of five proteins (RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3), called
RADS1 paralogs (Thacker, 2005) and deficiency in RAD51 paralogs abrogates RAD51 foci
formations in response to IR (Takata et al., 2001). In addition, RAD51 loading on the
ssDNA is accompanied by a series of proteins called RAD51 regulators. One of the main
regulators in mammals is BRCA2 (in yeast Rad52 helps the loading of RADS51, but no
homology exists between Rad52 and BRCAZ2) that helps the formation of RADS51
nucleoprotein filaments both in vitro and in vivo (San Filippo et al., 2008; Thorslund and
West, 2007). BRCAZ interaction with RADS1 is mediated by BRC domains in BRCAZ2, that
target RAD51 to ssDNA stabilizing the interaction RADS51-ssDNA by down-regulating
RAD51 ATP hydrolysis, and it also prevents the nucleation of RAD51 on dsDNA (Carreira
et al., 2009; Carreira and Kowalczykowski, 2011; Pellegrini et al., 2002; Shivji et al., 2009).
Moreover BRCA2 can interact with RAD51 through its C-terminal domain, in a cell cycle
dependent manner and only with the nucleofilament form of RAD51; this binding is
required to stabilize RAD51 at replication forks and is not essential for HR mediated repair
(Ayoub et al., 2009; Davies and Pellegrini, 2007; Esashi et al., 2007). The filament
ssDNA/RADS51 is stimulated to invade the homologous dsDNA by the translocase RAD54,
and once in the duplex it will scan for homology (Heyer et al., 2006; Petukhova et al.,
1998). It has been shown in yeast that 8 nucleotides of homology are the minimum
requirement for dsDNA sampling and after 15 nucleotides of homology RADS1 is no
longer able to scan more dsDNA and this represent a “"HR commitment” (Qi et al., 2015).
The nucleotide exchange activity of RADS51 happens in three nucleotides step (Qi et al.,
2015). In yeast the disassembly of RAD51 requires the helicase Srs2, which interacts
directly with RADS1 to stimulate its ATP hydrolysis activity and reduce its affinity for
ssDNA (Antony et al., 2009). Similar function in humans can be played by the helicases
RecQ5, BLM and FANCJ (Bugreev et al., 2007; Hu et al., 2007; Sommers et al., 2009).
Resolution of the D-loop can lead to CO or NCO products, as depicted in Figure 3. This
process will require the concomitant action of resolvases, helicases and topoisomerases
such BLM and TOP3a (Fricke and Brill, 2003; Schwartz and Heyer, 2011).
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Figure 5 RAD51 loading on resected DNA

(A) After resection the exposed strand will be immediately covered by Replication Protein A (RPA) that has a very high
affinity for ssDNA and it protects the 3’ end from digestion. To allow strand invasion and recombination RPA must be
replaced by RAD51. A simple competition is not a likely scenario given the high affinity of RPA for ssDNA. (B-C) RAD51
loading is regulated by RAD51-regulators, such as BRCA2 and PALB2, that increase the affinity of RAD51 for ssDNA
and RAD51 loading. (D) The invasion of the duplex to scan for homology will take place with subsequent formation of a

Displacement (D)-loop and Holliday Junction (HJ). These branched structures will be resolved as depicted in Figure 3

1.2.4 Single Strand Annealing (SSA)

SSA is a highly mutagenic pathway that relies on resection at least in the first steps
sharing the resection machinery with HR. SSA takes place when resection is enough to
reveal a complementary sequence between the two ssDNA and the annealing between
them will eventually displace the sequence in between if unique (Figure 6). SSA can be
responsible for the spontaneous deletion between direct repeats. SSA shares only the first
resection steps with the HR pathway; it does not rely on homologous duplex of DNA thus it
does not require RADS1 coated filament to initiate strand invasion (Sung, 1997).
Resection depends on CtIP and the ssDNA will be coated by RPA but after resection has
exposed the two complementary sequences these will anneal in a process dependent on
RAD52 (Bhargava et al., 2016). Cleavage of the overhangs that are displaced by the
annealing will be mediated by XRCC1 and XPF nucleases, while which polymerases and

ligases are involved in the process of SSA is still unknown.
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Figure 6 Schematic representation of the Single Strand Annealing (SSA) pathway.
(A) the MRN complex is involved in the first resection steps, as in the HR pathway. (B-C-D) When resection has exposed

the complementarity, the two segments will anneal in a process dependent on RAD52. The overhang segments will be

removed by XRC1/XPF nucleases.

1.2.5 Alternative End Joining (Alt-EJ)

Alt-EJ is a highly mutagenic pathway that takes place mostly when classical NHEJ is
inactive. Indeed yeast mutants of Ku80 displayed a residual end joining activity that
resulted in recombination between short repetitive elements generating deletions (Boulton
and Jackson, 1996). This pathway, existing also in human cells (Della-Maria et al., 2011;
Wang et al., 2003) was found to use short homology segments at a higher rate compared
to NHEJ.

Break recognition: a PARylation-dependent mechanism

Recognition of a DSB end is usually accomplished by the Ku heterodimer or alternatively
by the MRN complex accordingly to the cell cycle stage and the pathway choice.
Recognition of the break has been also shown to be a process dependent on addition of
Polymers of ADP-ribose on proteins, a process accomplished by PARP enzymes and
known as PARylation. PARylation has a being shown to be one of the earliest events in
the DDR signalling cascade, quickly removed by PAR glycohydrolases (PARG) (Beck et
al., 2014b; Gagne et al., 2006; Haince et al., 2008; Hakme et al., 2008). Among the
different PARP enzymes until now only PARP1, PARP2 and PARP3 have been shown to
be involved in the DDR (Beck et al., 2014b; Hakme et al., 2008). PARP1 and PARP2 are
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immediately detected at IRIF (Tartier et al., 2003). The role of PARP enzymes in Alt-EJ is
undertaken by PARP1. Different reports have shown that depletion of PARP1 or its
chemical inhibition significantly decreases DSB end joining in cells lacking Ku70 or Ku80
(Wang et al., 2006). It has also been shown that PARP1 competes with Ku70/80 for ends
binding (Paddock et al., 2011; Wang et al., 2006) inhibiting classical NHEJ and stimulating
the highly mutagenic Alt-EJ pathway, important in Class Switch Recombination (CSR)
(Robert et al., 2009). A direct competition between PARP1 and Ku and the fact that Ku
inhibits PARP1 recruitment at breaks suggests that the choice between NHEJ and Alt-EJ
is mainly dependent on Ku presence. In addition to their well- established role in ALT-EJ,
PARP enzymes have been found to be involved also in HR and classical NHEJ. In fact
PARP1 is involved in HR at stalled or collapsed replication forks (Bryant et al., 2009) while
PARP3 favours NHEJ by limiting extensive resection mediated by CtIP/MRN complex and
helps to recruit/stabilize Ku80 at the DSBs (Beck et al., 2014a).

Resection, processing and ligation in Alt-EJ

Alt-EJ is a highly mutagenic pathway that, differently from NHEJ and similarly to HR, relies
on MRN-dependent resection. The initial resection machinery is shared between HR and
Alt-EJ, using in both cases the endonuclease activity of MRE11 and CtIP (Deriano et al.,
2009; Lee-Theilen et al., 2011; Truong et al., 2013; Xie et al., 2009; Zhang and Jasin,
2011). However only short-range resection is utilized by the Alt-EJ pathway indeed
recruitment of BLM/EXO1 by the MRN complex stimulates HR (Truong et al., 2013). The
endonuclease activity of MRE11 generates 15-100 bp nucleotide 3’ overhangs that can be
annealed and stabilized by PolB, even if harbouring only 2 bp of homology (micro-
homology aka MH) (Wyatt et al., 2016). Pol@ was found to be involved in the random
insertions found after deleterious chromosome end-to-end fusion due to telomeres de-
protection in mammalian cells, and absence of Pol8 in Drosophila cells has been shown to
leave large deletions at the breaks site (Chan et al., 2010; Wyatt et al., 2016). After
annealing Pol6 extends the 3’ end using the annealed strand as a template and the
resulting dsDNA can be sealed by DNA ligase | (Lig1) and ligase Ill (Lig3) together with
XRCC1 (Audebert et al., 2004; Liang et al., 2008; Wang et al., 2005).
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Figure 7 Schematic representation of Alternative End Joining (Alt-EJ) pathway

(A-B) Break recognition involves a competition between Ku proteins and PARP1. (C) The first steps of resection are
accomplished by the MRN complex, that resects for short range distance until it reveals a short homology. Polf is

involved in inserting random nucleotides, and the gap will be filled by Lig I, Lig Ill and XRCC1.

1.3 Post Translational Modifications (PTMs) in the DDR

The cell response to DNA damage relies on the effective recruitment of DDR factors on
chromatin around the lesion, thus histone PTMs play a fundamental role in this process.
The recognition of the DNA damage is orchestrated by the activation of a signalling
cascade that finally activates the desired repair pathways. The most studied PTM of
proteins involved in the DDR, not only histones, is phosphorylation and dephosphorylation.
However it has become clear that the proper repair relies on a plethora of different
modifications. Moreover it is recognized that not only the modification per se, but also the
crosstalk and co-existence of different modifications is of vital importance for the
maintenance of genome integrity in response to damage. For this reason a single
modification must be considered in a complex network of PTMs that all stimulate formation
and/or removal of each other.
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1.3.1 Ubiquitination and Deubiquitination of Histone proteins in the DDR
Ubiquitination consists in the enzymatic reaction of ligating the 8 kDa ubiquitin protein,
onto the lysine of an acceptor protein. Protein ubiquitination requires the coordinated
action of three enzymes: an ubiquitin-activating enzyme E1, an ubiquitin-conjugating
enzyme E2 and an ubiquitin ligase E3. Accordingly to how many ubiquitin molecules are
linked in chain to the acceptor protein, ubiquitination varies between mono and poly-
ubiquitination, with the latter also having different outcomes depending on the type of link
between one ubiquitin molecule and the other. For this reason people refer to these
modifications as an “ubiquitin code” that, although still not fully understood, relies on basic
principles. For examples chains formed by ubiquitin molecules connected through their
lysines at position 48 (K48-ubiquitin chains) are generally coding signals for proteasomal
degradation (Hershko and Ciechanover, 1998). In contrast, ubiquitin chains linked by their
lysine at position 63 (K63-ubiquitin chains) have exclusively non-proteolytic functions
(Zhao et al., 2007).

In the context of DSBs, ubiquitination happens in many regulatory steps of the DDR, both

on histones and non-histone proteins.

Ubiquitination of histone proteins in the DDR

Ubiquitination of histone proteins in response to DSBs mainly happens on histones H2A
and H2B (Figure 8). Specific ubiquitinating enzymes for both histones have been shown to
play a role in DSB repair. Early studies found a role for the E3 ubiquitin ligase RNF8 in
establishing an ubiquitination cascade that is directly linked to yYH2AX (Huen et al., 2007;
Kolas et al., 2007; Mailand et al., 2007). H2AX is the first histone being modified in
response to DSBs and, as mentioned before, is phosphorylated on serine 139 (Rogakou
et al., 1998). RNF8 contains a RING domain (required for the conjugation of ubiquitin with
its substrate) and a FHA domain that is required for its interaction with ATM mediating
RNF8 interaction with phosphorylated MDC1, which itself selectively binds yH2AX (Huen
et al., 2007; Kolas et al., 2007; Mailand et al., 2007). The ubiquitination activity of RNF8 is
required for recruitment of downstream effectors of DDR; in fact it has been shown that
mutation of either the RING domain, or the FHA domain affects the recruitment of BRCA1
and 53BP1 (Huen et al., 2007; Mailand et al., 2007). In vitro studies suggested that RNF8
was capable of ubiquitinate both H2A and H2AX and RNF8 depletion has been shown to
impair the DNA-damage-dependent ubiquitination of these two histones (Mailand et al.,
2007); however it seems that RNF8 is uncapable of acting on nucleosomal H2A (Mattiroli

et al., 2012). Indeed another E3 ubiquitin ligase is responsible for H2A ubiquitination;
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RNF168 (Doil et al., 2009; Stewart et al., 2009). It has been suggested that RNF168 is
recruited at the site of breaks by the ubiquitination action of RNF8 on surrounding
chromatin, specifically on linker histone H1 (Thorslund et al., 2015). Once recruited,
RNF168 is required for monoubiquitination of N-terminal tail K13 and K15 of histone H2A
and for the formation of K63-ubiquitin chains, for whose extension it still requires the
presence of RNF8 (Gatti et al., 2012; Mattiroli et al., 2012). Concerning the
monoubiquitination of H2A it has recently been shown that 53BP1 might directly recognize
H2AK15ub with its ubiquitin dependent recruitment (UDR) domain, in addition to its
capability to recognize H4K20me2 by its tandem TUDOR domain (Fradet-Turcotte et al.,
2013). Moreover it has been shown that binding to both H2AK15ub and H4K20me2 is
necessary for the formation of 53BP1 IRIF suggesting cooperativity between these two
histone PTMs in 53BP1 binding to chromatin (Fradet-Turcotte et al., 2013). The cryo-
electron microscopy (cryo-EM) structure of a dimer of 53BP1 binding to chromatin
elucidated the nature of the interaction and the specificity for H2AK15ub over K13ub
(Wilson et al., 2016). Monoubiquitination of H2A on K15 and subsequent recruitment of
53BP1 plays a role in promoting NHEJ, because presence of 53BP1 counteracts
resection. As mentioned before RNF168 is also involved in the extension of the ubiquitin
mark at the site of breaks, forming K63-linked ubiquitin chains involved in the recruitment
of downstream factors. One the first factors recruited is the BRCA1-A complex (Sobhian et
al., 2007), composed of BRCA1/BARD1 complex, RAP80, MERIT40, Abraxas and the
DUB BRCC36. The recruitment of this complex has been shown to limit resection to
impede hyperactive HR (Hu et al., 2011; Savage and Harkin, 2015). RAP80 is responsible
for the recruitment of the complex through its ubiquitin interacting motif (UIM) and BRCC36
is required for the cleavage of K63 ubiquitin chain, a step that is fundamental to limit
resection (Ng et al., 2016), while the role of BRCA1 in this context is not elucidated yet.
The complex BRCA1/BARD1 (in the BRCA1-A complex) is an E3 ubiquitin ligase, whose
substrate has been recently identified to be K127 and K129 again on histone H2A (Kalb et
al., 2014). This ubiquitination was found to promote resection and thus HR (Densham et
al., 2016) creating confusion around BRCA1 role in resection (see Table 1). One
elucidation might come to the different localization of the different complexes respect to
the break. It has been shown that BRCA1-A complex with RAP80, is found several
kilobases away from the break, where it seems to inhibit resection; while a second
BRCA1-containing complex (BRCA1-C complex) is found at the vicinity of the break
(Coleman and Greenberg, 2011) where it seems indeed to have the opposite function

39



Introduction

stimulating resection, together with CtIP and the MRN complex. However the recruitment
of BRCA1-C is dependent on H3K9me2, rather than RNF168 dependent ubiquitination
(Wu et al., 2015) and the function of BRCA1 ubiquitination activity in this pathway is still
unclear. Ubiquitination of H2A happens also on K199 which, differently from K13 and K15,
is found inside the core domain of H2A; this modification is generally associated with
transcription repression (Wang et al., 2004; Zhou et al., 2008; Fang et al., 2004) and
happens via the E3 ubiquitin ligase Ring2, while RNF168 activity is specific for K13/15
(Gatti et al., 2012; Mattiroli et al., 2012). The physiological role of H2ZAK199ub in the DNA
damage response is not fully understood. It has been suggested that it might favour NHEJ,
and that it could shield the DSB site from intrusion of the transcription machinery.

Monoubiquitination of Histone H2B happens, in mammals, on the K120; The discovery of
H2Bub1 was in 1980 when the Bonner group discovered that human and mouse cells
ubiquitinate 1-1,5% of their total histone H2B (West and Bonner, 1980) but it was only in
2000 that the E2 and E3 enzymes responsible for this ubiquitination were discovered in
yeast, as respectively Rad6 and Bre1 (Hwang et al., 2003; Robzyk et al., 2000; Wood et
al., 2003). The discovery of Bre1 in yeast, that ubiquitinates K123 on H2B leads to the
subsequent discovery of the mammalian homologs RNF20/RNF40 that ubiquitinate K120
(Zhu et al., 2005). Early reports in yeast connected for the first time ubiquitination of H2B
with DNA damage showing that H2Bub1 is required for genotoxic stress checkpoint
activation (Giannattasio et al., 2005). The activation of the checkpoint is required to control
cell cycle progression in response to stress and in normal yeast cells after genotoxic stress
is required to delay cell cycle progression. It was shown that bre1A cells and cells
expressing H2B point mutants with conversion from K to the non-ubiquitinable Arginine (R)
in position 123 (H2BubK123R) have a deficient G1-S and intra-S DNA damage
checkpoint, meaning that they proceed normally in cell cycle progression, even in the
presence of DNA damage (Giannattasio et al., 2005). Moreover it was suggested that this
is due to the stimulation, by H2Bub1, of the methylation of K4 and K79 of Histone 3
(H3K4me and H3K79me) that happens on certain promoters. Indeed the same phenotype
of bre1A cells was observed in cells depleted of the methylase Dot1 involved in
methylation of H3K4 (Giannattasio et al., 2005). In mammals, the heterodimer
RNF20/RNF40 was found to associated with ATM and recruited at break sites (Moyal et
al., 2011). Depletion of RNF20/40 with siRNAs increased cells sensitivity to the
radiomimetic drug Neocarzinostatin (NCS). Moreover it induced a delayed DDR shown by

persistent yYH2AX and 53BP1 foci without affecting the early steps of DDR activation
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(Moyal et al., 2011). Monoubiquitination of H2B in response to DNA damage was found
necessary to the recruitment of NHEJ factors XRCC4 and Ku80, and also of HR factors
RPA, RADS51 and BRCAZ2Z (Moyal et al., 2011) showing an involvement of RNF20/40-ATM
signalling to play a role in both pathways. The role of H2Bub1 in HR was further
investigated by another group, showing that resection is decreased in cells lacking RNF20
and that this depends on the damage-dependent interaction between RNF20 and NBS1
member of the MRN complex; indeed NBS1 mutants lacking the RNF20-interaction
domain showed decreased resection, although NBS1-RNF20 interaction is not needed for
each others’ recruitment at DSBs (Nakamura et al., 2011). As previously mentioned,
H2Bub1 histone mark is connected to H3K4me and H3K79me, and in yeast this
connection is important for cell cycle arrest upon genotoxic stress, especially for H3K4me
(Giannattasio et al., 2005). In mammals it was shown that H3K4me2 does not accumulate
at laser-induced damage tracks thus suggesting that the role of H2Bub1 in DDR is
independent on methylation of H3K4 (Moyal et al., 2011). On the other hand, ChIP
experiments showed an RNF20-dependent increase of H3K4me at Iscel induced DSB
(Nakamura et al., 2011). How H2Bub1 helps repair is still a matter of debate; one of the
simplest explanation provided is that it might help recruitment of DDR factors through
chromatin relaxation, in fact forced chromatin relaxation was shown to rescue the RNF20-
depletion defect (Nakamura et al., 2011). Given the complexity of the phenotypes
observed, it cannot be excluded that there are other mechanisms involved; for example
ubiquitin on H2B might induce steric hindrance with other modifications that would play
with recruitment and release of DDR factors, although it seems not to have an effect on
53BP1 recruitment (Wilson et al., 2016).
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Figure 8 Ubiquitin signalling cascade at damage sites

(A) RNF8 is recruited via phosphorylated MDC1, and it catalyses the ubiquitination of linker histone H1. RNF168 is
recruited in a RNF8-dependent manner. (C1) RNF168 catalyses the addition of monoubiquitin on K15 or K13 of histone
H2A (H2AK15/13ub). H2AK15/13ub1 is recognized by 53BP1, that recognizes at the same time H4K20me2. (C3)
RNF168 is also capable of extending, in an RNF8-dependent manner, K63-ubiquitin chains at the sites of break, which
are needed for the subsequent recruitment of the BRCA1-A complex, through RAP80. The BRCA1-A complex is known
to inhibit resection and thus HR. (C2) RNF20/40 dimer is recruited at the sites of breaks in response to irradiation, in an
ATM-dependent manner, to induce monubiquitination of Histone H2B (H2Bub1) that has been shown to be required for
both NHEJ and HR, and for the successful initial DDR signalling, although the exact mechanisms are still largely
unknown.

P = phosphorylation; Ub = K63-linked ubiquitin chains; Ub1 = monoubiquitination

Deubiquitination of histone proteins involved in DDR

Consistently with the fact that ubiquitin-conjugating enzymes play an important role in
regulating the DDR increasing evidences have shown that also DUBs, involved in the

removal of ubiquitin, have a critical role. Considering the diversity of ubiquitin chains is not
surprising that there are different kinds of DUBs showing some specificity for one substrate
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or another. There are approximately 95 DUBs encoded by the human genome that fall in 5
distinct categories: Ubiquitin C-terminal Hydrolases (UCHs), Ubiquitin-Specific Proteases
(USPs), Machado-Joseph Domain containing proteins (MJDs), Otubain domain-containing
proteases (OTUs) and JAB1/MPN/Mov34 (JAMM) proteases. DUBs can regulate different
processes in the cells, for my thesis | will focus on the role of DUBs in regulating DSBs

repair (Figure 9).

K63-linked ubiquitin chains specific DUBs
As previously mentioned the formation of K63-linked ubiquitin chain at the site of break by
RNF8/RNF168 is a key step of DSBs repair regulating the recruitment of the BRCA1-A
complex, that contrarily to the canonical role of BRCA1 in promoting HR, inhibits resection.
The BRCA1-A complex contains the DUB BRCC36. BRCC36 is a K63-linkage-specific
DUB part of the JAMM proteases (Cooper et al., 2009) and it has been shown to localize
at IRIF in a manner dependent on RAP80 (Sobhian et al., 2007). Consistently with the role
of BRCA1-A complex, it was shown that targeting of BRCC36 to the damage counteracts
the formation of excessive K63-ubiquitin chains, and that depletion of BRCC36 induced
increased end resection with RAD51 loading, HR repair and sensitivity to irradiation,
suggesting that excessive K63-ubiquitin chains lead to improper repair (Coleman and
Greenberg, 2011; Hu et al.,, 2011). It is worth to mention that although depletion of
BRCC36 increases HR it still stimulates a hyper-recruitment of 53BP1 to K63-linked
ubiquitin chain, suggesting that 53BP1 stabilization to K63-linked ubiquitin chains is not
sufficient to suppress HR.
However contrasting results have been obtained in the context of K63-ubiquitin chains
specific DUBs. For example, KD of the Pad One Homolog (POH1) DUB also stimulates
enlargement of 53BP1 foci at the breaks, without increasing NHEJ (Butler et al., 2012), but
decreasing end resection, shown by a decrease in the formation of RPA foci (Kakarougkas
et al., 2013). POH1 might cooperate with BRCA1 to remove 53BP1 from chromatin to
promote HR, although is not clear yet how POH1 is recruited to chromatin. Moreover,
depletion of OTUB2 (another K63-linkage specifc DUB part of the OTU DUB family)
decreases HR, phenotype that is then rescued by concomitant depletion of 53BP1 (Kato et
al.,, 2014). Thus it is confusing that depletion of BRCA1-A complex-component BRCC36
stimulates end resection, while depletion of OTUB2 has the opposite effects, being both
DUBs that antagonize the stabilization of K63-ubiquitin chains. These contrasting results
suggest that the complexity of these H2A ubiquitin chains and their role in recruiting
downstream DDR factors is not fully understood.
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Monoubiquitinated H2A specific DUBs

Other than polyubiquitin chains, also monoubiquitination of H2A, H2AX and H2B are
involved in the DDR, and recent findings have broadened the role of DUBs targeting H2A.
USP3 is a homolog of yeast Ubp8 (known to deubiquitinate H2Bub1 as part of the DUB
module of the SAGA complex). USP3 was shown to be a specific deubiquitinase for
H2AK13/15ub counteracting the action of RNF168, and cells from mice deficient of USP3
shown increased formation of 53BP1 and yH2AX (Sharma et al., 2014). Overexpression
screen using as a readout 53BP1 foci after irradiation found USP44 as another DUB
involved in the counteracting of RNF168 induced ubiquitination of H2A, however is not
clear if the target is H2AK119ub or H2AK13/15ub (Mosbech et al., 2013). It is clear that
USP3 and USP44 might have redundant functions in cleaving ubiquitin ad DSB site; or
they might be engaged at different chromatin territories and cell cycle stages (Chapman et
al., 2012; Kakarougkas et al., 2013).

A similar overexpression study found USP26 and USP37 as regulator of HR through the
recruitment of BRCA1-A complex. In fact depletion of USP26 and USP37 induced a
decrease in HR that could be rescued by concomitant depletion of RAP80 (Typas et al.,
2015). Again this study demonstrated how the RNF8/RNF168 ubiquitination cascade is
probably involved in the balance between the HR and NHEJ regulating the binding
balance between the HR-repressing and HR stimulating factors.

In an shRNA screen for chromatin remodelling factors it was discovered that depletion of
USP51 increased 53BP1 and BRCA1 foci at damaged chromatin, functioning downstream
of yH2AX formation and MDC1 recruitment, it was shown to be involved in the specific
deubiquitination of H2AK13/15ub at damage sites. Moreover both depletion and
overexpression of USP51 result in increased sensitivity to IR showing that the levels of
USP51 must be tightly regulated for the proper repair (Wang et al., 2016).

H2Bub1 specific DUBs

While many studies have uncovered the role of H2A-specific DUBs in the regulation of the
DNA damage response, little is known about the role of the H2B specific DUBs in DNA
repair. In mammalian cells it has been shown only recently the role of RNF20 and RNF40
in the DDR via mono-ubiquitination of H2B (Moyal et al., 2011; Nakamura et al., 2011) but
still little is known about the regulation of the deubiquitination of H2Bub1. The enzyme
involved in the removal of mono-ubiquitin from H2B is USP22, part of the DUB module of
the SAGA complex (described hereafter), together with structural proteins ATNX7,

ATXN7L3 and ENY2. USP22 was found in a loss-of-function screen for factors involved in
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CSR. CSR was used as a model to reveal new factors involved in the process and likely to
be involved also in more general DSB repair. A mouse cell line was used in which
successful CSR, from IgM to IgA, could be assessed by surface IgA expression after
antigen stimulation (Ramachandran et al., 2016). In this way ENY2 depletion was found to
inhibit the CSR from IgM to IgA, and further investigations showed that the same
phenotype was observed in USP22 knock-out (KO) mice and ATXN7 depletion by shRNA
(Ramachandran et al., 2016). These effects were shown to be independent on the function
of the main enzyme involved in the process of CSR, Activation Induced cytidine
Deaminase (AID) function (Ramachandran et al., 2016). It was shown that USP22-KO
clones and ENY2-depleted mouse cells had a higher global level of H2Bub1, and a higher
level of H2Bub1 at the Ig site, consistent with the role of the DUB module, after ionizing
radiation and this was correlated with the defective CSR at the Ig locus. Although previous
reports have shown that H2B monoubiquitination in response to ionizing radiation mainly
depends on ATM (Moyal et al., 2011) here the authors show that ENY2 depletion and
USP22 KO induced a defect in yH2AX formation that is dependent on both ATM and DNA-
PK, thus reducing the CSR in mouse CH12 cells (Ramachandran et al., 2016). Previous
reports showed that KD of RNF20/40 induced a decrease in HR efficiency and resection
(Moyal et al., 2011; Nakamura et al., 2011) induced by reduction in H2Bub1 levels, thus
one would expect that KD of the enzyme responsible for its deubiquitination would have
opposite effects. However in mouse CH12 cells ENY2 and USP22 depletion induced as
well a reduction in the efficiency of HR, NHEJ and Alternative-End joining pathways,
showed by the DR-GFP assay (Ramachandran et al., 2016). Contrasting results might be
explained by the different model systems (human vs mouse) and the specific cell type

used in the latter, B cells.
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Figure 9 Role of DUBs in DNA repair

(A) Cleavage of K63-ubiquitin chains by BRCC36, part of the BRCA1-A complex counteracts resection and thus HR.
POH1 deubiquitinase also counteracts K63-ubiquitin chains leading to the opposite effect. (B) BRCA1-A complex is
recruited through RAP80 binding to K63-linked ubiquitin chains; USP37 and USP27 counteract BRCA1-A binding thus
increasing resection and HR. (C) Removal of monoubiquitin from H2AK15/13ub catalysed by USP51 and USP3
counteracts 53BP1 binding to chromatin at damaged sites. (D) The removal of H2Bub1 catalysed by USP22, is needed
for CSR and for the correct activation of the DDR in mouse B cells.

1.4 Nuclear compartments and their involvement in the repair process

The successful completion of the repair is driven by the efficiency of all the factors
involved and by the efficient signalling, that relies on different post-translation
modifications (PTMs) on histone and non-histone proteins. It is not surprising that histones
modifications play a key role in DNA repair if we consider that the repair has to be
completed in the context of chromatin, but also in the highly compartmentalized
environment of the nucleus. Recent studies have shown that the efficiency of the repair
and the choice of the pathway are made also accordingly to the chromatin environment
and to the spatial localization of the damaged DNA. Several studies in yeast have shown
that DSBs can relocate to different sites from where they have been generated for efficient

repair.
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1.4.1 Chromatin environments and nuclear compartments

To understand the mechanisms of breaks relocation it has to be understood that the linear
molecule of DNA is carefully organized and arranged into the nucleus. First of all the
double helix of DNA is wrapped around the nucleosome core composed of Histones H2A,
H2B, H3 and H4, linked together by Histone H1 and forming the 10nm fiber so-called
‘beads on a string” (Luger et al., 1997a; Luger et al., 1997b). This structure is further
folded into compacted 30 nm fibers (Luger et al., 2012). Accordingly to the cell cycle stage
other level of compaction can arise, to reach, at the highest level, the structure of the
metaphase chromosome. In addition, accordingly to specific histones and DNA
modifications that give a high or low degree of compaction, two major components of
chromatin can be differentiated; Heterochromatin and Euchromatin. It was almost 90 years
ago when the two different states of chromatin were visualized (reviewed in: (Passarge,
1979)). Heterochromatin constitutes the most condensed chromatin, subdivided
depending on the degree of compaction in constitutive and facultative heterochromatin.
Constitutive heterochromatin harbours genomic regions that are repressed throughout the
cell cycle and during all developmental or environmental changes; it is usually present in
centromeres, repetitive regions and telomeres. On the contrary facultative heterochromatin
characterizes region that might be silenced or activated in response to stimuli or
developmental changes; as for example the inactivation of one female X chromosome.
What is mostly used to characterized these different genomic regions relies on the
presence or absence of specific and combinatorial histones PTMs; such as the
trimethylation/dimethylation on K9 of Histone H3 (H3K9me3/H3K9me2) and the presence
of Heterochromatin Protein 1 (HP1) in constitutive heterochromatin or the trimethylation of
K27 on histone H3 (H3K29me3) and polycomb proteins in facultative heterochromatin
(reviewed in (Grewal and Jia, 2007)). Euchromatin constitutes instead the active
chromatin, which harbours the majority of constitutively transcribed genes, or tissue-
specific active genes. Euchromatin is generally characterized by a higher degree of
histone acetylation (such as acetylation of K9 on histone H3; H3K9ac) and the specific
trimethylation of K4 of histone H3 (H3K4me3).

In addition, it is well known that heterochromatin and euchromatin are not randomly
distributed inside the nucleus (Watson, 1955). Indeed electron microscopy images have
shown that heterochromatin, which appears as a dense black structure, is localized in
spots in the inner nucleus and as a ring around the nuclear periphery, while light
euchromatic regions characterize the majority of the nucleoplasmic chromatin and
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discontinuously interrupt the heterochromatic ring at the level of the nuclear pores, (the

channels that allow the communication between nuclear and cytoplasmic compartments).

NPC

l Euchromatin

Heterochromatin

Figure 10 Electron microscopy image of a cell nucleus

Dense black regions show heterochromatic domains, while white regions show euchromatin. Heterochromatin
represents a minor part of chromatin, and it interacts with the nuclear envelope; this interaction is interrupted at the level
of the nuclear pores, which are characterized by euchromatic environment.

http://medcell.med.yale.edu/histology/cell_lab/euchromatin_and heterochromatin.php

Thus, considering the above-described nuclear organization it is intuitive that the repair
pathway and outcome varies according to the damage location, and it is not surprising that
cells have developed mechanism to allow the damage to be repaired in the optimal
conditions. Generally it is believed that the highly compacted structure of heterochromatin
constitutes a barrier for repair factors and the repair machinery; that would prefer a more
open structure to perform their action. Early reports showed that a DSB within the
repetitive sequences of ribosomal DNA (rDNA), is relocated outside the nucleolus for
efficient repair, which utilizes homologous recombination (Torres-Rosell et al., 2007).
Failure do to so induced hyper-recombination in the rDNA locus with the subsequent
excision of rDNA circles (Torres-Rosell et al., 2007). More recently it was shown both in
Drosophila and mammalian cells that some breaks in heterochromatic regions move
outside of the heterochromatic region to be properly repaired (Chiolo et al., 2011; Jakob et
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al., 2011; Ryu et al.,, 2015; Tsouroula et al., 2016). Thus it is clear the chromatin

environment and the chromatin compartment play a key role in the repair process.

1.4.2 Chromatin organization at the nuclear periphery

As mentioned before the Nuclear Envelope (NE) is characterized by different chromatin
environments depending on the presence of nuclear pores. These structures perforate the
NE and are mainly dedicated to the transport of mRNA and proteins in and out of the
nucleus. In mammalian cells there are around 2000 NPCs per nucleus, and they are
constituted by multiple copies of 30 different proteins called nucleoporins (nups) (Hoelz et
al., 2011). Three different regions can be recognized in the NPC; the cytoplasmic side
comprised of the outer ring and the spokes, a central channel comprised of inner ring nups
and transmembrane nups, which create a channel in the nuclear envelope connecting the
nucleus and the cytoplasm, and the nucleus side, composed of inner ring and a basket-
like structure that connects the NPC with the inner nuclear environment (Figure 11) (Gay
and Foiani, 2015).

Cytoplasmic Nups and spoke
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Gle2 Rae1
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Figure 11 Schematic representation of the Nuclear Pore Complex (NPC)

Saccaromyces cerevisiae (Sc) and human (h) components of the NPC are depicted. ONM: outside nuclear membrane;

INM, inner nuclear membrane. (Gay and Foiani, 2015)
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NPCs perforate the NE, a lipo-proteic double membrane that physically separates nucleus
and cytoplasm. On the nuclear side, the Inner Nuclear Membrane (INM) is covered by a
network of proteins called Lamins. Genomic regions interacting with Lamina are called
Lamina Associated Domains (LADs) and have been shown to have common features
between Drosophila, mouse and human cells (Guelen et al., 2008; Kind and van Steensel,
2014; Peric-Hupkes et al., 2010; Peric-Hupkes and van Steensel, 2010; Pickersgill et al.,
2006). LADs harbour generally gene-poor regions, low levels of gene expression and are
characterized by high levels of H3K9me2, but no H3K4me3 or H3K79me2.

1.4.3 Role of nuclear envelope in genome stability

A plethora of studies in yeast have made clear the importance of proteins part of the
nuclear envelope in the repair process. Nups deletion mutants, such as nup133A , nup84A
and nup120A, have been shown to be more sensitive to DNA damaging agents, and
accumulate spontaneous Rad52 foci (Loeillet et al., 2005) suggesting repair defects.
Moreover these defects were shown to be dependent on the presence of the E3 sumo
ligase Ulp1 at the NPC, tethered by the Nup84 complex and Nup60 together with
Mip1/MIp2 (Palancade et al., 2007). The sumoylation signalling cascade, generated by
Ulp1 with the sumoylation of yeast Ku80, was shown to be, at least in part, the cause of
accumulation of unrepaired DNA (Palancade et al., 2007). The importance of the NPC in
DNA repair in yeast is also confirmed by more recent studies showing the localization of
damaged DNA at the nuclear pore. It was shown that a single DSB, induced with the HO
restriction enzyme at the mating locus, was relocated at the nuclear periphery when
encountering difficulties in finding the homologous sequence for repair (Nagai et al., 2008).
This happened in haploid strains (Nagai et al., 2008), or in strains where the sequence
was deleted or far away from the break (Oza et al., 2009), but did not happen in absence
of damage or when the homologous sequence was located in the vicinity of the break
(Nagai et al., 2008; Oza et al., 2009). These results suggested that a “difficult-to-repair”
break might direct a relocation of the damaged chromatin to facilitate repair and to avoid
deleterious outcomes, such as unscheduled recombination between sequences
harbouring random homology. Indeed the process was shown to be dependent on the
integral nuclear envelope protein Mps3 and the association with the periphery, through
Mps3, seems to be a way to slow the rate of recombination in yeast cells (Oza et al.,
2009). However, restriction enzyme-directed breaks were shown to be equally bound by
nucleoporins in yeast, such as nups part of the Nup84 complex (Nagai et al., 2008), thus

discrimination between nuclear envelope and NPC association has to be done given the
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difference in chromatin composition; indeed break relocation to one or the other might
have different meanings and outcomes. Nuclear periphery and NPC binding could be
differentiated by high-resolution fluorescence microscopy in yeast (Horigome et al., 2011)
and it was elucidated that in yeast cells DSBs association with the NPC happens in G1
and S phase, and is independent from the presence of recombination protein Rad51
(Horigome et al., 2014), while the association with the nuclear membrane protein Mps3 is
restricted to S phase and dependent on Rad51 (Horigome et al., 2014; Kalocsay et al.,
2009; Oza et al.,, 2009), thus confirming a different outcome in terms of repair. In
conclusion, with the available data, it has been suggested that interaction with the nuclear
periphery might have a repressive role for HR while the NPC might represent a more
permissive environment (Horigome et al., 2014).

In accordance with this model elegant experiments in mammalian cells disclosed the
different role of these two compartments in DNA repair, following the fate of a single DSB
induced in an artificially-tethered locus at the lamina or at the pore. These experiments
showed that a DSB induced at the lamina, successfully recruits NHEJ factors Ku80 and
XRCC4 while the recruitment of HR factors BRCA1 and RAD51 is markedly reduced,
demonstrating that the lamina is a repressing environment for homologous recombination,
and that this is due to the repressive chromatin environment (Lemaitre et al., 2014). In fact
inducing local or general chromatin decondensation is able to rescue the HR defective
phenotype of the lamina-targeted DSB (Lemaitre et al., 2014). At the same time a DSB
specifically induced at the NPC did not shown any HR defect, suggesting and confirming
the NPC constitute a permissive environment for recombinational repair (Lemaitre et al.,
2014). However, in mammalian cells, nor the single DSB induced with restriction enzyme,
nor breaks induced globally with genotoxic agent NCS, showed any global rearrangement
and mobility from one compartment to another (Lemaitre et al., 2014). This is in
accordance with previous studies in mammalian cells, where it has been demonstrated
that multiple DSBs on several chromosomes do not cluster nor move to the periphery to
be repaired (Soutoglou et al., 2007). Although it has not been demonstrated in mammalian
cells that damaged chromatin can travel relatively long distances and relocate at the NPC,
several nucleoporins have been implicated in the repair process.

1.4.4 Role of Nucleoporins in DDR in mammalian cells

As mentioned above, studies in yeast and Drosophila have shown a relocation of DSBs to
the NPC, while in mammals the situation appears to be more complicated. While it has
been shown that breaks in heterochromatic region can relocate outside of highly
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compacted chromatin for repair (Tsouroula et al., 2016) travelling for short distances,
single DSBs in the inner nucleus seem not to relocate to the nuclear periphery, yet
proteins that are part of the NPC have a conserved role in repair due probably also to their
dynamic exchange between the NPC and the nucleoplasm. Early studies showed that the
NUP153, part of the nuclear pore basket, plays a role in the choice between HR and NHEJ
(Lemaitre et al., 2012). It was shown that human U20S cells depleted of NUP153 are
more sensitive to DNA damaging agents and they are defective in the G2/M checkpoint
activation; the rate of NHEJ was significantly decreased in NUP153 KD while the rate of
HR was increased (Lemaitre et al., 2012) (It must be mentioned that different reports
showed opposite effects on HR, probably due to the different type of cell line used); this is
counterintuitive if we think that NPC are generally considered HR-prone regions, but this
shows that nucleoporins can affect the DDR in multiple ways in mammalian cells. In fact
depletion of NUP153 affects the nuclear import of 53BP1 (Lemaitre et al., 2012), and this
can partially explain the effects on NHEJ and HR, being 53BP1 a resection-blocking
factor. Moreover, it was later shown that NUP153, together with another basket
nucleoporin NUP50, is not only required for 53BP1 nuclear import but also for its correct
localization ad damage sites, indeed 53BP1 fused to a potent nuclear localisation signal
(NLS) still showed defects in forming genome wide foci upon NUP153 KD, although
correctly localized in the nucleus (Mackay et al., 2017). Although NUP153 and NUP50 are
known to exchange between NPC and nucleoplasm they did not show damage localization
(Lemaitre et al., 2012; Mackay et al., 2017) thus NUP153 has a role in targeting 53BP1 to
damage sites, that is dependent on NUP50, without localizing to the damage itself.

The role of nucleoporins in DNA repair is only recently being investigated in mammalian
cells with the realization that there is a not linear interplay of nups in the DDR. Different
nups can play different non-redundant roles. Indeed it has been recently discovered a role
in the DDR for a third basket nucleoporin, TPR, homolog of yeast Mip1 and Mip2.
Depletion of TPR increases cell sensitivity to DNA damaging agent NCS, and it decreases
both NHEJ and HR efficiency. At the same time, although it has been previously shown
that depletion of NUP153 affects basket formation and TPR levels and localization at the
basket (Hase and Cordes, 2003; Lelek et al., 2015), depletion of TPR did not affect the
DDR at the same way of NUP153; indeed depletion of TPR did not affect nuclear import of
53BP1 nor its localization ad damage sites (Duheron et al., 2017). However depletion of
TPR and NUP153 affects resolution of BRCA1 and 53BP1 foci at later time points after
NCS treatment (Duheron et al., 2017). Among the different factors that affect 53BP1
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binding to damage sites, it was shown that SUMOylation is required for efficient
accumulation of 53BP1 (Galanty et al., 2009). A new piece of data was added with the
discovery that NUP153 and TPR are required for the localization and stability of the SUMO
protease SENP1 at the nuclear pore, and this was shown to be required for efficient
53BP1 sumoylation and targeting to damage. However NUP153 and TPR again seem to
have different mode of actions, considering that forced tethering of SENP1 at the NPC
could restore the NHEJ defect seen in NUP153 KD but not in TPR KD (Duheron et al.,
2017). These data suggest that nups part of the nuclear pore basket are indeed, in
different ways, important for a faithful DDR signalling and thus repair, however further
studies will be necessary to asses the exact role of each of them and the mechanisms

involved.
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Figure 12 Involvement of the nuclear periphery in DNA repair

(A) In yeast nucleoporins protect the genome integrity through mechanisms involving Ulp1 E3 SUMO ligase. (1) Breaks
induced in the nucleus that are difficult to repair, have been shown to relocate at the nuclear periphery. (2) Periphery
relocation through Mps3 slows the recombination rate. (3) NPC relocation promotes HR. (B) (1) In mammalian cells
breaks that are induced in the inner nucleus have not been shown to relocate at the nuclear periphery. However
nucleoporins have been shown to have a conserved role in DNA repair. Basket nups, such as Nup153 and TPR are
involved in 53BP1 targeting to damage sites, through (2) nuclear import and (3) through sumoylation. Nuclear
environments at the NPC and at the lamina directs repair in a similar manner compared to yeast cells. (4) NPCs are a

favourable environment for HR while (5) lamina associated domains rely mostly on NHEJ or Alt-EJ for repair.

53



Introduction

1.5 NPC interacting complexes: SAGA and TREX-2

The NPC is anchored to the NE, thus some structural nucleoporins are stably associated
within the NE, while others, such as the nups of the basket might diffuse into the
nucleoplasm and interact with several other proteins, to accomplish basic functions such
as mRNA and protein export, both in yeast and higher eukaryotes. In addition many
adaptor proteins might mediate the interaction between the NPC and the inner nuclear
environment and contribute to the additional roles of the nuclear pore in genome stability
maintenance. Important examples of these adaptors in yeast and in mammals are the Spt-
Ada-Gcnb5-Acetyltransferase (SAGA) co-activator complex and the TRanscription and
EXport complex 2 (TREX-2). Interestingly SAGA and TREX-2 share one subunit,
ySus1/hENY2, a small protein of 11kDa with no enzymatic activity but fundamental for the
MRNA export activity of TREX-2 and the deubiquitinase activity of the DUB module of
SAGA. TREX-2 and SAGA define an interface of interactions that is necessary for the
accomplishment of transcription, RNA biogenesis, mRNA export and protection from
genome instability that will be described in the following section.

1.5.1 SAGA

The SAGA complex is a highly conserved 1.8 MDa transcriptional coactivator that is
composed of 19 subunits in yeast and 20 in mammals (Table 1) (Helmlinger and Tora,
2017). Subunits of the SAGA complex are organized in distinct modules; these include a
structural module, a TATA-binding protein (TBP) interacting module, a splicing module and
two modules that exert enzymatic activities in the context of histones PTMs. Given the
importance of chromatin modifications in several chromatin-associated events it is not
surprising that the last two modules are important for the transcription function of the
SAGA complex.
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Table 2 Subunits of the SAGA complex in yeast and humans

In red are depicted the subunits harbouring enzymatic activity in the Histone Acetyltrasferase (HAT) module, catalysing
the addition of an acetyl group on H3K9, and in the deubiquitination module, catalysing the removal of ubiquitin from
mono-ubiquitinated H2B (H2Bub1). Adapted from (Helmlinger and Tora, 2017)

The HAT module in mammals contains four subunits; SGF29, ADA2b, ADA3 and the
acetyltransferase enzyme GCNS5 that is able to catalyse the addition of acetyl group on K9
and K14 of histone H3 (H3K9ac and H3K14ac) (Bonnet et al., 2014; Brand et al., 1999;
Feller et al., 2015). Genb was the first subunit of SAGA to be identified in yeast (Grant et
al., 1997). It was shown that association of Gen5 with a bigger complex was necessary for
the in vivo HAT activity of the enzyme (Grant et al., 1997); given the presence of already
discovered Ada and Spt proteins in the complex this latter was named Spt-Ada-Gcn5
Acetyltrasferase, hence SAGA, complex (Grant et al., 1997). The DUB module of the
human SAGA contains four subunits as well, ATXN7, ATXN7L3, the adaptor ENY2 and
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the enzyme USP22. These subunits were the last subunits to be discovered in yeast as
part of the SAGA complex, required to remove ubiquitin from K123 (the equivalent of K120
in mammals) of monoubiquitinated H2B (Gavin et al., 2002; Henry et al., 2003; Sanders et
al., 2002). The deubiquitination of H2Bub1 by the yeast homolog of USP22 (Ubp8) was
found to be associated with transcriptional activation and Ubp8 was found to be recruited
at promoters together with Gen5 (Henry et al., 2003). Interestingly deletion of DUB'’s or
HAT’s subunits does not affect the integrity of the SAGA complex and does not alter each
other's enzymatic activities (Henry et al., 2003; Lee et al., 2011). Human SAGA was also
characterized in human HelLa cells, and it was found to be a transcription co-activator in
chromatin-assembled promoter in vitro (Martinez et al., 2001). It is worth to mention that,
for long time after SAGA characterization, it was believed that SAGA would be involved in
the transcription of only a subset of genes, corresponding roughly to the 10% of yeast
genome (Huisinga and Pugh, 2004; Lee et al., 2000; Tirosh and Barkai, 2008; Venters et
al., 2011). These genes were characterized to be stress-response genes activated after
environmental changes (Huisinga and Pugh, 2004; Lee et al., 2000). However
discrepancies between genes whose mRNA levels were affected by SAGA depletion and
genes’ promoters bound by SAGA were observed, suggesting that probably ChIP of
SAGA subunits, or analyses of steady state levels of mMRNA could not reflect the real
behaviour of the SAGA complex in live cells. In fact, more recent studies revealed the
dynamicity of this complex, acting on all expressed genes and required for their
transcription (Baptista et al., 2017; Bonnet et al., 2014). It was shown that the DUB module
is required for the deubiquitination of global H2Bub1, along gene bodies of all transcribed
genes while the HAT activity is restricted to promoters of all active genes (Bonnet et al.,
2014). Interestingly a very recent paper suggested that the DUB module might work
independently on the HAT module in Drosophila’s embryos, where it was shown that the
two modules are required at different stage of development (Li et al., 2017).

1.5.2 TREX-2
The TREX-2 complex is a highly conserved complex among eukaryotes. In yeast and
mammals is composed of five bona-fide subunits, number that can be slightly variable in
other organisms (Table 3). In mammals it contains Germinal Center Associated Nuclear
Protein (GANP), Enhancer of Yellow-2 (ENY2), PClI Domain Containing 2(PCID2), 26
proteasome subunit SEM1 (SEM1 or DSS1) and Centrin2 or Centrin3, that in yeast are
respectively Sac3, Sus1, Thp1, Sem1 and Cdc31. In Drosophila a complex containing the
Drosophila X-linked male sterile (Xmas)-2 (homolog of Sac3), E(y)2 (homolog of ENY2)
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and PCID2 was purified and it was called AMEX to distinguish from the yeast and
mammalian TREX-2 (Kopytova et al., 2016). Moreover in Arabidopsis thaliana three
homologs of yeast Sac3 were characterized, SAC3A, SAC3B and SAC3BC, and among
them, SAC3A and SAC3B were shown to be part of a complex containing THP1, DSS1
and Centrins. (Lu et al., 2010), whereas the Arabidopsis homolog of Sus1 was not found

to interact with any of these subunits (Lu et al., 2010)

A. B
Yeast (y) Arabidopsis Drosophila (d) | Human (h)
TREX-2 TREX-2 AMEX TREX-2
Sac3 Sac3B-SAC3A | Xmas-2 GANP
Sus1 (x2) - E(y)2 ENY2 (x2)
cdc31 Centrin1- - Centrin2 —
Centrin2 Centrin3
Thp1 THP1 PCID2 PCID2
Sem1 DSS1 - DSS1

Table 3 Subunits of the TREX-2 complex among the different organisms

(A) Different composition of the TREX-2 complex among organisms. (B) Schematic representation of the mammalian
TREX-2 complex, containing the scaffold subunit GANP, two ENY2 subunits, PCID2, DSS1 and Centrin2 or Centrin3.

The widely accepted role that has been assigned to the whole TREX-2 complex, in yeast
mammals and Drosophila, is mRNA export; indeed depletion of each subunit of the
complex induces accumulation of mRNA in the nucleus. However it is worth to mention
that in Arabidopsis, depletion of THP1 causes export defects while none of the SAC3
homologs seems to be involved in mMRNA export (Lu et al., 2010). The partial structure of
the complex was resolved in yeast and mammals and it revealed a strong conservation,
however little differences in the structure and in the process of export from yeast to
mammals probably contributed to the diversification of the some TREX-2 functions.

TREX-2 crystal structure

The crystal structure of the yeast Sac3:Sus1:Cdc31 complex was resolved by
crystallography in 2009 and it was shown Sac3 Cdc31 Interacting Domain (CID) region
binds two Sus1 chains (Sus1A and Sus1B) and one Cdc31 chain (Jani et al., 2009). The
CID domain forms an extended a-helix, on which two Sus1 subunits, constituted by 5 a-
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helices joint by flexible hinges, are wrapped around (Jani et al., 2009). It is worth
mentioning that extended a-helices are unstable, thus probably one Sus1 subunit would
not be enough to cover the long Sac3 a-helix and to stabilize it (Jani et al., 2009) (Figure
13). The crystal structure of the human GANP CID region showed that, also in human
cells, two copies of ENY2 are wrapped around the long CID a-helix but with a different
orientation compared to the yeast structure (Jani et al., 2012) that results in a different
exposition of GANP a-helix compared to Sac3 and might account for different interactions
(Figure 13). As GANP, also ENY2 it was shown to be an unstable protein in the absence
of his partner (Umlauf et al., 2013).
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Figure 13 Crystal structure of the Sac3:Sus1:Cdc31 in yeast

(A) In red is depicted the long a-helix of the Sac3 CID domain. In dark blue and light blue are depicted the two Sus1
subunits, wrapped around Sac3. In yellow is depicted the Cdc31 subunit of the yeast complex (Jani et al., 2009). (B)
Crystal structure of the human GANP CID domain associated with the two ENY2 subunits in orange and purple. On the
left is depicted the yeast crystal structure; that reveals the difference between the orientation of the two Sus1 and the two
ENY2 subunits (Jani et al., 2012).

A structure of the total TREX-2 complex has been difficult to obtain, given the natural low
levels of Sac3 and to the fact that overexpression of Sac3 is lethal in yeast cells due to
sequestration of Cdc31 from its other partners and the instability of the Sac3 crystals in
their C-termini (Aibara et al., 2016; Fischer et al., 2002; Jani et al., 2009). However other
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than the Sac3:Sus1:Cdc31 submodule also the structure of the Sac3 region binding to

Thp1 and Sem1 was recently obtained (Aibara et al., 2016).

TREX-2 characterization

The first subunit of the TREX-2 complex to be discovered was the scaffold protein Sac3 in
yeast cells. A study from 1996 characterized the novel yeast gene SACS3, being involved in
actin polymerization and in cell cycle progression (Bauer and Kolling, 1996; Jones et al.,
2000). Successively Sac3 was shown to be physically part of the NPC, interacting with
Nup1 and Nup60, the yeast homologs of mammalian NUP153, and it was found to be
important for protein export, (Jones et al., 2000) but later on, its main role in mMRNA export
was discovered. Indeed it was shown that Sac3 depletion, and surprisingly also
overexpression, would cause severe mRNA export defects, but not tRNA or ribosomal
RNA (Fischer et al., 2002). Moreover, the mRNA export activity was found to be
dependent on Sac3 localization at the inner side of the nuclear pore by its C-terminal
domain in yeast. Indeed Sac3 mutants lacking the C-terminal domain showed growth and
MRNA export defects that were complemented by the fusion of the truncated Sac3 with
Nup60 (Fischer et al., 2002).

In the same study it was characterized for the first time a complex containing Sac3 and
Thp1, a protein already shown to be involved in transcription elongation and transcription
dependent recombination (Gallardo and Aguilera, 2001). The novel Sac3-Thp1 was found
to be associated with the nuclear pore and the interaction being dependent on Sac3
presence, indeed in Sac3A strains Thp1 no longer showed nuclear envelope pattern
(Fischer et al., 2002). This was the first study that characterized the first two components
of the TREX-2 complex, Sac3 and Thp1 (respectively GANP and PCID2 in mammalian
cells), as integral members of the mRNA export machinery. The other three subunits of the
complex, Sus1 (hENY2), Cdc31 (hCENTRIN2/3) and Sem1 (hDSS1) were discovered few
years later in this order. Sus1 was already discovered (described in details hereafter)
when yeast centrin Cdc31 came into play as a member of the complex. The best-
characterised role for centrins is the cell cycle-dependent duplication of microtubule
organizing centers, thus it was surprising to find a new role in mRNA export for Cdc31 as
integral member of the Sac3-Thp1-Sus1 complex. Cdc31 was shown to interact directly
with Sac3, independently on Sus1 or Thp1 (Fischer et al., 2004) and the interaction
domain, between aminoacid 733 and aminoacid 860 was called CID for Cdc31 Interacting
Domain (Fischer et al., 2004). Cdc31 was found to associate also with the nuclear pore,
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other than with the spindle pole body, and the suppression of Cdc31 expression induced
MRNA export defects, but not tRNA or ribosomal subunits (Fischer et al., 2004).

The Sac3-Thp1-Sus1-Cdc31 new complex, involved in mRNA export was hence called
TREX-2, following the nomenclature of an already existing complex involved in mRNA
export called TREX (Kohler and Hurt, 2007).

Successively the last subunit of the complex was discovered, again in yeast. Sem1 is a
regulatory particle of the proteasome, hence again it was surprising to find its association
with TREX-2 and involvement in mRNA export. Sem1 depletion induced mRNA export
defects comparable to TREX-2 mutants and Sem1 co-purified with Sac3 and Thp1 (Faza
et al., 2009). In addition Sem1 depletion was shown to have the same transcription-
associated recombination of previously reported Sac3A and Thp1A strains (Faza et al.,
2009; Gonzalez-Aguilera et al., 2008).

The discovery of Sus1 in yeast is of particular importance given its association with the co-
activator SAGA suggesting a connection between the two complexes (Rodriguez-Navarro
et al., 2004). Interestingly, this dual association is conserved in Drosophila and in
mammals (Georgiev, 1994; Georgieva et al., 2001; Jani et al., 2012; Zhao et al., 2008).
However, while in yeast it has been shown that SAGA and TREX-2 are physically
connected (Kohler et al., 2008; Rodriguez-Navarro et al., 2004) in mammals MS data
showed that ENY2 co-immunoprecipitates with SAGA and TREX-2, however no other
TREX-2 subunit is part of SAGA and vice versa (Umlauf et al., 2013).

1.5.3 Sus1 discovery and SAGA-TREX-2 interplay
The Sac3-Thp1 complex was already documented when a novel associated protein was
found, Sus1 (ENY2 in mammals) (Rodriguez-Navarro et al., 2004). The gene of SUST was
found in a synthetic lethal (sl) screen for genes that would be lethal in combination with
MRNA export factor Yra1. The gene was mapped on yeast chromosome 2, and was found
to code for a 96 aminoacids protein, named Sus1 (for S| gene Upstream of YSAT).
Interestingly Sus1 was found to co-purify not only with the Sac3-Thp1 complex, but also
with the proteins of the previously characterized SAGA complex, involved in transcription.
Furthermore is was shown that Thp1 co-purified with the bona fide SAGA component
Ada2, however depletion of Ada2 and other SAGA subunits did not induce a nuclear
accumulation of mMRNAs thus suggesting that although the two complexes interact, SAGA
is not involved in mMRNA export (Rodriguez-Navarro et al., 2004). In addition, at least a part
of Sus1 population was found to be located at the nuclear pore, and this localization being
Sac3 dependent, in the same way as Thp1 (Rodriguez-Navarro et al., 2004). ChIP
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experiments also showed Sus1 binding at the promoter of the galactose-induced GAL1
gene, suggesting that Sus1 might be involved in both transcription and export to recruit
mMRNA export factors to chromatin or, in another view, to tether activated genes to the
nuclear pore in the process so-called “gene gating”. The gene gating hypothesis was
proposed in 1985 by Blobel, and suggests that transcribed chromatin would relocate close
the NPC to facilitate the export of the mRNA molecule from the nucleus to the cytoplasm
(Blobel, 1985). This was shown to be true in yeast, at least for some inducible genes,
whose transcription will be activated in response to environmental stimuli, such as GAL
genes (Casolari et al., 2004). The repositioning of active GAL genes to the nuclear pore is
decreased in Sac3A, Sus1A and Thp1A strains (Cabal et al., 2006; Chekanova et al.,
2008) confirming a role for the whole TREX-2 complex in tethering active genes to the
NPC. Although not all SAGA mutants showed the same reposition defect (Cabal et al.,
2006; Chekanova et al., 2008), the connection between transcription and export in yeast is
at the bases of SAGA-TREX-2 interplay. The discovery of Sus1 and its recruitment to
promoters of transcribed genes in a TREX-2 and SAGA-dependent manner suggests that
TREX-2 and SAGA work synergistically to recruit Sus1 to chromatin to promote elongation
and subsequent export (Figure 14) (Garcia-Oliver et al., 2012; Pascual-Garcia et al., 2008;
Rodriguez-Navarro et al., 2004).
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Figure 14 Schematic overview of the gene gating mechanism in yeast

The gene gating in yeast is regulated by the coordinated action of SAGA and TREX-2 through the common subunit
Sus1. (A) Galactose induction stimulates the transcription of the GAL? gene. Sus1 is recruited at the GAL1 promoter in a
SAGA-dependent manner and is required for Gal1 transcription. (B) Sus1 is needed for transcription elongation of the
Gal1 mRNA and for the tethering of the activated gene to the NPC for export. (C) Subunits of the TREX-2 complex are
involved in the relocation of the transcribed chromatin to the NPC and for the subsequent export of the mRNA; the

process is called gene-gating. NE = Nuclear Envelope; NPC = Nuclear Pore Complex

1.5.4. TREX-2, SAGA and genomic instability in yeast

The gene gating mechanism described in yeast and its dependence on SAGA-TREX-2
interaction was proposed to be involved in protecting genome stability. As already
mentioned, THP1 gene was discovered in a screen for yeast deletion mutants influencing
the recombination (Gallardo and Aguilera, 2001). A plasmid-based assay allowed
measuring the frequency of recombination between two repeated sequences that would
eventually form a functional gene only after recombination (i.e. LEU+ gene) (Prado and
Aguilera, 1995; Prado et al., 1997). Deletion of Thp1 induced an increase in recombination
of more than 130 fold above the WT levels, hence called hyper-recombination phenotype.
It was shown that this hyper-recombination is a consequence of transcription elongation in
the intervening sequence between the repeats (Gallardo and Aguilera, 2001). If
transcription is abolished, or the intervening sequence is deleted, the hyper-recombination
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phenotype is rescued (Gallardo and Aguilera, 2001). Given the strong physical association
between Sac3 and Thp1, similar analyses were conducted in Sac3A strains that displayed
the same identical hyper-recombination phenotype of Thp1A strains suggesting that Sac3
and Thp1 form a complex that acts as a functional unit (Gallardo et al., 2003). Moreover,
the same phenotype was observed in Sus1A strains confirming a role, for the whole
TREX-2 complex in protecting the yeast genome from genomic instability (Gonzalez-
Aguilera et al., 2008).

This hyper-recombination phenotype was observed in other mutants of the mRNA export
machinery, and some nucleoporins (such as Nup60), but it was not observed in
transcription mutants (Gonzalez-Aguilera et al., 2008; Rondon et al., 2003). Given the
association of Sus1 with the SAGA complex, also SAGA mutants were analysed using the
same direct repeat system, but no hyper-recombination was observed in none of the
mutants, suggesting that Sus1 shares function with the TREX-2 complex in the
maintenance of genome integrity (Gonzalez-Aguilera et al., 2008). Analyses on Cdc31
were instead more challenging, being Cdc31 an essential gene in yeast and thus only
certain mutants could be analysed (Gonzalez-Aguilera et al., 2008).

In Thp1A mutants the mutator action of the human enzyme AID is hyper-stimulated. This
enzyme is known to generate mutations at specific loci in human B cells, where is
important for antibody diversification. AID acts in vitro on ssDNA and induces mutations
and recombination, which was observed in TREX-2 mutants but not in transcription
mutants (Gonzalez-Aguilera et al., 2008). Interestingly, mutants of the TREX-2 complex
showed transcription elongation defects through high G+C content genes, which were only
observed in vivo, and not with in vitro systems (Gonzalez-Aguilera et al., 2008). This
suggested that the physical association of the TREX-2 complex with the nuclear pore, and
the connection between transcription and export is the driving cause of the phenotype
observed, which is then rescued in vitro cellular extracts where the coupling is disrupted.
This suggested that a failure in mMRNA export, rather then a failure in transcription, would
be the cause of genomic instability in yeast cells.

All these data showed that TREX-2 is involved in the maintenance of genome integrity in
yeast, independently on SAGA, although the common subunit Sus1. Thus it was proposed
that failure in coupling transcription with export, exerted by TREX-2, would cause
accumulation of suboptimal mMRNA molecule that could interact with the double helix of
DNA from the locus where they are produced. This interaction DNA-RNA would leave one
of the two DNA strands as ssDNA and the accumulation of ssDNA would increase
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recombination and genomic instability, demonstrated also from the hyper-activation of
human AID in TREX-2 mutants. Thus ensuring the correct coupling transcription-export
would protect the yeast genome from genomic instability (Figure 15) (Gonzalez-Aguilera et
al., 2008).

A. Wild-type NE NPC | mRNA
Transcription-export coupling \

Sus1 - TREX-2

Sus1
Gal1 gene Sus1

B. TREX-2 mutants NE

Transcription-export uncoupling

dsDNA —Z 11/ eanest

ssDNA Damage

Figure 15 Genomic instability in TREX-2 mutants

Genomic instability in TREX-2 mutants is due to transcription-export uncoupling (A) In WT cells the concomitant action of
SAGA and TREX-2 through sus1 stimulates the association of actively transcribed genes to the NPC for immediate
export. (B) In TREX-2 mutants the export process is abolished thus creating an accumulation of RNA species in the
double helix of DNA. Accumulation of ssDNA, through the displacement of one strand of the DNA, induces genomic
instability in yeast TREX-2 mutants.

NE = Nuclear Envelope; NPC = Nuclear Pore Complex

1.5.5 TREX-2 and SAGA: a human perspective

To investigate the role of the human TREX-2 complex in genome stability in human cells
first of all it is important to understand the numerous differences between yeast and
humans in this context. As mentioned before the role of the yeast TREX-2 complex in
genomic stability maintenance is connected with its role in gene gating. However the gene
gating mechanism seems to be a prerogative of yeast and C. elegans (Rohner et al.,

2013) while in mammalian cells, genes repositioning involves rather a movement from the
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periphery to the nucleoplasm for transcriptional activation and it was observed in
developmentally regulated genes (Ragoczy et al., 2006; Takizawa et al., 2008; Williams et
al., 2006). Transcription, mMRNA maturation and export are spatially and temporarily
separated processes in mammalian cells. Thus the accumulation of mMRNA in the nucleus
in the case of MRNA export defects is unlikely to be associated with retention of RNA
molecules in the double helix of DNA. Although there are evidences of formation of
RNA/DNA hybrids (so called R-loops) also in mammalian cells, they have not been
associated with export defects but rather with transcription and RNA processing defects or
naturally occurring in key cellular processes (Wickramasinghe and Venkitaraman, 2016;
Yu et al., 2003).

Moreover although TREX-2 is a highly conserved complex, the scaffold subunit of the
mammalian complex is a protein of almost 2000 aminoacids, which harbours additional
functional domains that are absent in the yeast Sac3, thus suggesting that the human
TREX-2 might have additional functions other than mRNA export.

In addition, in yeast, TREX-2 and SAGA are connected, not only by the sharing of ySus1
but additional subunits of both complexes have been found to interact (Kohler et al., 2008;
Rodriguez-Navarro et al., 2004). As mentioned before, in mammals, ENY2 represents a
common subunit but not a physical link between the two complexes; indeed MS analyses
have not been able to detect any other interaction (Umlauf et al., 2013). This might
suggest more separated functions of TREX-2 and SAGA in human cells. However ENY2 in
humans has been recently suggested to interact with additional complexes (Atanassov et
al., 2016; Li et al., 2016) whose functions are probably not totally discovered (described
hereafter). These additional interactions might add multiple layers of complexity to the role
of the human TREX-2 in DNA repair being ENY2 an essential adaptor subunit and its
distribution among complexes needs to be tightly regulated.

In the following sections | will describe in details the major subunit of the human TREX-2
complex (GANP) and the shared subunit between hSAGA and hTREX-2 (ENY2).

1.6 TREX-2-component Germinal Center Associated Nuclear Protein (GANP)

The main representative of the function, structure and localization of the TREX-2 complex
is the human homologue of yeast Sac3, GANP. Although GANP is ubiquitously expressed
in a variety of somatic cell types the name derives from its first discovery in 2000 in B cells
of Germinal Centers (GC) (Kuwahara et al., 2000). Numerous findings have elucidated the
role of GANP in immune cells, where it was found to be overexpressed, however the
different domains of GANP point to a broader role of the protein in different cell types.
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The ganp gene (also MCM3AP in human) encodes at least 6 transcripts variants and its
located on chromosome 21. The full length GANP transcript is encoded by 28 exons. In
1998 it was identified a protein interacting with the minichromosome maintenance protein
(MCM) 3 and it was shown to encode for an 80 kDa protein, named MCM3AP (Takei and
Tsujimoto, 1998). The full-length transcript of the same locus was then shown to encode
instead for a 210 kDa nuclear protein, which was overexpressed in GCs (Kuwahara et al.,
2000). Subsequent northern blot and western blot analyses in B cells failed to identify the
short form MCMS3AP suggesting that it might be expressed at much lower levels than the
full length GANP protein (Abe et al., 2000). it was shown, later on, that although MCM3AP
and GANP are encoded from the same gene, they are indeed two different proteins,
occupying different locations in the cells and transcribed from different promoters
(Wickramasinghe et al., 2011). The scaffold subunit of the TREX-2 complex is represented
by the full length GANP, and no evidences until now point for overlapping roles between
GANP and MCM3AP.

1.6.1 Structure of GANP

The N-terminal domain of GANP, from aminoacid 1 to 400, is homologous to the classical
FG repeat structure of proteins part of the NPC (Figure 16). This structure is highly similar
between humans, mice, rats, rabbits, cows and sheeps, while in lower eukaryotes is
missing from the homologous protein Sac3. The presence of FG repeats in the GANP
protein suggests that it might have similar properties to nucleoporins.

GANP possesses also a RNA recognition motif, in the N-terminal side region, consistent
with its role in mMRNA export (Figure 16).

The Sac3 homology domain spans a region from aminoacid 686 to aminoacid 910 and the
CID region from aminoacid 1162 to aminoacid 1256 (Figure 16). Structural studies and
pull-down assay revealed that these regions, both in yeast and human, are necessary to
bind ENY2 and Centrins in vitro (Jani et al., 2012).

Differently from Sac3, the C-terminal region of GANP contains a HAT domain (Singh et al.,
2013; Takei et al., 2001). Recombinant HAT domain of GANP was shown to possess in
vitro acetyltransferase activity toward H1 and H3, and it was shown in vivo with
overexpression or KD experiments to control the levels of histone acetylation at the IgV
locus in B cells. The C-terminal domain of GANP, as mentioned before, is identical to the
80 kDA MCMS3AP protein, and the HAT domain resides in this region. This protein was
suggested to interact and acetylate in vitro MCM3 (Takei et al., 2001; Takei and Tsujimoto,
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1998). Initially it was suggested that the interaction between GANP and MCM3 could be

involved in cell cycle regulation but further studies did not clarify the mechanism.

GANP
MCM3AP
Nucleoporin Sac3
Homology Homology CID Acetyltransferase
NH2 — ﬂ 1 4 COOH
]
2 340 636 990 1162 -1256 1260 1658-1790 1980

Figure 16 Schematic representation of the GANP protein

The different domains are depicted in boxes. The full-length GANP protein is constituted by 1980 aminoacids. The C-
terminal domain is 100% identical to the protein MCM3AP, that is transcribed from a promoter lying in a GANP intron.
NH2: N-terminal domain; COOH: C-terminal domain. Numers represent the aminoaacid position. Adapted from:
(Wickramasinghe et al., 2010).

1.6.2 Role of GANP in B cells

GANP was found to be overexpressed in the GCs of immunized mice thus suggesting a
specific role in immune response. GCs are indeed the sites where B cells proliferate and
maturate to become mature plasma B cells that actively secrete antibodies for the
efficiency of the “adaptive” immune response. The adaptation results in the fact that
antibodies can be changed to recognize different pathogens, and this adaptation has
genetic basis. In fact, antibodies genes (i.e. Ig genes) can be rearranged using CSR or
Somatic Hypermutation (SHM), whether the constant or the variable region of the antibody
is mutated. CSR requires induction of DSBs, activation of the DDR and subsequent repair
by NHEJ in the Ig gene. Important step for the CSR is the induction of ssDNA nicks,
exerted, among others, by the AID enzyme, at a conserved nucleotide motif called switch
region.

As mentioned before it was suggested that GANP/MCM3AP associates with replication
protein MCM3 and that possesses a DNA-primase domain at its N-terminal side regulated
by phosphorylation on serine 502 selectively in stimulated B cells (Kuwahara et al., 2001)

suggesting its involvement in the acceleration of B cell proliferation after immunization.

Role of GANP in CSR
GANP was shown to physically interact with AID in COS-7 cells (Maeda et al., 2010)

although no specific interaction domain has been found so far, it was speculated the
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interaction to occur through attractive forces generated by the opposite charges of the two
proteins (Sakaguchi and Maeda, 2016). GANP was shown to be involved in the
translocation of AID in the nucleus (Maeda et al., 2010), and in the recruitment of AID to
the site of rearranged Ig locus (Singh et al., 2013).

In addition in Ramos B cells GANP role in IgV diversification was found to be dependent
on its HAT activity. It was shown that overexpression of GFP tagged version of GANP
significantly decreased Micrococcal Nuclease (MNase) sensitivity of the specific IgV locus
analysed, and conversely depletion of GANP by siRNA caused a higher MNase resistance
(Singh et al., 2013). Moreover ChIP of GFP-GANP and endogenous GANP showed that it
interacts with the IgV locus in Ramos B cells and that this interaction is dependent on the
HAT domain (Singh et al., 2013). Histones ChIP analyses at the IgV region showed that
overexpression and KD of GANP respectively increases and decreases the levels of H3
acetylation at specific regions suggesting a role for GANP in the chromatin organization of
antibodies diversification locus in human Ramos B cells (Singh et al., 2013). Other than its
role in histone modification and the targeting of AID at the IgV locus, it was further shown
that GANP plays a role in the repair of the IgV locus in chicken DT40 cells after AID action
(Eid et al., 2014).

GANP is important to regulate the choice between HR and NHEJ favouring HR and
abrogating NHEJ, in chicken B cells, where the protein is overexpressed and that this
mechanism is due to GANP interaction with DNA-PKcs (Eid et al., 2014). In damage
conditions GANP association with DNA-PKcs would hinder its NHEJ repair capacity (Eid et
al., 2014). Nevertheless these results mainly pointed to a role of GANP in Ig diversification
in a highly specialized system as bird B cells and at a very specific locus (i.e. IgV
diversification locus) although colony survival assay in DT40 cells showed that further
overexpression of GANP rendered cells less sensitive to campthotecin, suggesting a
genome-wide effect on promoting HR (Eid et al., 2014).

However contrasting results were previously obtained in MEFs, where lack of GANP
stimulated HR. In fact it was shown that lack of one GANP allele induced hyper-
recombination, measured with a recombination substrate reporter vector and also in
integrated reporter construct (Yoshida et al., 2007), recapitulating the phenotype observed
before in yeast Sac3A strains (Gallardo et al., 2003). This suggests that GANP might have
different roles accordingly to the model system, the cell type and the organism.
Interestingly any attempt of creating a GANP KO failed, both in mice (Sakaguchi et al.,
2011) and chickens (Eid et al., 2014), while mice lacking GANP selectively in B cells (B-
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GANP -/-) grew normally, showing only a delayed GC formation after immunization
(Kuwahara et al., 2004) suggesting that GANP might have broader role in the organism
other than Ig diversification.

1.6.3 Role of GANP in mRNA export: a shuttling matter
From its discovery in 2000 many reports investigated the role of GANP in B cells, but it
was only in 2010 that the studies were extended to its role in human somatic cells and its
role in mRNA export was discovered (Wickramasinghe et al., 2010). This and later reports
showed that GANP depletion induces nuclear accumulation of mMRNA species and is
mainly localized at the nuclear periphery (Umlauf et al., 2013; Wickramasinghe et al.,
2010). However there is still discordance whether GANP would shuttle between the
nuclear interior and the periphery or it would be an integral member of the NPC.
Contrasting results were obtained in this context. In support of the shuttling theory it was
shown, by immunofluorescence experiments using antibodies against GANP, that the use
of the transcription elongation inhibitor 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole
(DRB) would decrease GANP signal at the pore and create punctuate GANP signal in the
inner nucleus, meaning that without transcription and no need for mRNA export, GANP
would not need to reach the NPC to facilitate export (Wickramasinghe et al., 2010). In
addition it was shown that GANP interacts with the mRNA export factors NXF1, which is
located in the inner nuclear environment and is involved in earlier stages of export and that
GANP depletion affects NXF1 localization at the nuclear pore (Wickramasinghe et al.,
2010).
However more recent data showed that GANP interaction with the NPC is not affected by
transcription inhibition using transcription inhibitors actinomycin D and a-amanitin, with or
without permeabilization of the cells prior to fixation and that depletion of GANP does not
affect NXF1 location at the periphery (Umlauf et al., 2013). In any case it is general
accepted that GANP is, at least mainly, located at the NPC, in a manner dependent on
basket nucleoporins, TPR and NUP153, and that it is required for mRNA export. The role
of GANP in mRNA export was further investigated to show its involvement in the export of
a subset of nuclear transcripts, only partially overlapping with NFX1-dependent transcripts
(Wickramasinghe et al., 2014).
Given the association of TREX-2 with the NPC and the reports suggesting that it might
exchange between nucleoplasm and periphery, live cell experiments were performed to
asses the dynamicity of the complex. Fluorescence Recovery After Photobleaching
(FRAP) experiments showed that ENY2-GFP and PCID2-GFP recovery after specific
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bleaching of the NPC pool was extremely slow, 10 minutes for PCID2 and 8 hours for
ENY2, reaching the recovery time observed for basket nucleoporins (10 minutes for
NUP153) (Umlauf et al., 2013). These results, together with the observation that TREX-2-
NPC association is independent on transcription pointed to behaviour of the TREX-2
complex that is similar to that of basket nucleoporins (Umlauf et al., 2013).

A plant exception

TREX-2 role in mRNA export is highly conserved among eukaryotes, and a functional
TREX-2 complex also exists in plants in which two homologs of ySac3, SAC3B and
SAC3A are potential members of the complex (Lu et al., 2010) (Figure 17). Both SAC3s
interacts with Arabidopsis THP1 and Arabidopsis Centrins 1 and 2, but while SAC3A
exhibits nucleoplasm localization, SAC3B is mainly located at the nuclear periphery (Lu et
al., 2010). Interestingly none of the SAC3 proteins is involved in mRNA exports in plants.
Mutation in SAC3B causes genome wide transcription alteration, that is dependent on an
increase of dimethylation of K9 of histone H3 (H3K9me2), a heterochromatin mark (Yang
et al., 2017). This phenotype was also observed in THP1 mutants pointing to a role for
plants TREX-2 in preventing transcriptional silencing. It was speculated that gene gating
might happen in plants and that the tethering of the transcribed chromatin at the nuclear
pore through TREX-2 might be involved in maintaining the active transcriptional status
(Yang et al., 2017). However it is important to mention that SAC3B does not contain the
HAT domain found at the C-terminal region of GANP, that could have explained
heterochromatin spreading, through loss of histones acetylation. However further studies
are necessary in this direction to understand the role of plants Sac3 proteins.
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NPC

Centrin1
Centrin2

ENY2/sus1
?

Figure 17 Schematic representation of Arabidopsis TREX-2 complex

SAC3A and SAC3B are bona fide components of the TREX-2 complex in plants; they are both present in the complex
and they interact with THP1 and centrins. Black lines depict the validated interactions. No interaction has been found yet
between the SAC3 proteins and Arabidopsis ENY2. Adapted from (Yang et al., 2017)

1.6.5 GANP-associated diseases
As mentioned earlier GANP is described to be specific overexpressed in B-cells where is
important for their maturation in GCs and mRNA export. However, it was lately found that
mutations in the GANP gene are associated with complex-phenotype diseases that point
to a broader role for GANP in DNA repair. Whole exome sequencing was performed on a
patient that showed immunodeficiency, genomic instability, skin changes and
myelodisplasia, and mutations in two genes were found, one of them being
MCM3AP/GANP. A heterozygous nucleotide exchange in the exon 2 of GANP gene
mutates the Proline (P) in position 443 into a Serine (S) (P443S). Interestingly a twofold
accumulation of the full-length GANP mutated protein was observed into patient-derived
lymphoblasts, while showing at the same time a two-fold downregulation of the MCM3AP
gene product, transcribed from a promoter within a GANP intron (Gatz et al., 2016).
Interestingly, DR-GFP based approach, revealed that patient-derived lymphoblasts
showed a reduction in HR-mediated repair, while NHEJ was not significantly affected.
Overexpression of the WT GANP in the patient’s lymphoblast increased the HR efficiency
in the patient’s cells, while it decreased it in the father’s cells (Gatz et al., 2016) and
patient-derived fibroblasts showed an increase in YH2AX and 53BP1 foci, consistent with
repair defects (Gatz et al., 2016). The complex phenotype can be also associated with the
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second mutation in the POMP gene (part of the 19S proteasome subunit), but the fact that
overexpression of WT GANP in patient’s cells reduced the amount of 53BP1 foci and
rescued the HR defects seems to confirm a role for GANP in the repair-defect associated
phenotype (Gatz et al., 2016) although the exact mechanism is still unclear. In fact,
another subsequent study revealed that different GANP mutations in several patients with
intellectual disability disorder lead to a 20% depletion of the GANP protein, although no
DNA repair defect could be associated after exposure to UV or ionising radiation,
suggesting that GANP might not have a role in radiation-induced DNA damage repair
(Schuurs-Hoeijmakers et al., 2013). However considering the amount of previous reports
pointing to a role of GANP in DNA-repair it cannot be excluded its involvement in specific
repair pathways. Moreover, GANP expression was found to be impaired in human breast
cancer samples, and mice with mammary gland-targeted GANP depletion developed
breast cancer in one year after pregnancy; both homo-deficient and hetero-deficient GANP
mice (Kuwahara et al., 2016). This increased susceptibility to solid tumors of GANP-
depleted mice, and the reduced expression of GANP in actual patients, was speculated to
be connected with the resistance to develop solid tumors of Down Syndrome (DS)
patients, who have three copies of the chromosome 21, where GANP gene is located,
suggesting GANP as a novel tumor-suppressor gene. There are no evidences of
increased GANP levels in cells with trisomy 21 and further studies are needed in this
direction, however, to make this theory a likely scenario there is also the evidence that
overexpression of GANP is associated with high incidence to develop lymphomagenesis
(Fujimura et al., 2005), another feature characteristic of DS patient. Further studies are
necessary to investigate at which stage of tumor development GANP might act and of

course the underlying molecular mechanisms.

1.7 Human Enhancer of Yellow (ENY) 2: a crucial adaptor
GANP major partner in the TREX-2 complex is ENY2. ENY2 is a very small protein
harbouring no functional or catalytic domain, however is fundamental for TREX-2 stability
and activity because, as mentioned before, is required to stabilize the long and unstable a-
helix of GANP. The other major ENY2-containing complex is the SAGA DUB, which also
relies on this small protein to be stabilized. In the DUB module ENY2 functions as an
adaptor, together with ATXN7L3, fundamental for the proper structural organization of the
entire module and is necessary for its function both in yeast and mammals (Samara et al.,
2010; Zhao et al., 2008). The deubiquitinase enzyme in the DUB module is represented by
USP22 (Zhang et al., 2008); however the function of USP22 is strictly dependent on the
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proper organization of the DUB module. In addition ATXN7 has the function of anchoring
the USP22-ATXN7L3-ENY2 complex to the rest of the SAGA complex.

Very unexpectedly it has been reported that depletion of USP22 is not accompanied by an
increase in H2Bub1 levels, as instead is the loss of ENY2 or ATXN7L3 (Atanassov et al.,
2016). The fact that loss of the adaptor proteins has a greater effect on H2Bub1 compared
to the loss of the catalytic subunit suggested that these adaptors might stabilize other
DUBs. In fact it has been shown that in human cells other two possible USPs exist that
associate with both ENY2 and ATXN7L3 to form a functional DUB module, USP27X and
USP51 (Atanassov et al., 2016). It has been shown that these additional DUBs do not
interact with SAGA, given the absence of ATXN7 in the complex (Figure 18D, E). USP27X
and USP22 share 82% of identity, while USP51 an USP22 share 70% of identity, they
both contain a NLS and they require both ENY2 and ATXN7L3 for their catalytic activity in
vivo and in vitro (Atanassov et al., 2016). The activity of USP22, USP27X or USP51 is
regulated by the availability of ENY2 and ATXN7L3, thus upon USP22 depletion the
interaction between ATXN7L3 and USP27X or USP51 is enhanced. This would explain
why ablation of USP22 does not result in increased H2Bub1 levels as ablation of the
adaptor proteins does.

These data show that ENY2, although being a small protein, is fundamental for the activity
of other proteins functioning as adaptor protein. Moreover, as mentioned before, USP51
has been implicated in the DDR, suggested to deubiquitinate H2AK13/15ub at damage
sites. It has been proposed that USP51 levels have to be tightly regulated for proper DNA
repair (Wang et al., 2016).

This report, together with the discovery of a functional DUB module containing USP51,
ENY2 and ATXN7L3, raises new questions about the role of ENY2 in DNA repair and its
regulation. It might be possible that the function of USP51 in DNA repair is regulated by
ENY2 and ATXN7L3 availability. However further studies are necessary in this direction to
asses the role of newly-discovered DUBs in DNA repair.

In addition to USP27X and USP51-containing DUBs, ENY2 has been found associated in
the cytoplasm with another small protein, arose from a retro-transposition of ATXN7L3 and
thus called ATXN7L3B (Li et al., 2016). The well-known ENY2 partner, ATXN7L3,
harbours a Zinc Finger (ZnF) domain that is required for DUB module binding to DNA
(Kohler et al., 2010). Cytoplasmic ATXN7L3B lacks this domain and does not associate
with SAGA components, however its depletion or overexpression can alter H2Bub1 levels
on chromatin through release or sequestration of ENY2 (Li et al., 2016). The interaction
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between ATXN7L3B and ENY2 has been suggested to be important for ENY2 distribution
between cytoplasm and nucleus, and thus ENY2 availability for the SAGA DUB, having as
an indirect effect the regulation of H2Bub1 deubiquitination (Li et al., 2016).

All these data together suggest that ENY2 is a key subunit of several complexes and that
regulating its distribution among them might represent a way to control different key

cellular processes (such as mRNA export, transcription and DNA repair).

A. TREX-2; B. SAGA DUB;
Nuclear Pore Complex Nucleoplasm

C. ENY2/ATXN7L3B; D. USP27X-DUB; E. USP51-DUB;
Cytoplasm Nucleoplasm Nucleoplasm

Figure 18 Different ENY2-containing complexes in human cells

The best-characterized ENY2 containing complexes are (A) TREX-2 localized at the NPC and (B) the SAGA DUB
module, localized in the nucleoplasm. Recently, additional ENY2 partners have been discovered. (C) ENY2 interacts with
ATXN7L3B in the cytoplasm. (D-E) Additional DUBs have been discovered in human cells, containing either USP27X (D)
either USP51 (E), but both requiring ATXN7L3 and ENY?2 for their deubiquitinase function. These additional DUBs do not
contain ATXN7 thus they do not interact with SAGA.
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Aim of the Work

The maintenance of proper genetic information is essential to ensure correct cellular
functions and to avoid genomic instability that is a hallmark of cancer. Exogenous and
endogenous sources cause approximately 70 thousand molecular lesions per day on
the DNA.DSBs are among the most dangerous types of lesions. If unrepaired they can
lead to genomic rearrangements and eventually cancer. For this reason DSB activate a
highly specialized pathway in the cell called the DDR that relies on a complex signalling
cascade. Histones PTMs and the chromatin environment play an essential role in DNA
repair. Moreover recently it has been shown that proteins part of the Nuclear Pore
Complex (NPC) and proteins that associate with it, although not directly recruited at the
sites of damage, play an important role in DNA repair both in yeast and in mammalian
cells, showing to have conserved roles.

TREX-2 is a highly conserved complex among eukaryotes that physically associates
with the NPC and contributes to the export of mRNA species from the nucleus to the
cytoplasm in a process that involves tethering of the transcribed chromatin at the NPC
(gene gating). The connection between transcription and export in yeast is achieved
through the physical interaction of TREX-2 with SAGA. This connection has been
shown to be required for the maintenance of genome integrity as mutants of the TREX-
2 complex, but not SAGA mutants, show hyper-recombination phenotype, a hallmark of
genomic instability.

In mammals TREX-2 and SAGA share one subunit, present in both complexes, but
since there are no evidences of a gene gating mechanism that would connect actively
transcribed regions to the NPC the interaction between TREX-2 and SAGA in mammals
is limited.

The high degree of homology in the composition and structure of the TREX-2 complex
suggests also a similar functionality. Indeed the TREX-2 complex has been shown to be
involved in mRNA export also in human cells. Nevertheless the scaffold subunit of the
human complex, GANP, although showing homology with the yeast counterpart,
contains additional functional domains, that might point to different roles in humans.

The aim of my PhD was to investigate the potential role of the human TREX-2 complex
in DNA repair and a potential interplay between TREX-2 and SAGA in this context.

To this end we used biochemistry and microscopy approaches to analyse DNA repair in
HelLa and U20S cells depleted of the TREX-2 scaffold subunit GANP. The depletion of
the shared subunit between TREX-2 and SAGA let us disclose interplay between the
two complexes in human cells important for DNA repair.
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In addition we investigated possible additional role for human GANP in the context of

global chromatin epigenetic status.
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Results

Using biochemical and microscopy approaches we analysed the role of the human TREX-
2 complex in DNA repair in human cells. We discovered an interplay between TREX-2 and
the SAGA DUB module required to control H2Bub1 levels in response to DNA damage.
These results are part of a manuscript entitled "A regulated interplay between the human
TREX-2 complex and the SAGA DUB module is required for efficient DNA damage repair"
(Section 3.1). Our results suggest that the activity of SAGA DUB must be tightly regulated
to maintain H2B/H2Bub1 balance important for DNA repair. One level of regulation could
come from the TREX-2 and SAGA common subunit ENY2. ENY2 is a highly unstable
protein required for the stability of the TREX-2 complex and the activity of the DUB
module. We investigated how, in DNA damage conditions, ENY2 levels and distributions
are regulated. These results are shown in separate sections, however they are connected
with the role of TREX-2 and SAGA DUB in DNA repair.

Finally, additional experiments pointed out a role for the human GANP in regulating the
global chromatin status; these experiments are shown in the last paragraph of the Results

section.

3.1 A regulated interplay between the human TREX-2 complex and the SAGA DUB
module is required for efficient DNA damage repair

In our manuscript we report a novel role for the human TREX-2 complex in DNA repair.
Cells depleted of TREX-2 scaffold subunit GANP accumulate unrepaired global DNA
damage and have delayed breaks resolution. We show that GANP/TREX-2 is required for
efficient repair via HR and that this is due to a decrease in H2Bub1 global levels.
H2B/H2Bub1 balance is regulated by the concomitant action of RNF20/40 and the SAGA
DUB. We add a new piece of data in this regulation showing that GANP/TREX-2 controls
DUB activity and that this is fundamental for correct DSBs' repair through HR.
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Abstract

DNA repair is critical to maintain genome integrity and its dysfunction can cause accumulation of
unresolved damage that leads to genomic instability. The Spt-Ada-Gen5 Acetyltrasferase (SAGA)
coactivator complex and the nuclear pore-associated TRanscription and EXport complex 2 (TREX-
2) couple transcription with mRNA export. Here we identify a novel interplay between human
TREX-2 and the deubiquitination module (DUBm) of SAGA, required for genome stability. We
find that the scaffold subunit of TREX-2, GANP, positively regulates DNA repair through
homologous recombination (HR). In contrast, DUBm adaptor subunits, ENY2 and ATXNL3, are
required to limit unscheduled HR. These opposite roles are achieved through monoubiquitinated
histone H2B (H2Bubl). Interestingly, the activity of the DUBm of SAGA on H2Bubl is dependent
on the integrity of the TREX-2 complex. Thus, we describe the existence of a functional interaction
between human TREX-2 and SAGA DUBm that is key to maintain H2B/HB2ubl balance needed

for efficient repair and HR.



Eukaryotic cells are constantly exposed to DNA damage that can arise from exogenous and
endogenous sources [1-3]. Among the plethora of different lesions that can be generated on the
DNA molecules, double stranded beaks (DSBs) are among the most dangerous type of damage,
because if not successfully repaired, they can lead to chromosomal rearrangements [4, 5]. The DNA
damage response (DDR) is a complex signalling cascade that is activated by DSBs that are either
exogenously generated by ionizing radiation, or by chemicals and by programmed DSBs that
happen in well-defined locations in the genome, such as in meiosis or at immunoglobulin class
switch recombination (CSR) locus [6].

The main hallmark of the DDR is the phosphorylated form of the histone variant H2AX on
Serine 139 (yYH2AX) deposited by the activated ATM kinase [7]. Two main DNA repair sub-
pathways exist: non-homologous end joining (NHEJ) and homologous recombination (HR). While
the former ligates the extremities of the two broken ends and can often leave deletions at the site of
the break, HR restores in a faithful way the genetic information at the site and in the vicinity of the
break, using the homologous chromatid as a template for repair, thus being by definition error-free.
HR takes place in S and G2 phases of the cell cycle [8], given the availability of the sister
chromatids to be used as a template, while NHEJ can be active throughout the cell cycle. For HR to
occur, the key step is the production of a 3' single stranded (ss) DNA end through the process of
resection [9] that depends on specific cell-cycle regulated proteins [10-12] thus, being active in S
and G2 phases.

The TRanscription and EXport complex-2 (TREX-2) complex is involved in mRNA export
[13-19]. The human TREX-2 complex is composed of five subunits, GANP, ENY2, PCID2,
Centrin2/3 and DSS1 (which in yeast are: Sac3, Susl, Thpl, Cde31 and Seml, respectively).
Moreover, it has recently been shown that hTREX-2 stably associates with the Nuclear Pore
Complex (NPC) and that this interaction is crucial for its role in mRNA export [17].

The Spt-Ada-Gen5 Acetyltrasferase (SAGA) coactivator complex and the TREX-2 complex

are evolutionarily conserved among eukaryotes. SAGA is composed of 19 subunits organized in
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several functional modules with different activities and roles [20]. The histone acetyltransferase
(HAT) module of SAGA is required at gene promoters to induce acetylation of Lysine (K) 9 of
histone H3 (H3K9ac) and H3K14. This activity is catalysed by the GCN5 enzyme [21]. The
deubiquitination module (DUBm) of SAGA is required to remove mono-ubiquitin from K120 of
human H2B (H2Bubl) in gene bodies [22-24]. These activities are required for the transcription of
all active genes both in yeast (y) and human (h) cells [25, 26]. In human cells, monoubiquitination
of histone H2B, is deposited by RNF20 and RNF40 [27] and deubiquinated by SAGA [22-24].
Interestingly, H2B in mammalian cells was found to be monoubiquitinated in response to DNA
damage and is necessary for efficient DSB repair [28, 29].

TREX-2 and SAGA share one subunit, ySusl/hENY?2 [30]. In TREX-2 ySus1/hENY?2 binds
to the scaffold protein ySac3/hGANP in two copies [31]. In SAGA, hENY2 binds to ATXN7L3,
and together with ATXN7 and the DUB enzyme, USP22, forms the DUBm [32, 33]. Moreover, in
human cells, ENY2 and ATXN7L3 form alternative DUBmM complexes with the deubiquitinating
enzymes USP27X, or USP51, which are both 70-80% identical to USP22. These alternative DUBm
members lack ATXN7 and thus, do not associate with SAGA. Nevertheless they can deubiquitinate
H2Bubl in vitro and in vivo [34]. It has been shown that the knock-down of ENY2 destabilizes
hGANP in TREX-2 and ATXN7L3 in the SAGA DUBm [17, 35]. Moreover, the activity of the
SAGA DUBm and the above-mentioned alternative DUBm-s strictly require the adaptors ENY?2
and ATXN7L3 for their activity [34]. For simplicity, hereafter the three SAGA related DUBm-s
will be called USP22-related DUBm-s.

In yeast, the physical and functional interaction between TREX-2 and SAGA complexes was
described and was suggested to connect on-going transcription with the NPC for immediate RNA
export in a process called "gene gating" [30, 36-40]. Destroying this connection at the export level
has been shown to induce genome instability, as yTREX-2 and yNucleoporins (Nup) mutants, but

not yYSAGA mutants, show hyper-recombination phenotype [41-44].



In mammalian cells the involvement of Nups and associated proteins in the DDR has not been
connected with RNA export or transcription defects [45-47]. Moreover, the interplay of mammalian
TREX-2 or the SAGA DUBm has not been studied in the context of DNA repair.

Here we have investigated the role of TREX-2/GANP and the SAGA DUBm and related
DUMm-s in DSB repair. We find that loss of the scaffold subunit of TREX-2 (GANP) results in
DNA repair deficiency by HR. This GANP-dependent HR defect is accompanied by decreased
resection and is mediated by down-regulation of H2Bubl levels. In contrast, down regulation of the
DUB activities (by knockdown of either ENY2 or ATXN7L3) results in upregulation of HR
efficiency and a parallel increase in H2Bubl levels. Interestingly, concomitant depletion of TREX-
2 and the DUB activity restores the HR pathway, RADS51 recruitment to DNA damage sites and
results in normal H2Bubl levels upon DNA damage. These results together demonstrate a
functional cross-talk between human TREX-2 and the USP22-related DUBm-s that is important for

correct DSB repair during HR.

Results

Depletion of the TREX-2 scaffold protein, GANP, affects the efficiency of DNA repair

In order to investigate the role of the TREX-2 complex in genome stability in mammalian
cells, we performed clonogenic survival assay in HeLa cells treated with the radiomimetic drug
phleomycin in combination with siRNA-mediated knockdown of GANP. Interestingly, cells
depleted of GANP displayed a significant increase in sensitivity to all concentrations of the drug
compared to control cells (Fig. 1a). This result suggests a GANP-dependent defect in either the
activation of DDR, or repair of DSBs. The efficient GANP depletion by siRNA was monitored by
Western blot (Fig. 1b). Moreover, GANP depletion leads to substantially elevated YH2AX levels
(Fig. 1b,c)

To test whether GANP depletion induces spontaneous DNA damage, we carried out a

COMET assay on GANP-depleted cells in the absence of drug. Interestingly, GANP depletion leads
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to increased comet-tails that are indicative of increased DNA breaks (Fig. 1d), further supporting
the notion that GANP is key in maintaining genome stability as its absence leads to persistent DNA
breaks in the absence of damaging agents.

To further investigate the role of GANP/TREX-2 in repairing DSBs, we induced DNA
damage with neocarzinostatin (NCS) for 15 minutes and monitored the kinetics of repair by the
appearance and disappearance of YH2AX and 53BP1 foci, in Hela and hTERT RPE1 control cells,
or cells depleted for GANP. We used depletion of known DNA repair factors XRCC4 and SET as
positive controls for delayed damage repair in both cell lines [48, 49]. As expected, cell treated with
control siRNA showed a progressive reduction of both DDR marks (yYH2AX and 53BP1) at 8 and
16 hours of repair (Fig. 2a,b). However, knockdown (KD) of GANP also delayed the disappearance
of both YH2AX and 53BP1 foci after 8 and 16 hours of repair in HeLa and RPEI cells, equivalent
to the delay observed upon depletion of XRCC4 and SET (Fig. 2a,b and Supplementary Fig. 1).

Next, we analysed whether the depletion of GANP would affect the DDR activation in NCS
treated cells. Our analyses show that in cells depleted for GANP, the initial recruitment of 53BP1
was not affected (Fig. 2b) and activation of ATM, monitored by its auto-phosphorylation on
Ser1981, or by the phosphorylation of its substrate KAP1, was comparable to control cells (Fig. 2c).
Interestingly however, we find that in GANP-depleted cells phospho-ATM and YH2AX were
persistent 8 hours after NCS treatment suggesting that GANP is involved in repair of exogenously
inflicted DNA breaks (Fig. 2c).

Since GANP/TREX-2 was shown to be located mainly at the inner side of the NPC [17], we
wondered whether the remaining unrepaired breaks were accumulated at the periphery of the
nucleus, or equally distributed between periphery and inner nucleus. Analysis of the raw intensity
data for yH2AX showed no shift in the distribution of gH2AX in the two compartments between
GANP-depleted cells and control cells, or cells depleted of XRCC4, suggesting a more global effect
(Supplementary Fig. 1a). These results suggest that although TREX-2 is predominantly localized at

the nuclear pores, it has a rather global role in DSB repair.



Depletion of GANP/TREX-2 affects the efficiency of homologous recombination

DSBs are repaired by two main repair pathways, NHEJ and HR. We showed that depletion of
GANP results in unrepaired persistent breaks throughout the nucleus without affecting the early
activation of the DDR, suggesting the involvement of GANP in repair. Thus, we next analysed the
involvement of GANP in the two main repair pathways. To assess the rate of HR, we used a U20S
cell line stably integrating a DR-GFP reporter [50, 51], and to analyse NHEJ the GCV6 human
fibroblast cell line [52]. Interestingly, depletion of GANP reduced the efficiency of homologous
recombination by 60% (Fig. 3a). The reduced HR efficiency in GANP-depleted cells was almost as
strong as that caused by the depletion of RADS51, a key player in homology-directed repair [53]
(Fig. 3a). Consistently, HeLa cells depleted of GANP were more sensitive to camptothecin (Fig. 3b)
that induces DSBs in S-phase [54]. HR is the preferred pathway in S and G2 phases of the cell
cycle, thus a possible effect on cell cycle progression could explain the dramatic effect observed on
HR efficiency. To verify this possibility, we analysed cell cycle progression either by propidium
iodide incorporation in U20S cells, or EAU incorporation in HeLa cells in GANP KD conditions.
We did not observe any significant effect on cell cycle in both cellular systems depleted of GANP
(Supplementary Fig. 2a,b), and GANP depletion did not affect RADS51 protein levels
(Supplementary Fig. 2¢). In contrast to the role of GANP in HR, we did not detect a significant
change in NHEJ following GANP depletion (Fig. 3c). These experiments together show that GANP
is required for promoting HR.

Resection is decreased in the absence of GANP/TREX-2

To dissect the steps of HR that are affected by GANP depletion and to test whether the above-
described HR defect is accompanied by a decreased end resection, we analysed the recruitment of
proteins involved in this process. To this end, we used U20S cells stably integrating an IScel site
flanked the Lac operator (LacO) array and stably expressing the LAC repressor (Lacl) fused to GFP
that allows visualization of the locus [55]. Addition of doxycycline enables the expression of the

IScel enzyme and the induction of a single DSB at the lacO locus. Using microscopy, we analysed



the recruitment of a series of factors known to be involved in resection, or which serve as markers
of resection in human cells, such as BRCA1, phospho-RPA, CtIP, and 53BP1 [56]. In agreement
with our above results, depletion of GANP dramatically reduced recruitment of BRCAI,
phosphorylation of RPA at different phosphorylation sites (serine 4/8 and serine 33) and
recruitment of RADS51, as compared to control cells (Fig. 4a-d). BRCAL1 in association with CtIP
and the MRN complex forms the BRCA1 C-complex that is required for the early steps of resection
[57, 58]. Thus, we also analysed recruitment of CtIP to further investigate whether homologous
recombination is affected at the initial stages of resection (Fig. 4e). Recruitment of CtIP was also
affected in GANP-depleted cells suggesting a defect in resection initiation (Fig. 4e). However,
GANP depletion did not affect recruitment of the early DDR factor 53BP1 (Fig. 4e). Efficient
induction of breaks was monitored by YH2AX (Supplementary Fig. 3a). The defect in RADSI
recruitment was also observed in GANP-depleted HeLa cells, treated with NCS (Fig. 5a,b). As
observed before, there was no difference in 53BP1 recruitment (Supplementary Fig. 3b) between
GANP-depleted and control cells. All these experiments together indicate that GANP/TREX-2 is
required for efficient HR, and that the recruitment of resection factors to DSBs and DNA-end
resection is impaired in the absence of GANP.

ENY2 and ATXN7L3 are both required to avoid unscheduled homologous
recombination

To further investigate the role of the human TREX-2 complex in genome stability, we tested
whether depletion of another subunit of the complex would have the same effect on DNA repair. To
this aim, we depleted ENY?2 that associates with GANP in two copies [31]. Surprisingly, in contrast
to GANP depletion (Fig. 3a), which decreases HR efficiency by about 3-fold, siRNA depletion of
ENY?2 increased HR efficiency 2-fold as monitored by the DR-GFP assay (Fig. 6a). Consistently
with the significant increase in the HR efficiency, clonogenic survival assay in HeLa cell carried
out following ENY2 depletion showed a decrease in the sensitivity of cells to camptothecin, when

compared to control cells (Fig. 6b), without affecting cell cycle progression (Supplementary Fig.
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4a). These experiments suggest that ENY?2 plays the opposite role when compared to GANP and
thus seems to be required to suppress HR.

To understand if breaks are efficiently repaired in the absence of ENY2 we analyzed the
kinetics of repair in asynchronous HeLa and RPE1 cells treated with NCS using YH2AX as a
marker. ENY2 depleted cells, displayed persistent YH2AX at 16 hours after damage induction
compared to control cells (Fig. 6¢ and Supplementary Fig. 4d). Moreover, ENY2 depleted cells,
although being more resistant to camptothecin (S and G2 phases specific damage), were more
sensitive to DSBs induced with phleomycin, compared to control cells (Supplementary Fig. 4b).
These results suggest that the down-regulation of ENY2 creates conditions that would favor HR in
an unscheduled way being potentially deleterious for the cells.

Interestingly, ENY2 or GANP depletion have opposite effects on DNA repair by homologous
recombination. ENY2 is an integral component of TREX-2 and several USP22-related DUBm-s
(see Introduction). To investigate whether the role of ENY?2 in supressing HR can be ascribed to the
DUBm-s, or to TREX-2, we performed the DR-GFP assay in cells depleted of another key subunit
of the DUBm-s, ATXN7L3. ATXN7L3 depletion had the same effect as depletion of ENY2,
suggesting that ENY?2 suppresses HR as component of the USP22-related DUB modules (Fig. 6d
and see also Fig. 6a). These experiments further suggest that h\TREX-2 and the USP22-related DUB
modules play opposite roles in DNA repair process.

TREX-2 depletion affects the global cellular levels of H2Bubl1

The USP22-related DUB modules are involved in the removal of monoubiquitin from
H2Bubl. While the recruitment of RNF20/40 catalysing the formation of H2Bubl after DNA
damage has been studied [28, 29, 59], little is known about the importance of H2Bubl
deubiquitination and the balance between histone H2B and H2Bubl in the response to DNA
damage. As formation of H2Bubl is important for homology directed repair [29], an extreme
increase in H2Bubl levels upon DUB depletion could explain unscheduled HR. Therefore, we

wondered whether the opposite effects of TREX-2 and DUBm-s in homology directed repair could
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be due to different effects on H2Bubl levels. We analysed H2Bubl levels in HeLa cells depleted of
either GANP or ENY2. Interestingly, GANP-depleted cells showed decreased global H2Bub1 (Fig.
7a). However, cells lacking ENY2 showed increased levels of H2Bubl, possibly as a consequence
of the disruption of the DUB modules (Fig. 7a and see Introduction), further substantiating the
opposite effects of GANP and ENY2, seen in the HR assay. Next, we treated cells with increasing
concentrations of NCS. As shown before [28], the levels of H2Bubl increase upon DNA damage in
a NCS concentration-dependent manner (Supplementary Fig. 5a). In GANP-depleted cells, however
there is a minor increase at the level of H2Bub1 upon DNA damage compared to control cells (Fig.
7b,d). ENY2 depleted cells on the other hand had elevated H2Bubl levels even in the absence of
DNA damage (Fig. 7a,b). These results suggest that the opposite effects observed on the HR/DDR
might be due to the inverse influences of GANP in TREX2, or ENY?2 in the USP22-related DUBm-
s on the histone H2Bub1 mark.

TREX-2 is required to avoid excessive H2Bub1 deubiquitination by the USP22-related
DUB modules in response to DNA damage

To investigate whether the observed decrease in H2Bubl levels upon GANP depletion are
due to an increased DUB activity, we tested whether the concomitant depletion of the three USP22-
related DUBM-s, through ENY2, or ATXN7L3 KD, would restore normal H2Bub1 levels. The co-
depletion of GANP and ENY2, or GANP and ATXN7L3, restored normal H2Bub1 levels when
compared to H2Bubl levels in mock siRNA treated undamaged or damaged cells (Fig. 7¢,d,g).
These results together suggest that the TREX-2 complex can negatively regulate the
deubiquitination of H2Bubl1, and that, if destabilized through GANP depletion, the activity of the
DUB modules is enhanced. To further understand whether this negative effect of TREX-2 on
H2Bubl levels is important in DNA repair by HR we analysed the recruitment of RADS1 at the
IScel site in cells depleted of either GANP alone, or co-depleted of GANP and ENY2, or GANP
and ATXN7L3. Depletion of GANP alone dramatically reduced the number of cells recruiting

RADS1 to the LacO array after Iscel cleavage (Fig. 4d and Fig. 7¢). However, the additional
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depletion of ENY2 completely rescued the defect to control levels (Fig. 7e), as did the depletion of
ATXNT7L3 (Fig. 71). Efficiency of double KD was monitored by RNA levels (Supplementary Fig.
5b,c). These results together indicate that TREX-2 integrity is required to avoid excessive H2Bubl
deubiquitination in response to DNA damage, and further suggest that the observed effects of
ENY2 depletion are rather due to its role in the USP22-related DUB modules together with

ATXN7L3.

Discussion

Here we have described a new functional interaction of the TREX-2 complex with the SAGA-
related DUBm-s in DNA repair in human cells. Importantly our results indicate that the TREX-2
scaffold subunit, GANP, is required for efficient DSB repair in human cells, as GANP-depleted
cells accumulate unrepaired breaks, as indicated by increased YH2AX signal and comet-tail
moment, as well as having increased sensitivity to genotoxic agents. In good agreement, a previous
study in human cells analysing the role of PCID2 and DSSI, two other TREX-2 subunits, showed
that depletion of PCID2, or DSS1, also cause DNA break-accumulation as indicated by an increase
in YH2AX staining and in comet-tail moment [60].

Here we further show that depletion of GANP/TREX-2 particularly affects the homologous
recombination pathway. A prerequisite for homologous recombination is the production of a 3'
ssDNA overhang in the process known as resection, which will invade the homologous duplex
through RADS1. Consistent with a decrease in homologous recombination efficiency, GANP-
depleted human cells (HeLa and U20S) are defective in the early stages of resection, and
subsequently in RADS1 loading both at the Iscel-induced break and genome wide (Fig. 4d and Fig.
5). Our data are in accordance with previous studies in chicken B cells where it was shown that
GANP stimulates HR [61]. Note, however, that GANP was also shown to suppress hyper-
recombination in mouse cells [62], suggesting that GANP/TREX-2 might have different roles
depending on the origin of the cells studied.
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The association of human GANP with the NPC depends on basket nucleoporins NUP153 and
TPR [17]. Recent studies described a role for these nucleoporins in DDR, affecting primarily the
nuclear import of 53BP1 and its sumoylation [45-47, 63]. However, we did not detect (i) any 53BP1
import defects in the absence of GANP/TREX-2 (Fig. 2b), (ii) any defects in the recruitment of
53BP1 at the Isce I-induced break (Fig. 4f), or (iii) defects in genome wide formation of 53BP1 foci
upon NCS treatment (Supplementary Fig. 3b). Thus, the role of GANP/TREX-2 in global DNA
repair is likely independent from its interaction with basket nucleoporins. Moreover, we did not
detect specific accumulation of unrepaired breaks at the nuclear periphery (Supplementary Fig. 1b),
further suggesting that TREX-2 acts through an NPC-independent mechanism.

Interestingly, the GANP/TREX-2 depletion reduced H2Bubl1 levels either under steady-state
or damage conditions. The fact that GANP/TREX-2 does not have any known E2/E3 ubiquitin
ligase activity and the fact that the DUB module of SAGA is the major DUB responsible for the
removal of ubiquitin from H2Bubl in mouse ES cells [25] suggests that GANP/TREX-2 might
affect histone H2Bub1 levels and consequently DNA repair by affecting the activity of the SAGA
DUB module and potentially its related DUB modules, with which it shares the ENY2 subunit.

Depletion of the ENY2 alone surprisingly not only does not recapitulate GANP/TREX-2
effect on homologous recombination, but it has the opposite effect by stimulating HR efficiency.
We ascribed this effect to the DUB function(s), because depletion of ATXN7L3 also increased HR
efficiency to the same extent (Fig. 6a;d). Monoubiquitination of H2B, by RNF20/40 E3 ubiquitin
ligase, happens in response to DNA damage in human cells and is required for recruitment of HR
factors [28, 29]. Thus, our results are in good accordance with the data showing that depletion of
RNF20/40 induces a decrease in HR efficiency and resection [28, 29], resulting in the opposite
phenotype than the DUBm deficient cells.

We hypothesize that GANP/TREX-2 regulates homologous recombination through
controlling the DUB module activity because we were able to rescue both H2Bubl levels and

RADSI recruitment at the IScel-induced break in GANP deficient cells by further abolishing the
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DUBm functions through additional ENY?2, or ATXN7L3, depletion (Fig. 7). Importantly, in spite
of the fact that the SAGA DUBm is thought to be the major H2Bub1 DUB, depletion of the DUBm
adaptors, ENY2 and/or ATXN7L3, would eliminate the activity of all the USP22-related DUBm-s
(independently of the cellular expression levels of the three related USPs). Thus, ENY2 and/or
ATXN7L3 depletion will affect all H2Bubl deubiquitination activities[34]. Nevertheless, our
results confirm that H2B/H2Bub1 balance is important for HR mediated repair and show that
H2B/H2Bubl balance is controlled by a regulated interplay between TREX-2 and SAGA DUB
subunits ENY2 and ATXN7L3 (Fig. 8). How the H2Bub1 mark regulates repair is not clear. It was
speculated that the HR impairment in RNF20 depleted cells was dependent on a defect in chromatin
relaxation ascribed to the H2Bubl-dependent methylation of H3K4 [29]. However, in a second
study H3K4 methylation was maintained unaltered in RNF20 KD, and accumulation of H3K4me
was not observed at damaged sites [28]. Although a defect in chromatin relaxation was speculated
in both studies, it cannot be excluded that H2Bubl mark would be necessary for the direct
recruitment of specific DNA repair factors to break sites.

In yeast, physical interactions between TREX-2 and SAGA have been described [30, 64],
nevertheless such interactions have not been detected in Drosophila [65] and mammalian cells [17].
It is however conceivable that in mammalian cells TREX-2 and SAGA DUB also interact in a more
dynamic and less stable manner that could be more difficult to detect in different metazoan cell
extracts. It seems that the interaction between TREX-2 and the DUB module(s) can fine-tune the
DUB activity(ies). It has been shown that the DUB module of SAGA exists in metazoan cells
without incorporating in SAGA [66, 67] and that additional related DUBm-s exist, all able to
deubiquitinate H2Bubl [34]. Moreover, the SAGA DUB module was suggested to also have
SAGA-independent functions [66]. Thus, the regulatory interplay between TREX-2 and the
different DUB modules may not necessarily involve the SAGA complex. The fact that the NPC-
associated TREX-2 complex regulates the activity of the nucleoplasmic DUB module(s), might also

suggest that a nucleoplasmic pool of TREX-2 exists. Nevertheless, future investigations will be
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needed to understand the exact mechanism through which TREX-2 can control the DUB
activity(ies) and consequently DNA repair.

A similar regulatory interplay has been already described showing that cytoplasmic
ATXN7L3B, which is encoded by a pseudogene that arose from the retro-transposition of
ATXN7L3, may regulate the nuclear function of SAGA DUB module and H2Bubl levels through
competition for ENY2 binding [35]. Thus, it seems that the different ENY2-containing complexes,
TREX-2, the SAGA DUB, the different SAGA-independent DUB modules and the cytoplasmic
ATXN7L3B/ENY2 association, may all have important regulatory functions to achieve well
balanced H2B/H2Bubl levels that are required for efficient DNA repair and homologous
recombination. These different complexes may compete with each other for ENY2 and thus
depending on the availability of ENY2 for TREX-2 or the DUB modules, regulate H2Bub1 levels.
How exactly neo-synthesized ENY?2 is distributed in the different complexes by distinct assembly

pathways need to be further investigated.
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Materials and Methods:

Cell lines, NCS treatment and transfections

HeLa and U20S cells were cultured in DMEM 1g/1. U20S 19 ptight 13 GFP-Lacl [55] were
cultured as previously described [46, 55]. For NCS treatments cells were treated with 50
ng/ml (for immunofluorescence) or 150-250 ng/ml (for western blot analysis) of NCS
(N9162, Sigma Aldrich) for 15 minutes. Medium was refreshed and cells were allowed to
repair for indicated time points, before fixation or protein extraction. All indicated siRNAs
were transfected in all cell lines using Lipofectamine 2000 (Lipofectamine® 2000 Thermo
Fisher Scientific) following manufacturer's instructions. For High throughput screening two
different siRNAs for GANP, (individually and pool of the two) and three different siRNAs
fror ENY2 (individually and pool of the three) were used. For all the other experiments
siGANP2 was used (referred as siGANP) and siENY2 2 was used (referred as siENY2). For
siRNAs sequences and references see siRNA list.

Clonogenic survival assay

HeLa cells were transfected with indicated siRNAs and 48 h after transfection, cells were counted
and seeded in triplicates in 6-well plates (500 cells per well). The day after, cells were treated
with indicated concentration of phleomycin (Sigma, St Louis, MO, USA) or with
camptothecin (C9911, Euromedex) for one hour. Medium was refreshed and cells were then
cultured for 10 days. Colonies were stained with 0.1% crystal violet and counted using
Imagel.

DR-GFP assays

For HR efficiencies, U20S DR-GFP Cherry-Iscel-GR cells [68] were transfected with the
indicated siRNA and 24 h later Triamcinolone acetonide (TA) was added to allow
translocation of Cherry-Iscel-GR into the nucleus for 48 hours. For NHEJ efficiency GCV6
cell line [52] bearing the GFP-based substrates was used. Cells were first transfected with the

indicated siRNAs and 48 h after, they were transfected with HA-I-Scel expression vector
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(pCBASce) using jetPei (Polyplus) following manufacturer's instructions. GFP intensities
were measured by FACS and analysed using FlowJo software (TreeStar).

Immunofluorescence

Genome wide recruitment of RADS51 and 53BP1 was assessed in HeLa cells plated in 24 well
plates on round cover glasses (VWR®). Recruitment of DNA repair factors at a single Iscel
cut site was assessed in U20S 19 ptight 13 GFP-Lacl cells. Immunofluorescence was
performed equally in both cell lines. At the decided time point cells were washed carefully
with PBS 1X. Cells stained for RADS51 were treated with pre-extraction buffer (0.5% triton X;
50 mM HEPES pH 7; 150 mM NaCl; 10 mM EGTA; 2 mM MgCl,) for 10 seconds before
fixation with Paraformaldehyde (PFA) 4% for 10 minutes at RT. Cells stained for other
factors were fixed with PFA immediately after washing. After fixation cells were washed with
PBS 1X and permeabilized with sterile 0.3% Triton X in PBS for 10 minutes at RT, and
blocked with sterile 5% BSA for 1 hour. Primary antibodies were added for 1 hour, cells were
washed and stained with secondary fluorescent antibodies. For primary antibodies see
Antibodies list. All the fluorescent secondary antibodies were Alexa Fluor Antibodies from
Invitrogen. DAPI (Sigma Aldrich D9542) was added at 0.3 mM final concentration for 2
minutes and coverslips were mounted using ProLong® Gold Antifade Mountant (Life
Technologies, P36934). Images were acquired using the fluorescence microscope Leica DM
4000 B or Confocal microscope Leica TCS SP5 Inverted. Images were analysed using Image
J. For co-localization analyses of DNA repair factors with the LacO array co-localization was
counted at the fluorescence microscope.

Cellular extracts and Western blot

Total protein lysate was obtained by adding cold RIPA buffer (Cold Spring Harbor Protocols) on
the cell pellet. Histone proteins extract was obtained by adding acidic buffer (10 mM HEPES
pH. 7.9; 1.5 mM MgCl,; 10 mM KCI; 0.5 mM DTT; 0.2 M HCI) on cell pellet. 1X Proteinase

Inhibitor Cocktail (PIC, cOmpleteTM’ Mini EDTA free, Proteinase Inhibitor Cocktail
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11836170001 Roche), Phosphatase Inhibitor Cocktail (PhosSTOP" PHOSS-RO Roche) and
10 mM N-Ethylmaleimide (NEM E3876 Sigma Aldrich) were added in all buffers. Samples
were run on 4-20% Precast gels (Mini-PROTEAN® TGX Stain-Free™ Protein Gels, Biorad)
and membranes blotted with indicated antibodies. Western Blots were revealed using
peroxidase conjugated secondary antibodies from Jackson Immunoresearch Laboratories.
Images were acquired using Chemidoc™ Touch Imaging system (Biorad). Protein levels were
quantified by Image J.

Cell cycle analysis

For propidium iodide stainining, after siRNAs treatement with the indicated siRNAs, U20S cells
were fixed in 70% EtOH overnight at —20°C, treated with RNase A (100 ug/ml) and stained
with propidium iodide (40 pg/ml). For S-phase analysis, after siRNAs treatment with the
indicated siRNAs, HeLa cells were collected and stained with EdU using Click-It kit
(C10632, Life technologies) following manufacturer's instructions. In both cases the
acquisition was performed on a FACSCalibur (Becton-Dickinson) Results were analysed
using FlowJo software (TreeStar).

Comet assay

For the comet assay HeLa cells were treated with siRNAs for 48 hours before collection. Neutral
COMET assay was performed using CometAssay® Kit Trevigen (4205-050-K) following
manufacturer's instructions. Cells were analysed using OpenCOMET plug-in on ImageJ.

High throughput screening

Cells were treated with specific siRNA in 96 well plates, in three technical replicates (XRCC4 and
SET siRNAs were used as positive controls). After 72 hours cells were treated with 50 ng/ml
of NCS for 15 minutes. Medium was refreshed and cells were allowed to repair for 2, 8 and
16 hours. Cells were fixed and stained with DAPI, YH2AX and 53BP1 specific antibodies.
Image acquisition was done using Cell insight and 20X objective. YH2AX intensity and

53BP1 foci number were analyzed with HCS studio. For yYH2AX intensity distribution among
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inner nuclear environment and nuclear periphery a mask of 2.5 um (6 pixels) on the DAPI

staining was applied to define the nuclear periphery. For each cell the intensity of the YH2AX

signal in the periphery and in the whole nucleus was measured. The peripheral signal per each

cell is represented by the ratio between the two values. The inner signal per each cell is

represented by the ratio between the inner signal and the total signal.

RNA extracts and qPCR

RNA was extracted using NucleoSpin® RNA Kit (Macherey-Nagel) and cDNA was obtained with

Superscript ™ II Reverse Transcriptase (Invitrogen) following manufacturer's instructions.

gqPCR was performed using LightCycler® 480 SYBR Green I Master (Roche) following

manufacturer's instructions. For primer sequence see primers' list. All the primers were

purchased from Sigma Aldrich.

Antibodies
Antibody Reference Working dilution
Anti-yH2AX Abcam (ab22551) Western Blot and IF (1:1000)
Anti-GANP Abcam (113295) Western Blot 1:500
Anti 53BP1 Novus Biologicals (NB100-304) IF (1:1000)
Anti-Phospho RPA32 (S4/8) Bethyl (A300-245A) IF (1:500)
Anti-Phospho RPA 32 (S33) Bethyl (A300-246A) IF (1:1000)

Anti-RADS1

Calbiochem (PC130)

IF (1:500) Western Blot (1:1000)

Anti-ATM pS1981

Rockland (200-301-400)

Western Blot (1:2000)

Anti-ENY?2

Santa Cruz (sc-87712)

Western Blot (1:200)

Anti-yTUBULIN

Sigma (T6557)

Western Blot (1:1000)

Anti-phospho KAP1

Bethyl (A300-767A)

Western Blot (1:500)

Anti-GAPDH Merck Millipore (MAB374) Western Blot (1:1000)
Anti-BRCAL1 Santa Cruz (C-20 SC642) IF (1:100)
Anti-CtIP Bethyl (A300-488A) IF (1:100)

Anti-H2Bubl

Cell signalling (CS55465)

Western Blot (1:10000)

Anti-H2B

"in house" (H2-2A4) [69]

Western Blot (1:10000)

Anti-TBP

"in house" (mAb 3G3) [70]

Western Blot (1:1000)
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Anti-oTUBULIN

Sidma (T9026)

Western Blot (1:1000)

siRNAs
siRNA Reference
siCTRL (siGANPc) [18]
siGANP1 [18]
siGANP2 [18]
siSCR (GUUAACGAUAAUUAGAUAA)
purchased from Sigma Aldrich
SiENY2 1 Ambion (s32447)
SiENY2 2 Ambion (s32449)
SiENY2 3 Ambion (s326899)
siXRCC4 Dharmacon, siGenome, Smart Pool (M-
004494-02-0020)
siSET Dharmacon,  on-TARGETplus  (L-
019586-00-0005)
siNTarg Dharmacon, ON-TARGET plus, (D-
001810-10-20)
siRADS1 Ambion (s11735)
siATXN7L3 Thermo scientific (271960)
Primers
Primer Sequence
GANP_fw CACGAGCCAGCAGCAGAAGTTC
GANP_rev CATCCTGTATCGTCCGACCA
ENY2 fw GGAGAAAGAGAACGCCTCAAA
ENY2 rev AGTGATTTCAGCCACCAAGTCA
ATXN7L3 fw CTGGGAATGGGTCGGAACAG
ATXN7L3 rev CCGAGCCATAGGACCAGTCG
GAPDH_fw TCGACAGTCAGCCGCATCTTCTTT
GAPDH_rev ACCAAATCCGTTGACTCCGACCTT
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Figure Legends
Fig. 1 Depletion of GANP affects DNA repair. (a) Clonogenic survival assay in HeLa cells
depleted of GANP, and control cells, treated with increasing concentration of phleomycin. The
graph represents the average of three independent experiments with three technical replicates each,
where the number of colonies for each concentration was normalized to the respective untreated
condition. Statistical significance was calculated using the Mann-Whitney test (ns P > 0.05; * P <
0.05; ** P <0.01; *** P <0.001) (b) Western blot analyses of GANP and yH2Ax of RIPA extracts
obtained from GANP-depleted cells and control cells. Numbers indicate YH2Ax levels quantified
using ImageJ using yTubulin as loading control. (¢) Graph represents the average of yYH2Ax levels
quantified using ImageJ upon three independent experiments. (d) DNA damage measured with the
neutral comet assay of GANP-depleted cells and control cells. The number of breaks are
represented in tail moment as the tail length normalized to the percentage of DNA in the tail. Graph

represents the average of two independent experiments with n > 100 cells.

Fig. 2 Depletion of GANP/TREX-2 affects DNA repair without affecting the activation of the
DNA Damage Response. (a-b) High throughput screening carried out to investigate the effect of
GANP knockdown in DNA repair in HeLa cells. Graphs represent the percentage of positive cells
for YH2Ax intensity (a) and 53BP1 foci (b) compared to the untreated sample (NT). The X-axis
shows the corresponding siRNA used. Black and grey boxes represent the hours of recovery after
NCS treatment at 50 ng/ml for 15 minutes or the untreated (NO DRUG). A positive cell is defined
as a cell having YH2AX intensity, or number of 53BP1 foci, higher than an arbitrary threshold
defined on the 5% of untreated (NT) cells. Graphs represent the average of two independent
experiments, each of them performed in three technical replicates, with standard deviations. Per
each condition n > 1000 cells. (¢) Western blot analysis of total cell lysate obtained by RIPA
extraction from cells treated with GANP siRNA and control cells. Hours represent the time of

repair after NCS treatment. NT represents the untreated control.
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Fig. 3 Depletion of GANP affects the efficiency of homologous recombination. (a) HR
efficiency in GANP-depleted cells and control cells. The frequency of HR mediated repair is
analyzed by flow cytometry as the percentage of GFP positive cells (see Methods). Graph
represents the mean of three independent experiments with standard deviations. RADS51 siRNA was
used as a positive control for reduction of HR efficiency. Statistical significance was calculated
using the t-test (** P < 0.01; *** P <0.001). (b) Clonogenic survival assay of HeLa cells depleted
of GANP and control cells treated with increasing concentration of camptothecin. The graph
represents the average of three independent experiments with three technical replicates each, where
the number of colonies per each concentration was normalized to the respective untreated condition.
Statistical significance was calculated using the Mann-Whitney test (ns P > 0.05; * P < 0.05; ** P <
0.01). (¢) NHEJ efficiency in control cells and cells depleted of GANP. The frequency of NHEJ
mediated repair was analyzed by flow cytometry as the percentage of GFP positive cells (see

Methods). Graph represents the mean of four independent experiments with standard deviations.

Fig. 4 Resection is impaired in GANP-depleted cells (a-f) Graphs represent time course of the
percentage of colocalization of resection factors with the LacO array after doxycline addition in
U20S 19 ptight 13 cells stably expressing GFP-Lacl. Cells were depleted of GANP or treated with
control siRNA 48 hours prior to doxycicline addition at a final concentration of 1 mg/ml. Values
represent the merge of at least three independent experiments with n > 50 cells per condition.
Statistical significance was calculated using t-test (ns P > 0.05; * P < 0.05; ** P < 0.01; *** P <

0.001).

Fig. 5 RADS1 recruitment is impaired in GANP-depleted cells (a) Representative images of
HeLa cells stained with DAPI (in blue) and RADS51 (in red). Hours represent the time of repair after

NCS treatment for 15 minutes at 50 ng/ml. (b) Graphs represent the percentage of cells showing
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more than 5 RADS51 foci of four independent experiments with standard deviations. For each
experiments 10 pictures were acquired using confocal microscope, with more than 100 cells per

condition. Statistical significance was calculated using the t-test (** P <0.01).

Fig. 6 ENY2 and ATXN7L3 are required to avoid unscheduled homologous recombination. (a
and d) Frequency of HR mediated repair in either ENY2 (a) or ATXN7L3 (d) depleted cells
Analysis was performed as described in Fig. 3a. Graphs represent the average of three independent
experiments with standard deviations Statistical significance was calculated using the t-test (* P <
0.05; ** P <0.01). (b) Clonogenic survival assay of HeLa cells depleted of ENY2 and control cells
treated with increasing concentration of camptothecin. The graph represents the average of three
independent experiments with three technical replicates each, where the number of colonies per
each concentration was normalized to the respective untreated condition. Statistical significance
was calculated using the Mann-Whitney test (ns P > 0.05; * P < 0.05). The experiment was
performed in parallel with the experiment in Fig. 3b thus the control is the same. (¢) High
throughput screening was carried out to investigate the effect of ENY2 knockdown in DNA repair

in HeLa cells (for details refer to Fig. 2a).

Fig. 7 GANP/TREX-2 affects homologous recombination through H2Bubl. (a-d, g) Western
blot assays of total cell lysate (RIPA) or histones extracts (ACIDIC) in cells treated with indicated
siRNAs. Membranes were blotted with depicted antibodies. (e-f) Graphs represent time course of
the percentage of colocalization of RADS1 with the LacO array (as described in Fig. 4) in siGANP
conditions and co-depletion of GANP and ENY?2 (e) or GANP and ATXN7L3 (f). Values represent
the merge of at least three independent experiments with n > 50 cells per condition. Statistical

significance was calculated using t-test (ns P > 0.05; * P <0.05; ** P <0.01).
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Fig. 8 Model In steady state conditions TREX-2 and SAGA DUB share ENY2 subunit and
H2B/H2Bub1 balance is maintained. In GANP knockdown ENY?2 is redistributed to the DUB and
this contributes to increase removal of ubiquitin from H2B and consequently HR is impaired. In
ENY2 knockdown the DUB module is destabilized and this contributes to increase H2Bubl

levels, and consequently unscheduled HR
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Supplementary Fig. 1 GANP affects global DNA repair. (a) Schematic representation of the cell
nucleus after DNA damage induction with NCS and the applied masks to differentiate between
peripheral and central nuclear environment. (b) Comparison of the percentage of intensity for
YH2AX signal between peripheral and inner nuclear environment of the high throughput screening
in Fig. 2a and b. n > 1000 cells (¢) High throughput screening was performed to investigate the
effect of GANP/TREX-2 knockdown in hTERT RPEI cells. The control siRNA for RPE1 cells is
represented by siNTarg. Per each condition n > 1000 cells (for details refer to Fig. 2a).

Evangelista et al. Supplementary Fig. 1 37



S phase
ns Il siNTarg
60 Bl SiGANP
»
8 3
= 40 o
ns
8 2
S 5
o - T
R 20 5
k]
2
0- J
G1 S G2/M siNTarg siGANP
phase
c
«Q.\« P‘\? 0‘)\
ka € & &

pso [T ] GANP

55—| == e | (TUBULIN
36 -_— - RAD51
e ~— | * unspecific

Supplementary Fig. 2 GANP depletion does not affect cell cycle progression and RADS1
protein levels. (a) Cell cycle analysis of U20S cells treated with GANP siRNA and control
siRNA for 48 hours prior to propidium iodide staining. Graph represents the percentage of cells in
Gl1, S and G2/M phase of the cell cycle, based on DNA content (b) Analysis of HeLa cells in S
phase after treatment with GANP siRNA and control siRNA for 48 hours. Graph represents the
percentage of cells in S-phase using EdU staining. (¢) Western blot analyses of total cell lysate
obtained by RIPA extraction from cells treated with GANP siRNA, RADS51 siRNA and control

siRNA for 48 hours. Membrane was stained with the indicated antibodies.
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Supplementary Fig. 4 ENY2 depletion does not affect cell cycle progression and is required
for efficient DSBs repair. (a) Cell cycle analysis of U20S cells treated with ENY2 siRNA and
control siRNA for 48 hours prior to propidium iodide staining. Graph represents the percentage of
cells in G1, S and G2/M phase of the cell cycle, based on DNA content (b) Clonogenic survival
assay of HeLa cells depleted of ENY2 and control cells treated with increasing concentration of
phleomycin. The graph represents the average of three independent experiments with three
technical replicates each, where the number of colonies per each concentration was normalized to
the respective untreated (NT) condition. Statistical significance was calculated using the Mann-
Whitney test (ns P > 0.05; * P <0.05). (¢) High throughput screening was carried out to investigate
the effect of ENY2 knockdown in DNA repair in HeLa cells (top graph) and hTERT RPE1 cells
(bottom graph). Control siRNAs are represented by a scramble (siSCR) in HeLa cells and siNTarg
in RPE1 cells. Per each condition n > 1000 cells (For details refer to Fig. 2a).
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Supplementary Fig. 5 Efficient double depletion of GANP/ENY2 and GANP/ATXN7L3. (a)
Western blot analysis of total protein lysate (RIPA) and histone proteins (ACIDIC) of HeLa cells
upon increasing concentration of NCS. Membranes were blotted with depicted antibodies. (b-c¢)
Quantification of GANP, ENY2 and ATXN7L3 RNA levels by qPCR analysis. Graph represents
the levels of the RNA normalized to GAPDH RNA levels. On the X-axis is depicted the analyzed

RNA with specific primers. Colored boxes represent the different siRNA treatments.
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3.1.1 DDR activation induces stabilization of ENY2
A characteristic of many proteins involved in the DDR is their recruitment and stabilization
at the sites of breaks. In vivo studies of protein dynamics at the sites of damage include
imaging of the fluorescent-tagged version of the protein, or biochemical approaches.
Irradiation induces transcription of some genes expressing proteins involved in specific
repair pathways, however many proteins are present in steady state levels and become
simply activated after damage induction, by being post-translationally modified. As
mentioned in the introduction ENY2 is small unstable protein of 11 kDA and its
degradation is visible upon GANP KD as a result of protein destabilization upon loss of
one of its main partners (Umlauf et al., 2013). Recent findings reported a new interaction
between ENY2 and ATXN7L3B, and indicated that loss of ATXN7L3B by siRNA depletion
also results in concomitant degradation of ENY2 (Li et al., 2016). Moreover additional
DUBSs, not incorporated in SAGA, but containing ENY2 and ATXN7L3 have been recently
reported (Atanassov et al., 2016).
The above-mentioned results, together with our findings showing the importance of TREX-
2 and SAGA DUB interplay in the DDR, suggest that ENY2 protein levels and distribution
among different complexes play an important role in the DDR. For this reason we decided
to investigate the effect of the activation of the DDR on ENY2 protein level. We conducted
western blot analyses in asynchronous Hela cells treated with NCS at a fixed
concentration of 50 ng/ml for 15 minutes and then allowed to repair for 2 and 16 hours.
Surprisingly ENY2 levels were increased after 2 hours of repair of an average of 3-fold in
two independent experiments (Figure 19A and B), while GANP levels did not show any
significant change (Figure 19B). To understand if our result was indeed a consequence of
the damage induction, we conducted the same experiment treating the cells with
increasing concentrations of NCS from 50 ng/ml to 200 ng/ml and we let cells repair for 2
hours after different treatments. Strikingly we observed a dose-dependent increase in
ENY2 protein levels (Figure 19D and E). These results suggest that ENY2 levels are
regulated in a damage-dependent manner. Noteworthy we detect a decrease in GANP
protein level that was not visible at low NCS doses (Figure 19D).
In all the described DUB modules ATXN7L3 is the partner of ENYZ2. It has been previously
shown that ATXN7L3 is degraded upon ENY2 depletion (Umlauf et al., 2013) thus we
sought to determine if ATXN7L3 would show the same fluctuations upon damage
induction. However we did not detect any significant change in ATXN7L3 protein levels
(Figure 19D).
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To understand if the observed changes in ENY2 protein levels were due to an induction of
ENY2 at the transcription level we performed qPCR analysis. We did not detect any
significant change in ENY2 and GANP mRNA levels at any time point after treatment with
50 ng/ml of NCS (Figure 19C), and we did not detect the same progressive increase in a
concentration dependent manner (Figure 19F) thus we conclude that ENY2 undergoes a

process of protein stabilization upon damage induction.
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Figure 19
A. B C.
NCS 50 ng/ml
_— Protein mRNA
kDA NT 2 16 hours § 5 E 2.0m Bl ENY2
- < < Bl GANP
250 | LY g BRW| P-ATM - © 9
250 | — — — | GANP 3T z 5
< 1 12 08 ,—E é
Q| g [== === \v2 § E
o 1 16 16 3 3
_ @ 2
£ <
[T} 4
3 2
s NT 2h16h NT 2h16h € NT 2h16h NT 2h16h
NCS 50 ng/ml NCS 50 ng/ml
D. ncs (ng'™) E.
kDA NT 50 100 150 200 T Protein
g o HE ENY2
[— < Il GANP
250_|- — — — “| GANP 3 o
15 |“,.,. s, c— —— —-l VH2AX § 4 I
< |10 [ = == = === =m] ENY2 g o ml
o g 1.57
X | 35 [ e o === =] GAPDH § ;;
TUBULIN = 0
S - |, R
— — — ATXN7L3 2 NT 50 100150200 NT 50 100150200
NCS (ng/ml)
F.
mRNA
Il ENY2
Il GANP

mRNA levels normalized to GAPDH

NT 50 100150200 NT 50 100150200
NCS (ng/ml)

Figure 19 ENY2 is stabilized upon DNA damage

(A) Western blot analysis of total protein extract of asynchronous HelLa cells upon damage induction with NCS. Numbers
on top correspond to the hours of repair after NCS treatment and NT corresponds to the untreated sample. Numbers
below the blots correspond to the protein levels normalized to GAPDH. (B) Graphs correspond to ENY2 (in blue) and
GANP (in red) protein levels normalized to GAPDH as a merge of two independent experiments with standard
deviations. (C) RNA levels of ENY2 (in blue) and GANP (in red) corresponding to one of the two experiments in A. Cells
were divided in two samples, one subjected to protein extraction for western blot analysis and the other to RNA
extraction. Values correspond to RNA levels normalized to GAPDH. Standard deviations were calculated on the basis of
two technical replicates. (D) Western blot analysis of total protein extract of asynchronous Hela cells upon damage
induction with NCS. Numbers correspond to the NCS concentrations used and NT corresponds to the untreated.
Proteins were extracted after 2 hours of repair after treatment. (E-F) Graphs correspond to ENY2 (in blue) and GANP (in
red) protein levels (E) and RNA levels (F) normalized to GAPDH of the experiment shown in (D).

All data have been additionally normalized to the untreated samples (NT) for better visualization of the results.
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3.1.2 ENY2 is distributed between cytoplasm and nucleus in asynchronous HelLa
cells

In mammalian cells ENY2 is part of at least five different complexes. The association with
ATXN7L3B was proposed to take place in the cytoplasm (Li et al., 2016). In the nucleus at
least four other populations of ENY2 can be found; in association with TREX-2, stably
associating with the NPC (Umlauf et al., 2013) in the SAGA DUB module, and as part of
other two DUBs (Atanassov et al., 2016).

To get further insights into ENY2 distribution we conducted salt-based cellular fractionation
in asynchronous Hela cells, to separate the different cellular compartments, followed by
western blot analysis (Figure 20A). Following this approach we could detect as expected,
some ENY?2 in the cytoplasm. Efficient separation of cellular compartments was confirmed
by GAPDH, which was almost exclusively present in the cytoplasm fraction. However the
majority of ENY2 protein could be extracted with 450 mM salt, that corresponds to
chromatin-associated proteins. At 650 mM salt the remaining population of ENY2 could be
extracted together with GANP, corresponding to the proteins that strongly associate with
chromatin. The efficient chromatin fractionation was verified by Pol Il and histone H3
distributions (Figure 20A). However salt based-fractionation does not allow a differentiation
between chromatin-associated and NPC-associated proteins, thus the GANP population at
650 mM salt could also correspond to the NPC-associated fraction of GANP.

As shown before ENY2 protein is stabilized after damage induction with NCS. A possible
explanation is that it is stabilized on chromatin for H2Bub1 deubiquitination or in the
cytoplasm and/or at the NPC to reduce deubiquitination. Thus following the same salt-
based fractionation method we investigated a possible shift in ENY2 population upon
damage induction with NCS in asynchronous Hela cells. No significant change was
detected following NCS treatment as the majority of ENY2 could be still extracted at 450
mM salt (Figure 20B).

These results indicate that ENY2 populations can be separated in a cytoplasmic pool and
a nuclear pool. The latter appears to be constituted by a dynamic chromatin-interacting
pool extracted at low salt concentrations (250 mM salt), and a more stable pool, interacting
with chromatin and with the NPC, extracted at high salt concentrations. However, although
ENY2 protein is stabilized after damage induction, a shift in the populations was difficult to

visualize using salt-based fractionation.
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Figure

20 ENY2 is distributed among cytoplasm and nucleus in asynchronous HeLa cells

(A) Western blot analysis of salt-based cellular fractionation of asynchronous Hela cells. Proteins were extracted using

increasing salt concentrations from 100 mM to 650 mM. For normalization equal amount of total proteins were loaded in

each well for each fraction. (B) Stain Free gel shows similar amount of total protein loaded. (B) Western blot analysis of

salt-based cellular fractionation of asynchronous HelLa cells untreated (NT) or treated with NCS. Extraction of protein

was performed after 2 hours of repair after NCS treatment.

LE = Lower exposure; M = marker; CE = cytoplasmic extract; NE = nuclear extract without salt; NT = Untreated
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3.1.3 ENY2 is restricted from chromatin upon DNA damage induction in G2
synchronized Hela cells
Our previous results demonstrated that the balance between H2B and H2Bub1 is
important for DNA damage repair by homologous recombination and that depletion of
ENY2 and ATXN7L3 as part of the DUB module increases H2Bub1 levels and
homologous recombination efficiency. Homologous recombination process is restricted to
S and G2 phases of the cell cycle. We showed that ENY2 protein is stabilized after
damage in asynchronous cells, however we did not see any shift in the distribution of
ENY2 using salt-based fractionation before and after damage induction in these cells. We
also showed that ENY2 in the nucleus is progressively extracted from chromatin
increasing the salt concentration thus a consistent pool of ENY2 that associates with
chromatin exists in human cells, which might represent the DUBs-associated pool. We
reasoned that since HR would repair damage induced in the G2 phase of the cell cycle,
DUB association with damaged chromatin in G2 phase might be reduced to avoid
excessive H2Bub1 deubiquitination, consequently favouring HR.
Thus we analysed the chromatin-associated pool of ENY2 in cells synchronized in late G2
phase of the cell cycle with RO-3066 (Vassilev et al., 2006). Extraction of pure chromatin-
associated proteins was achieved by Micrococcal Nuclease (MNase) treatment on the
remaining DNA pellet after RIPA extraction of soluble proteins and proteins weakly
associated with chromatin. For this purpose we utilize a HelLa cell line overexpressing
Human influenza hemagglutinin (HA)-tagged and Green Fluorescent Protein (GFP)-tagged
version of ENY2 (Umlauf et al.,, 2013) to facilitate ENY2 revelation in the chromatin-
associated fraction, that might be minimal compared to the nucleoplasmic and cytoplasmic
fraction. Proteins with strong chromatin association were successfully separated from the
rest as shown by the presence of GAPDH only in the RIPA extraction and H3 only in the
MNase digested pellet (Figure 21A). Moreover the RPB1 subunit of Pol || showed a smear
only in the MNase pellet that is consistent with the phosphorylated C-terminal domain
(CTD) of the active enzyme on chromatin (Figure 21A). In addition GANP was only present
in the RIPA extraction suggesting that indeed with this method we can successfully
separate chromatin-bound proteins with a minimal contamination of NPC-associated
fraction (Figure 21A). Efficient chromatin shearing was analysed by DNA electrophoresis
showing DNA fragments of around 150-200 base pairs (data not shown).
Surprisingly ENY2 levels on chromatin bound fraction were decreased upon damage
induction with NCS in G2 synchronized cells (Figure 21B), that was consistent upon three
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independent experiments (Figure 21C). This is in accordance with the idea that, upon
induction of damage in G2, H2Bub1 is required for successful homologous recombination
and ENY2, together with the DUB, might be excluded from chromatin to avoid excessive
deubiquitination. In asynchronous cells depletion of ENY2 results in a similar effect,
stimulating unscheduled HR. However additional experiments are needed to get more
insights into ENY2 distribution and regulation in correlation with the role of the different
DUBs in DNA repair.

129



Figure 21
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Figure 21 ENY2 is restricted from chromatin upon damage induction in G2 synchronized cells

(A) Western blot analysis of total protein lysate and MNase treated chromatin of G2 synchronized cells using RO-3306,

in the absence or presence of damage. Cells were treated with RO-3066, and after 24 hours NCS was added in the

medium. Total protein lysate was obtained by RIPA extraction. MNase was added on the chromatin pellet. Efficient

separation of total protein and chromatin-associated proteins was verified by GAPDH, Pol Il and H3 blot. (B) Western

blot of MNase treated chromatin with or without induction of damage with NCS. Numbers correspond to EGFP-HA-ENY2

protein level normalized to f-actin corresponding to the experiment shown in (B). (C) Graph represents the normalization

of EGFP-HA-ENY?2 protein levels on chromatin as a merge of three independent experiments with standard deviation.
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3.1.4 GANP is not redistributed from the NPC to chromatin upon damage

WB analyses did not show any significant change in the levels of GANP upon damage
induction (Figure 19A, B) or differences in the distribution upon salt-based fractionation
(Figure 20B). Previous experiments have shown no relocation of GANP from the NPC to
nuclear interior upon transcription inhibition with a-amanitin or actinomycin D (Umlauf et
al., 2013). Note, however, that potentially contrasting results have been obtained in this
contest, showing redistribution of GANP upon transcription elongation inhibition with DRB
(Wickramasinghe et al., 2010). Thus it seems that GANP distribution in the nuclear
environment is not well understood

We sought to determine if any significant relocation of GANP from the NPC to chromatin
would be visible, upon massive damage induction with NCS, by performing IF
experiments. We treated the cells with NCS at high doses and we let them repair for 2
hours before fixation, conditions in which we detected increased levels of ENY2 by WB
analysis. However, also in this case, we were not able to see any difference between
control and treated cells in GANP localization at the NPC or intensity. As expected we
detected GANP protein as a ring at the nuclear periphery (Figure 22A) that did not change
upon NCS treatment (Figure 22A, B). Efficient induction of breaks with NCS was
monitored by yH2AX staining.

It is worth mentioning that cells were rapidly treated with pre-extraction buffer prior to
fixation to reduce background. This treatment, although was performed for a few seconds,
could eliminate nucleoplasmic proteins that might not strongly associate with chromatin or
with the NPC, thus if a little nucleoplasmic population of GANP exists it could be lost
during pre-extraction. Nevertheless from this experiment we concluded that the population
of GANP located at the NPC is highly stable, as previously suggested (Umlauf et al.,
2013), and is not relocated from the NPC to damaged chromatin after massive induction of
breaks with NCS.
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Figure 22
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Figure 22 GANP is not recruited on damaged chromatin

(A) Immunofluorescence analysis of representative cells stained with DAPI (in blue), yYH2AX (in red) and GANP (in green)
in untreated (NT) or NCS-treated cells. Cells were fixed at 2 hours of repair after damage induction with NCS. Images
were taken by confocal microscopy. (B) Graph represents the fluorescence distribution for GANP staining along the
white line indicated in (A). Black graph represents the GANP distribution in the untreated (NT) sample, and the red line
indicates GANP distribution in the NCS treated sample.
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3.2 GANP influences the global epigenetic landscape

The scaffold protein of the human TREX-2 complex, GANP, possesses homology with
Sac3 protein in yeast. However, as mentioned in the introduction GANP possesses
additional functional domains that might account for different roles in human cells. One of
these domains is the HAT domain at its C-terminal (Figure 16) that was suggested to
acetylate H3 at residues K9 and K27 at the Ig diversification locus in chicken B cells in vivo
(Singh et al., 2013). Moreover it was shown that cells depleted for one GANP allele (GANP
+/- cells) failed to acetylate H4 at the same Ig locus (Eid et al., 2014). However in B cells
GANP is overexpressed and it was shown to localize at this locus by ChIP analysis. In
other types of somatic cells GANP localizes at the NPC, and previous results showed only
a minimal nucleoplasmic pool that could interact with chromatin ((Umlauf et al., 2013) and
figure 21A). Interestingly in plants, it was shown that the homologue of ySac3, SAC3B,
controls heterochromatin spreading through H3K9me2 levels. However the exact
mechanisms remain unrevealed (Yang et al., 2017). Given the presence of a HAT domain
in GANP we decided to analyse global histone acetylation in HelLa cells depleted of
GANP. After 48 hours of siRNA treatment we performed acidic extraction to enrich for
histone proteins. We analysed total H4 acetylation using an antibody detecting acetylated
H4 at multiple lysines. We detected a slight decrease in H4 acetylation upon GANP KD
compared to control cells in two independent experiments (Figure 23A, B). Moreover we
detected a slight decrease in H3 acetylation, using an antibody recognizing H3 acetylated
lysines, that was specific for K9, K14, K18, K23 and K27 (Figure 23A, B). To understand if
GANP affects acetylation of specific residues we analysed the levels of acetylation at
different lysines separately. Surprisingly we detected a reduction in global acetylation of
three histone residues, H3K9ac, H3K14ac and H4K16ac upon GANP KD compared to
control cells (Figure 23A) while we did not detect changes in H3K18ac (Figure 23A).
These results suggest that GANP might be involved in the global acetylation landscape
controlling acetylation of different histones in a direct or indirect manner. Histone
acetylation is generally considered a mark of open chromatin structure, transcriptionally
active, namely euchromatin. Heterochromatin instead is generally characterized by histone
methylation. As mentioned before, in plant, SAC3B seems to be involved in controlling
heterochromatin spreading through H3K9me?2.

H3K9me2 is generated by SUV39 methyltransferase family (Shi and Whetstine, 2007) and
demarcates large heterochromatin domains especially gene-deprived regions.
Interestingly, as mentioned in the introduction, H3K9me2 domains also strongly correlate
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with LADs at the nuclear periphery, where there is enrichment of heterochromatin and
inactive genes. To understand if the observed decrease in histone acetylation was
accompanied by increase in histone methylation, and considering GANP localization
mainly at the nuclear periphery, we decided to specifically analyse H3K9me2 levels
performing IF experiments to visualize any possible change of H3K9me2 at the nuclear
periphery. However we detected a visible global increase in H3K9me2 in the whole cell
nucleus (Figure 23B). Repeated measures of the intensity of H3K9me2 showed that the
increase was consistent and significant upon three independent experiments (Figure 23C)
Taken together these results suggest that GANP might be involved in controlling the global
epigenetic landscape in human cells. KD of GANP induces reduction of acetylation of
different histone marks and a concomitant increase in the heterochromatic mark
H3K9me2. This suggests a spreading of heterochromatin over euchromatin in the whole
cell nucleus. Further investigations will be required to assess if this is a direct result of the
decreased GANP HAT activity, or an indirect effect on specific HATs responsible for
histones acetylation. We did not detect substantial levels of GANP in the MNase fraction in
G2 cells (Figure 21B), suggesting that it could be an indirect effect, similar to the
SAGA/TREX-2 interplay in response to damage.
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Figure 23 GANP regulates global epigenetic landscape

(A) Western blot analysis of RIPA and acidic extraction from HelLa cells depleted of GANP. Acetylation of H3 and H4
different residues was analysed using specific antibodies. (B) Graphs represent the quantification for H3Kac and H4Kac
different residues as a merge of two independent experiments with standard deviations. (C) Immunofluorescence
analysis of representative cells stained with DAPI (in blue), GANP (in green, upper panel) and H3K9me2 (in green, lower
panel). GANP disappearance at the periphery showed successful depletion by siRNA treatment. (D) Box and whiskers
min to max graph showing the quantification of the signal intensity for H3K9me2 of three independent experiments.
Numbers on the X-axis indicate the number of cells analysed per each condition. Statistical significance was assessed

performing t-test. **** p < 0.0001
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Discussion

4.1 TREX-2 and SAGA cooperate to maintain H2B/H2Bub1 balance important for
DNA repair by homologous recombination
My experiments have revealed a new role for TREX-2 and SAGA DUB in global DSB
repair in human cells. | have shown that depletion of TREX-2 scaffold subunit GANP
impacts DSB repair through homologous recombination in a global manner. Previous work
has shown that the TREX-2 complex associates with the NPC in a stable way (Umlauf et
al., 2013). The NPC is characterized by an open chromatin status that has been shown to
be a favourable environment for HR from yeast to humans (Horigome et al., 2014;
Lemaitre et al., 2014; Ryu et al., 2015). Moreover, GANP possesses a HAT domain that
has been proposed to contribute to the open chromatin status at the IgV locus, important
for CSR in human and chicken B cells (Singh et al., 2013; Takei et al., 2001).
Considering all the above-mentioned data, it is reasonable to think that GANP could
facilitate homologous recombination repair at the NPC, mainly controlling the repair
outcome of peripheral breaks. However our data showed a global defect in DSB repair
upon GANP depletion, thus opening two mechanistic possibilities. In one model GANP
could be directly recruited at the break site, thus acting in a direct way, while in a second
model GANP could affect global genome repair in an indirect way, acting in a signalling
cascade that could affect repair.
Basket nucleoporins have been already implicated in DNA repair without being localized at
the breaks, acting in a rather indirect way through nuclear import and SUMOylation of
53BP1 (Duheron et al., 2017; Lemaitre et al., 2012; Mackay et al., 2017). Although
GANP/TREX-2 association with the NPC depends on these basket nucleoporins, in our
work we showed that GANP/TREX-2 acts through a different mechanism. Indeed depletion
of GANP/TREX-2 seems not to alter 53BP1 nuclear import or foci formation, but it acts in
an indirect way cooperating with the DUB module of the SAGA complex. This cooperation
is likely mediated by ENY2, a key subunit of both TREX-2 and the SAGA DUB.
Yeast studies have shown that other subunits of the SAGA complex co-immunoprecipitate
with TREX-2 suggesting a physical association of the two complexes (Kohler et al., 2008;
Rodriguez-Navarro et al., 2004). Moreover in yeast the role of the TREX-2 complex in
maintaining genome stability has been extensively studied. The elucidated mechanism
involves defects in mRNA exports with subsequent formation of RNA/DNA hybrids with
displacement and accumulation of ssDNA (R-loops), prone to breakage. This mechanism
is based on the fact that in yeast transcription and export happen concomitantly, thus
blocking export through TREX-2 mutations results in accumulation of RNA in close
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proximity to the DNA double helix. Accordingly yeast mutants of almost all TREX-2
subunits, but not SAGA mutants, show hyper-recombination phenotype (Gonzalez-
Aguilera et al., 2008)

In my thesis | show that in mammalian cells TREX-2 is fundamental to control SAGA DUB
activity although MS data show that other than having a common subunit (ENY2) they do
not physically interact (Umlauf et al., 2013). We propose a different mechanism that does
not involve export defects, but rather involves chromatin PTMs that play a role in
homologous recombination. We show that GANP depletion significantly decreases
H2Bub1 global levels. Being the SAGA DUB the major responsible for the removal of
H2Bub1, this reduction is likely due to a hyperactivity of the DUB. We showed that indeed
the effect could be rescued by inhibiting the DUB in addition to GANP depletion.

As mentioned in the Introduction, the enzyme responsible for ubiquitin removal in the
SAGA DUB is USP22, however it has been recently proposed that in USP22 absence
other enzymes could take over and form together with ATXN7L3 and ENY2 alternative
DUBs that do not interact with SAGA but they could remove ubiquitin from H2Bub1
((Atanassov et al., 2016) and reviewed in (Helmlinger and Tora, 2017)). For this reason to
inhibit the DUB we depleted ENY2 or alternatively ATXN7L3, ensuring to disrupt the
functionality of the deubiquitinase, which requires these subunits to be in active
conformation.

We propose that depletion of GANP/TREX-2 induces a hyperactivity of the DUB through
redistribution of ENY2 from TREX-2 to the DUB. However biochemical analyses have
been proven to be challenging considering the unstable nature of ENY2, which is rapidly
partially degraded in the absence of GANP. However we cannot exclude a redistribution of
newly synthesized ENY2 to the DUB module in the absence of a functional TREX-2. A
similar mechanism has been proposed by S. Dent and colleagues regarding the
cytoplasmic partner of ENY2, ATXN7L3B, that does not interact with SAGA nor with
TREX-2. Although ATXN7L3B depletion has been shown to induce partial ENY2
degradation, its overexpression increases H2Bub1 levels suggesting that ENY2 could be
redistributed from the nuclear DUB to the cytoplasm, thus affecting DUB activity and
H2Bub1 levels (Li et al., 2016).

In our work we demonstrated an interplay between the DUB and TREX-2 that is important
to maintain H2Bub1 levels and affects DNA repair by homologous recombination.

GANP depletion decreases resection, thus RAD51 loading on both genome-wide breaks
and at the enzyme-induced single DSB is severely affected. We show that RAD51 loading
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in GANP-depleted cells is totally rescued through additional DUB depletion, thus showing
that GANP/TREX-2 controls homologous recombination through a process that involves
the SAGA DUB and H2Bub1. It has been shown that monoubiquitination of H2B in
response to DNA damage is important for recruitment of HR factors (Nakamura et al.,
2011), however little is known about the regulation of its deubiquitination. With our work
we add a new piece in the regulation of H2B/H2Bub1 balance that involves interplay
between two complexes located in different cellular compartments and not physically
interacting. We propose that GANP/TREX-2, through ENY2 retention could maintain
higher level of H2Bub1 that is needed for homologous recombination. In the absence of
TREX-2 the redistribution of ENY2 to the DUB module could contribute to a higher DUB
activity/stability and excessive H2Bub1 deubiquitination, that in case of damage would
severely decrease homologous recombination efficiency. On the other hand, in the
absence of ENY2 and in the absence of ATXN7L3 the DUB stability is severely impaired,
inducing a retention of H2Bub1, that in case of damage would increase and stimulate
unscheduled homologous recombination (See model in the manuscript).

4.1.1 Regulation of ENY2 distribution is important to ensure efficient repair
Unscheduled homologous recombination might be deleterious for the cells, if happening in
the wrong cell cycle stage. We showed an interplay between TREX-2 and the DUB that is
likely dependent on the dynamics of ENY2, that can easily stimulate or impair SAGA DUB
activity. For this reason ENY2 levels and distribution in the cell should be tightly controlled
in the presence of damage. ENY2 is a highly unstable protein, and this probably facilitates
its fast regulation. Our additional data showed that ENY2 is stabilized in the presence of
damage (Figure 19), however we were unable with salt-based cellular fractionation to
show stabilization in a specific cellular compartment (Figure 20). At the same time with this
method we were likely unable to differentiate between NPC-associated and chromatin-
associated proteins. These experiments were conducted in asynchronous Hela cells thus
in a situation of balance among different repair pathways.

Three possible scenarios can be envisaged; (i) ENY2 could be stabilized on chromatin
together with the DUBS, (ii) at the NPC with TREX-2 or (iii) in the cytoplasm in association
with ATXN7L3B. We did not detect a change in the cytoplasmic fraction upon salt-based
fractionation thus we hypothesized that the stabilization might happen on chromatin or at
the NPC having two different outcomes. Stabilization of ENY2 at the NPC would shift
ENY2 population from the DUB to TREX-2, thus rising H2Bub1 levels and stimulating HR.
ENY2 stabilization on chromatin might happen with two other possible mechanisms; a
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stabilization at the sites of breaks, to counteract excessive monoubiquitination, or a
stabilization elsewhere to allow again rising of H2Bub1 at the breaks to stimulate HR.

HR is cell cycle dependent thus it is reasonable to speculate that ENY2 distribution might
depend on the cell cycle stage, and it might be cell cycle regulated in the presence of
damage. This possible mechanism is supported by our results in G2 synchronized cells,
where induction of breaks stimulates HR. ENY2 seems to be restricted from chromatin in
G2 cells after damage induction and this would be in accordance with the preferential use
of HR in G2 phase and the need of H2Bub1 for the recruitment of HR factors (Nakamura
et al., 2011).

However further experiments are needed to understand the exact regulation of ENY2
dynamics in response to damage (see perspectives).

4.2 GANP controls global repair and global chromatin epigenetic status

In my thesis manuscript | show that GANP/TREX-2 regulates repair in an indirect way
through H2Bub1 levels. GANP is mainly localized at the NPC, however its depletion
affects global DSBs repair. Salt-based fractionation showed no redistribution of GANP in
different compartments upon global DNA damage induction (Figure 20B) and IF analysis
showed no change in the NPC-associated fraction of GANP upon damage induction
(Figure 22A). Moreover we did not detect significant GANP amount in MNase treated
chromatin extracts (Figure 21A) suggesting that GANP is mainly localized at the NPC.

At the same time our data show that surprisingly GANP seems to have a role in controlling
global epigenetic landscape, with a shift from euchromatin-associated marks towards
heterochromatin-associated marks, in a damage-independent manner (Figure 23). This is
in accordance with the fact that GANP possesses a HAT domain, thus might be involved in
histone acetylation, which is a mark of open chromatin structure. Moreover we detected an
increase in H3K9me2 that is a mark of silenced chromatin, especially in the LADs present
at the nuclear periphery. Surprisingly our immunofluorescence showed a global change in
H3K9me2 that was not only specific for the nuclear periphery.

To explain this finding different scenarios are possible. In the first scenario we can
speculate that a certain amount of GANP protein might be located in the nucleoplasm and
that it might have functions in regulating chromatin structure. It has already been proposed
that in B cells GANP is recruited on chromatin at the IgV locus to promote efficient CSR;
however in B cells GANP is overexpressed compared to other somatic cell lines and this
might facilitate GANP detection. In our case we might not be able to detect a significant
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amount of GANP in the chromatin-associated fraction (Figure 21A) but we cannot rule out
that a minor population of GANP associates with chromatin.

In the second scenario GANP might affect epigenetic landscape in an indirect way, with a
similar mechanism through which it affects repair. GANP could affect the function of
specific HATs that are involved in histone acetylation being involved in the regulation of
their activity.

However additional experiments will be required to assess how GANP localization is
regulated and how it affects such a diversity of histones PTMs (see perspectives).
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5.1 TREX-2 and SAGA cooperate to maintain H2B/H2Bub1 balance important for
DNA repair by homologous recombination
| have shown in my thesis manuscript that H2B/H2Bub1 balance is important to control
repair by homologous recombination and that the interplay between TREX-2 and the
SAGA DUB contributes to maintain this balance. Although we demonstrated that
GANP/TREX-2 regulation of resection and HR depends on the SAGA DUB, additional
experiments might be needed to clarify the exact molecular mechanism of this interplay.
We show global reduction of H2Bub1 in GANP-depleted cells, however ChlP analyses of
DUB subunits and/or H2Bub1 at the site of breaks would be needed to elucidate the
specificity of the mechanism at the damaged sites. We could speculate that in GANP-
depleted cells a higher interaction of the DUB with chromatin would stimulate excessive
deubiquitination at the site of breaks, corresponding to lower amount of H2Bub1 and
decreased homologous recombination.
Importantly, as mentioned in the introduction, ENY2 was found to be part of two other
DUBs that do not associate with SAGA, containing the alternative deubiquitinating
enzymes USP27X or USP51. USP51 has been already suggested to deubiquitinate
H2AK13/15ub in response to damage (Wang et al., 2016). The activity of these additional
DUBs is strictly dependent on the presence of ENY2 and ATXN7L3, thus siRNAs depletion
of these adaptors is likely to destabilize not only SAGA DUB but also all the ENY2-
containing DUBs. However further experiments will be needed to understand if the activity
of these DUBs might be affected by GANP/TREX-2 depletion and could contribute to
H2Bub1 regulation to direct homology directed repair.
Our study and previous studies showed that H2Bub1 is important for DNA repair, however
the mechanisms through which H2Bub1 operates at DSBs sites are not elucidated yet. It
was proposed that the addition of ubiquitin on H2B might induce chromatin relaxation that
would be needed to allow recruitment of repair factors (Nakamura et al., 2011). However
chromatin relaxation is an early event that happens immediately after damage, while in our
data we show that global H2B is still monubiquitinated at 2 hours of repair after NCS
treatment in higher levels compared to control cells. In addition the immediate chromatin
relaxation is also important for ATM activation (Bakkenist and Kastan, 2003; Rogakou et
al., 1999; Rogakou et al., 1998; Stucki and Jackson, 2006) and in the absence of GANP
although we detect defective H2Bub1 we do not detect a defective DDR activation and
ATM phosphorylation. This suggests that probably there are additional mechanisms
through which H2Bub1 might contribute to repair. It cannot be excluded that some repair
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factors might interact directly with H2Bub1 at the sites of breaks and until now, although
the defective recruitment of factors at the site of breaks has been observed, a direct
interaction has not been investigated. Possible elucidation of a putative interaction could
come from biochemical in vitro approaches using a non-deubiquitinable version of

recombinant H2Bub1.

5.1.1 Regulation of ENY2 levels is important to ensure efficient repair

Our additional results suggest that ENY2 is stabilized upon damage induction at the
protein level. At the same time we did not detect an increase in ATXN7L3 protein levels.
Several possible explanations can be derived by these observations. One explanation
could be that ENY2 is not stabilized in a DUB module, or in a second explanation
stabilization of the DUB does not necessarily imply stabilization of ATXN7L3. However it is
known that ATXN7L3 is rapidly degraded in ENY2 absence thus suggesting a reciprocal
regulation. An additional explanation could be stabilization in the cytoplasm in association
with ATXN7L3B. We did not detect a difference in ENY2 levels in the cytoplasmic fraction
after NCS treatment by salt-based fractionation. However analyses of ATXN7L3B protein
or RNA levels are required to gain further knowledge about the regulation of the different
ENY2 -containing complexes upon damage induction.

Our results in G2 synchronized cells suggest that the distribution of ENY2 is regulated in a
cell cycle dependent manner. However further experiments in synchronized cells are
necessary to get further insights into the precise mechanisms. On the other hand, drugs
that induce S-phase specific damage (i.e camptothecin) could be used in this perspective
to analyse ENY2 dynamics using biochemical approaches.

Moreover, microscopy approaches could be particularly useful to assess the in vivo
dynamics of the proteins upon damage induction in synchronized cells. A previous study
has shown that the TREX-2 complex is extremely stably localized at the NPC. FRAP
analysis has shown a recovery rate of 8 hours for ENY2 at the NPC, suggesting a very
stable interaction and poor dynamicity (Umlauf et al., 2013). However our current results
show that ENY2 is distributed among cytoplasm, NPC and inner nucleus, and suggest a
higher dynamicity than previously observed, that might be needed for efficient repair. Thus
similar FRAP experiments could be performed in different damage conditions, in different
cell cycle stages and in the different cellular compartments, to get more insights into the

regulation, distribution and stabilization of ENY2 required for DNA repair.
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5.2 GANP controls H2Bub1 levels, global repair and global chromatin epigenetic
status

Previous data and our experiments suggest that GANP is mainly localized at the NPC
however using salt based cellular fractionation we could not differentiate between NPC-
associated and chromatin-associated proteins.

With respect to the nuclear pore, GANP is located at the NPC basket, in a manner
dependent on NUP153 and TPR (Umlauf et al., 2013). However several nucleoporins and
also NUP153 and TPR have been already shown to have a nucleoplasmic fraction (Daigle
et al., 2001; Kalverda et al., 2010; Perez-Garrastachu et al., 2017; Rabut et al., 2004).
Thus it is also possible that GANP/TREX-2 has also a nucleoplasmic population. To better
characterize the nucleoplasmic fraction of GANP, a marker of a nucleoporin with reduced
mobility could be utilized to assess NPC proteins distribution in our fractionation and to
compare it with GANP localization.

Biochemical approaches using western blot analyses might not be sensitive enough to
detect GANP populations in the nucleoplasm. Western blot analyses are based on
antibody-specificity which might be hindered by eventual PTMs on GANP. Thus more
sensitive techniques such as MS could be used to detect GANP in the different
compartments after cellular fractionation.

To understand if GANP regulates the epigenetic landscape in a direct or indirect way
complementation experiments could be performed. GANP protein contains different
functional domains (Figure 16), a Nups-homology domain at the N-terminal and a C-
terminal HAT domain. Different GANP recombinant constructs missing one or the other
domain could be used to understand if GANP localization at the NPC, or GANP HAT
activity are the driving cause of the epigenetic changes observed in GANP depletion.
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6.1 Cell culture and treatments

HelLa cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) 1g/l glucose,
containing 5% Fetal Calf Serum (FCS) and gentamycin. EGFP-HA-ENY2 cell line was
described elsewhere (Umlauf et al., 2013). For treatments, NCS (Neocarzinostatin
from Streptomyces carzinostaticus N9162 Sigma Aldrich) was added in the medium at a
final concentration of 50, 100, 150 or 200 ng/ml (see Figures' legend). NCS treatment was
performed for 15 minutes at 37°C. Medium was refreshed to allow cells to repair for
different time points (see Figures' legends) before fixation or protein extraction. For G2
synchronization CDK1 inhibitor RO-3660 (MERCK chemicals LTD) was added in the
medium at a final concentration of 10 yM for 24 hours. If additional NCS treatment was
performed on G2 synchronized cells, NCS was added in the RO-3306-containing medium
that was not refreshed after 15 minutes to avoid exit from G2 phase of the cell cycle.
siRNAs transfection was performed with Lipofectamine 2000 (Lipofectamine® 2000
Thermo Fisher Scientific) following manufacturer's instructions. siRNAs treatment was
performed for 48 hours. For siRNAs list refer to the manuscript "a regulated interplay
between the human TREX-2 mRNA export complex and the SAGA DUB module is
required for efficient DNA damage repair" in results' section 3.1.

6.2 Cellular extracts

Cells were harvested after treatments in PBS 1X. Total protein lysate was obtained by
adding cold RIPA buffer (Cold Spring Harbor Protocols) on the cell pellet. Histone proteins
extract was obtained by adding acidic buffer (10 mM HEPES pH. 7.9; 1.5 mM MgCly; 10
mM KCI; 0.5 mM DTT; 0.2 M HCI) on cell pellet. 1X Proteinase Inhibitor Cocktail (PIC,
cOmplete™ Mini EDTA free, Proteinase Inhibitor Cocktail 11836170001 Roche),
Phosphatase Inhibitor Cocktail (PhosSTOPTM PHOSS-RO Roche) and 10 mM N-
Ethylmaleimide (NEM E3876 SIGMA-ALDRICH) were added in all buffers.

Salt-based cellular fractionation was performed using the following procedure. Cells were
harvested in PBS 1X containing PIC 1X and cytoplasmic extract (CE) was obtained by
adding hypotonic buffer (20 mM HEPES pH 7; 20 mM NaCl; 5 mM MgCl;) on cell pellet
and douncing 10 times with Dounce B. Cells were centrifuged and the supernatant was
retained as cytoplasmic extract. Nuclear soluble extract (NE) was obtained by
resuspending nuclei in hypotonic buffer with 0.5% of NP-40 (IGEPAL® CA-630
13021 Sigma-Aldrich). Nuclei were centrifuged and the supernatant was retained as NE.
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Subsequent extractions of chromatin bound proteins were obtained by increasing the level
of NaCl concentration in the hypotonic buffer, leaving in ice for 15 minutes and centrifuging
800 g for 5 minutes at 4°C. 1X PIC and 1X phosphatase inhibitor cocktail was added in all
buffers.

Extraction of proteins that strongly associate with chromatin was obtained with the
following procedure: total protein lysate was obtained by RIPA extraction (as before) and
the remaining viscous pellet, mainly containing chromatin, was resuspended in Sucrose
buffer (20 mM TRIS pH 7.6; 15 mM KCI; 60 mM NaCl; 0.34 M Sucrose; 0.15 mM
Spermine; 0.5 mM Spermidine) additioned with 1 mM CaCl,. MNase (Micrococcal
Nuclease ™ Thermo Scientific, 300 U/ul) was added at the final concentration of 1 U/ul and
incubated for 15 minutes at 37°C under agitation. Digestion was stopped adding 4 mM
EDTA and incubating in ice for 5 minutes. 1X PIC was added in all buffers. DNA was
extracted with phenol-chloroform and run on a 1% agarose gel to confirm efficient
chromatin shearing (data not shown).

Samples were run on 4-20% Precast gels (Mini-PROTEAN® TGX Stain-Free™ Protein
Gels, Biorad) and membranes blotted with indicated antibodies (for antibodies list see
below). Protein levels were quantified using Image J.

6.3 RNA extracts and qPCR

RNA was extracted using NucleoSpin® RNA Kit (Macherey-Nagel) and cDNA was
obtained with Superscript™ Il Reverse Transcriptase (Invitrogen) following manufacturer's
instructions. gPCR was performed using LightCycler® 480 SYBR Green | Master (Roche)

following manufacturer's instructions.

6.4 Immunofluorescence

HelLa cells were plated in 24 well plates on round cover glasses (VWR®). At the decided
time point or confluence cells were washed carefully with PBS 1X. Cells immunostained
for GANP were treated with pre-extraction buffer (0.5% triton X; 50 mM HEPES pH 7; 150
mM NaCl; 10 mM EGTA; 2 mM MgCl;) for 10 seconds before fixation with
Paraformaldehyde (PFA) 4% for 10 minutes at RT. Cells immunostained for H3K9me2
were fixed with PFA immediately after washing. After fixation cells were washed with PBS
1X and permeabilized with sterile permeabilization buffer (0.3% Triton X) for 10 minutes at
RT, and blocked with sterile 5% BSA in PBS 1X for 1 hours. Primary antibodies (GANP,
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2988 in house (Umlauf et al., 2013), and H3K9me2 were added for one hour, cells were
washed and stained with secondary fluorescent antibody (Alexa Fluor 488 Goat anti-
Rabbit IgG, Life Technology, A-11008). DAPI (Sigma Aldrich D9542) was added at 0.3 mM
final concentration for 2 minutes and coverslips were mounted using ProLong® Gold
Antifade Mountant (Life Technologies, P36934). Images were acquired using the
fluroescence microscope Leica DM 4000 B or Confocal microscope Leica TCS SP5
Inverted. Images were analysed using Image J.

6.5 Antibodies’ list

Antibody

Reference

Working dilution

Anti-GANP

2988 in house (Umlauf et al., 2013)

1:500 (Immunofluorescence)

Anti-H4K16ac

Active Motif (39167)

1:1000 (Western blot)

Anti-H3K9me2

Cell signalling (#9753)

1:1000 (Immunofluorescence)

Anti-H3K18ac

Cell signalling (#9675)

1:1000 (Western blot)

Anti-H4Kacetyle

Active Motif (39926)

1:1000 (Western blot)

Anti-H3Kacetyle

Abcam (ab47915)

1:1000 (Western blot)

Anti-H3K9ac Merck Millipore (07-352) 1:1000 (Western blot)
Anti-H3 Abcam (ab1971) 1:10000 (Western blot)
Anti-H4 Abcam (ab7311) 1:10000 Western blot

Anti-H3K14ac

Millipore (07-353)

1:5000 (Western blot)

Anti-ATXN7L3

2325 in house

1:1000 (Western blot)

Anti-Pol Il 7C2 in house 1:5000 (Western blot)
Anti-B-ACTIN Sigma Aldrich (A5441) 1:1000 (Western blot)
Anti-HA Sigma Aldrich (3F10) 1:500 (Western Blot)

For additional antibodies, siRNAs and primers used see Materials and Methods section in
the manuscript "A regulated interplay between the human TREX-2 mRNA export complex
and the SAGA DUB module is required for efficient DNA damage repair" in Results section
3.1.
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Etude du réle du complexe humain TREX-2
lors de la Réponse
aux Dommages de ’ADN

Résumé en Francgais

L’intégrité de l'information génétique est essentielle aux fonctions cellulaires et pour éviter I'instabilité génomique, qui est
une des caractéristiques du cancer. Suite a des cassures double brin (Double Strand Breaks; DSBs), la voie de
signalisation de réponse aux dommages de 'ADN (DNA Damage Response; DDR) est activée dans la cellule. Elle
comprend deux sous-voies de signalisation : la jonction d'extrémités non-homologues (Non-Homologous End Joining;
NHEJ), peu fidéle et encline aux erreurs, et la recombinaison homologue (Homologous Recombination; HR), fidéle et
non encline aux erreurs. La HR est favorisée en phase S et G2 du cycle cellulaire, c’est a dire lorsque la chromatide
sceur permet I'utilisation de l'information génomique complémentaire afin de remplacer la portion d’ADN perdue.

Le Complexe TREX-2 associé au Complexe du Pore Nucléaire (Nuclear Pore Complex; NPC) est impliqué dans la
transcription et I'export des ARNm. Chez la levure, TREX-2 est impliqué dans le maintien de la stabilité génomique a
travers le mécanisme de gene gating, couplant la transcription et I'export des ARNm au NPC. Ce mécanisme nécessite
une connexion entre ces deux processus qui dépend de linteraction physique et fonctionnelle entre TREX-2 et le
complexe co-activateur SAGA.

Le complexe TREX-2 étant conservé a travers I'évolution entre la levure et 'THomme, cela suggére qu’il pourrait aussi
avoir un réle dans le maintien de la stabilité génomique dans les cellules humaines.

Nous nous sommes intéressés au role de TREX-2 dans la réparation des DSBs dans les cellules humaines. La déplétion
de la sous-unité architecturale GANP du complexe TREX-2 entraine une réparation de 'ADN par recombinaison
homologue insuffisante. Et ce défaut de réparation est accompagné d’'une diminution de la résection de 'ADN. De plus,
nous avons montré que la protection contre les dommages de ’ADN par TREX-2 dépend aussi de I'équilibre entre H2B
et H2BUb1, contrélé par le module de déubiquitination de SAGA.

Nos résultats démontrent une relation fonctionnelle entre TREX-2 et I'activité déubiquitinylase de SAGA chez 'Homme
pour la réparation par recombinaison homologue des DSBs.

Mots clés: réparation de L'ADN, recombinaison homologue, TREX-2, GANP, ENY2, H2Bub1

Abstract in English

The maintenance of proper genetic information is essential to ensure correct cellular functions and to avoid genomic
instability, which is a hallmark of cancer. In response to Double Strand Breaks (DSBs), cells initiate the DNA damage
response (DDR), a signalling cascade that acts through two main sub-pathways: the error-prone Non-Homologous End
Joining (NHEJ) and the error-free Homologous Recombination (HR). HR is promoted in S and G2 phases, when the
availability of a sister chromatid allows the utilization of complementary genomic information to replace the lost DNA.

The Nuclear Pore Complex (NPC)-associated TREX-2 complex, is involved in transcription and mRNA export. In yeast
TREX-2 has been implicated in genome stability maintenance through a mechanism that is dependent on gene-gating,
connecting transcription and mRNA export at the NPC. This mechanism requires a connection between these two
cellular processes that relies on a physical and functional interaction of TREX-2 with the co-activator complex SAGA.
The high evolutionary conservation of the TREX-2 complex between yeast and mammals strongly suggests that it might
also protect human cells from genomic instability.

Here, we have investigated the role of TREX-2 in DSB repair in human cells. We find that loss of the scaffold subunit of
TREX-2 (GANP) results in DNA repair deficiency by HR. This GANP-dependent HR defect is accompanied by decreased
resection. Moreover, we showed that the mechanism through which TREX-2 protects human cells from DNA damage is
dependent on an interplay with the SAGA deubiquitination module in maintaining a balance between histone H2B and
H2Bub1.

Our results demonstrate a functional cross-talk between human TREX-2 and the SAGA deubiquitination activity that is
important to ensure correct DSB repair during HR.

Keywords: DNA repair, Homologous Recombination, TREX-2, GANP, ENY2, H2Bub1



