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ABSTRACT

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease characterized by the
progressive degeneration of upper and lower motor neurons and it is associated with the
progressive paralysis of almost all skeletal muscles leading to death within 3-5 years from
the diagnosis. One ALS-linked gene is Fused in Sarcoma (FUS) that encodes for a
DNA/RNA binding protein also involved in DNA repair. Common pathological
hallmarks in ALS are cytoplasmic neuronal inclusions containing FUS protein in a
mutated form. In this regards, the ALS-linked mutation FUS-P525L leads to a severe
juvenile onset and immunohistochemistry performed on tissues from ALS patients
carrying this mutation reveal that the mutant FUS protein accumulate into cytoplasmic
inclusions (CD.
ALS neurons have been shown to accumulate oxidative DNA damage and DNA breaks,
hazardous events that healthy cells efficiently counteract by activating a set of molecular
mechanisms known as DNA-Damage response (DDR). The activation of this pathway is
cytologically detectable at single cell level in the form of nuclear DDR foci, multiprotein
complexes at site of damage.

My PhD project aims to understand whether mutant FUS-P525L recruitment into CI
could hinder the efficacy of DDR and DNA repair, progressively leading to DNA
damage accumulation.

Moreover, FUS P525L mutation has been associated to autophagy impairment and
accumulation of the cargo autophagic protein p62. In the context of cancer, p62 interacts
with and inhibits the activity of the E3 Ubiquitin ligases RNF168 a key factor in DNA
signaling and DNA repair.

The results obtained indicate that the induction of mutant FUS ClI is per se genotoxic and
induce a nuclear wide accumulation of the YH2AX DNA damage marker. Importantly,
mutant FUS CI strongly alters DDR signaling as demonstrated by the loss of DDR foci
in cells exposed to DNA damage. Concomitantly, we observed that p62 accumulates in
the cytoplasm of cells harboring mutant FUS CI and, unexpectedly, those cells also have
reduced nuclear signal of RNF168, which appears in the cytoplasm co-localizing with
po2.
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As a consequence DDR foci are lost. Indeed, we observed that the overexpression of
RNF168 or RNF8, another ubiquitin ligase acting upstream of it in DDR, can restore
RNF168 nuclear level and DDR foci, thus reducing YH2AX signal in cells with FUS CI.
Importantly, same result can be obtained by p62 inactivation, enhancing the survival of
cells with CIL.

These results indicate a novel mechanistic link between FUS CI, mis-regulation of the
autophagic pathway and DNA damage signalling. Our data pave the-way to consider
DDR alterations triggered by FUS CI as a novel, relevant aspect driving ALS
pathogenesis and a new pathway to target in the envision of future therapeutic treatment.
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RNF168 and FUS cytoplasmic signal and between RNF168 and p62 cytoplasmic
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signal measured in cells expressing FUS-P525L and separating cells with FUS
inclusions from cells without FUS in each indicated condition. Error bars represent
SEM from three independent experiments, discernible by the different colour of
spots. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value <

Figure 4.19. p62 overexpression affects DDR signalling. A. Imaging of Hela cells

Figure 4.20.

Figure 4.21.

overexpressing HA-p62 and immunostained for HA, RNF168 and 53BP1 in
untreated and NCS-treated conditions in order to induce DNA damage. Nuclei
were counterstained with DAPI Scale bar 20 pm. B-C. Quantification of cells
showing RNF168 nuclear depletion (B) and 53BP1 foci (C) measured in cells
expressing HA-p62. Error bars represent SEM from three independent
experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-
value < 0.01, *** P-value < 0.001, **** P-value < 0.0001....cccocevrerevevrereerrereerrerereenenen 112

p62 overexpression affects DDR signalling. A. A. Imaging of Hela cells
overexpressing HA-p62 and immunostained for HA, RNF168 and yH2AX in
untreated and NCS-treated conditions in order to induce DNA damage. Nuclei
were counterstained with DAPI Scale bar 20 um. B. Quantification of yH2AX
nuclear signal measured in cells expressing HA-p62. Error bars represent SEM
from three independent experiments, discernible by the different colour of spots. *
P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.......114

RNF168 overexpression restores 53BP1 foci in cells with mutant FUS CI. A.
Imaging of Hel.a cells overexpressing FUS P525L plus EV or plus RNF168 and
immunostained for FUS, RNF168 and 53BP1 in untreated and NCS-treated
conditions in order to induce DNA damage. Nuclei were counterstained with
DAPI Scale bar 20 pm. B. Quantification of 53BP1 foci measured in cells
expressing FUS P5251.. Error bars represent SEM from three independent
experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-
value < 0.01, *** P-value < 0.001, **** P-value < 0.0001......cccovvrirmiririrniirrirnianes 116

Figure 4.22. RNF168 overexpression reduces YH2AX accumulation in cells with mutant FUS CI.

A. Imaging of Hel.a cells overexpressing FUS P525L plus EV or plus RNF168 and
immunostained for FUS, RNF168 and yH2AX in untreated and NCS-treated
conditions in order to induce DNA damage. Nuclei were counterstained with
DAPI Scale bar 20 um. B. Quantification of YH2AX nuclear signal measured in
cells expressing FUS P525L. Error bars represent SEM from three independent
experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-
value < 0.01, *** P-value < 0.001, **** P-value < 0.0001....cccocevverevevrereerrereerrerereerenen 118

Figure 4.23. RNF168 overexpression reduces pATM hyper-activation in cells with mutant FUS

CI. A. Imaging of Hel.a cells overexpressing FUS P525L plus EV or plus RNF168
and immunostained for FUS, RNF168 and pATM in untreated and NCS-treated
conditions in order to induce DNA damage. Nuclei were counterstained with
DAPI Scale bar 20 pm. B. Quantification of pATM nuclear signal measured in cells
expressing FUS P5251.. Error bars represent SEM from three independent
experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-
value < 0.01, *** P-value < 0.001, ** P-value < 0.0001.....ccccoeirererernririrrrreererernens 119
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Figure 4.24.

Figure 4.25.

Figure 4.26.

Figure 4.27.

Figure 4.28.

Figure 4.29.

NBS1 nuclear levels are not affected in cells with FUS CI. A. Imaging of Hela cells
expressing FUS-P525L immunostained for FUS and NBS1 in basal conditions or
upon DNA damage. Nuclei were counter-stained with DAPI. Scale bar: 20um. B.
Quantification of NBS1 mean intensity in cells expressing FUS-P525L and
separating cells with FUS inclusions from cells without FUS inclusions, in each
indicated condition. Error bars represent SEM from three independent
experiments. * P-value < 0.05, ** P-value =< 0.01, *** P-value < 0.001, **** P-value
S0.000T i 121

DROSHA nuclear levels are affected in cells with FUS CI. A-C. Imaging of Hel.a
cells expressing FUS-P525L immunostained for FUS and DROSHA moncoclonal
(A) or polyclonal (C) antibody in basal conditions or upon DNA damage. Nuclei
were counter-stained with DAPIL Scale bar: 20um. B-C. Quantification of
DROSHA mean intensity in cells expressing FUS-P525L separating cells with FUS
inclusions from cells without FUS inclusions, in each indicated condition. Error
bars represent SEM from three independent experiments. * P-value < 0.05, ** P-
value < 0.01, *** P-value < 0.001, *** P-value < 0.0001. ..c.covevrerevevrereirrerererrereeenene 123

FUS P525L overexpression leads to reduced DDRNAs detection. A. Quantification
of DDRNAs levels in I-Helalll overexpressing FUS P525L along with EV at
indicated condition. Error bars trepresent SEM from three independent
experiments. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value
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RNF168 overexpression partially rescues DROSHA nuclear levels in cells with
mutant FUS CI. A. Imaging of Hel.a cells overexpressing FUS P525L plus EV or
plus RNF168 and immunostained for FUS, RNF168 and DROSHA in untreated
and NCS-treated conditions in order to induce DNA damage. Nuclei were
counterstained with DAPI Scale bar 20 um. B. Quantification of DROSHA nuclear
signal measured in cells expressing FUS P525L. Error bars represent SEM from
three independent experiments, discernible by the different colour of spots. * P-
value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P_yalue < 0.0001........... 126

RNF8 overexpression stimulates restore of RN168 nuclear foci in cells with mutant
FUS CI. A. Imaging of Hela cells overexpressing FUS P525L plus EV or plus
RNF8 and immunostained for FUS, RNF8 and RNF168 in untreated and NCS-
treated conditions in order to induce DNA damage. Nuclei were counterstained
with DAPI Scale bar 20 um. B. Quantification of RNF168 foci measured in cells
expressing FUS P525L.. Error bars represent SEM from three independent
experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-
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RNTF8 overexpression stimulates restore of 53BP1 nuclear foci in cells with mutant
FUS CI. A. Imaging of Hela cells overexpressing FUS P525L plus EV or plus
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Figure 4.30. RNF8 overexpression stimulates restore of YH2AX nuclear foci in cells with mutant
FUS CI. A. Imaging of Hela cells overexpressing FUS P525L plus EV or plus
RNF8 and immunostained for FUS, RNF8 and yH2AX in untreated and NCS-
treated conditions in order to induce DNA damage. Nuclei were counterstained
with DAPI Scale bar 20 pm. B. Quantification of yH2AX nuclear intensity
measured in cells expressing FUS P525L. Error bars represent SEM from three
independent experiments, discernible by the different colour of spots. * P-value <
0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.......ccccoverrvrrcnnn. 131
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1. INTRODUCTION

1.1. DNA DAMAGE AND DNA DAMAGE RESPONSE

1.1.1. TYPE OF DNA DAMAGE

Preservation of genome integrity within DNA structure is vital for living being including
humans. Proper DNA functionality ensures genetic information preservation against
possible faithful transmission across generations. Both physiological events and
environmental factors can cause DNA alterations which arise to genome integrity mis-
regulation (Ciccia and Elledge 2010). DNA metabolism leads to many error prone events
with a frequency of up to 10> spontaneous DNA lesions per day occurrence per cell.
DNA lesions may arise from dNTP incorporation during DNA replication, DNA
depurination and consequent loss of DNA bases or interconversion of DNA bases due
to deamination events and chemical modifications of DNA bases by alkylation (Lindahl
and Barnes 2000). Reactive Oxygen Species (ROS) resulting from oxidative respiration
pathway, also promote DNA break. Moreover, environmental DNA damage can be
induced by physical factors and chemical compounds. Sunlight exposure is the main
source of ionizing radiation (IR) and ultraviolet (UV) light which can induce pyrimidine
dimers formation up to 105 lesions per cell per day (Hoeijmakers 2009). In particular, IR
can trigger DNA- bases oxidation and the formation of the two most harmful DNA
lesions: single-strand breaks (SSB) and double-strand breaks (DSB) (Hoeijmakers 2009).

In vertebrates, DSBs can be also considered as an essential step causing programmed
genome alteration useful for diverse biological functions. The most suitable example is
the V(D)] recombination, class switch recombination and somatic hyper-mutation: these
events occur during B and T lymphocytes development essential for immunoglobulin and
T-cell receptor (TCR) diversity (Bassing and Alt 2004; Schlissel, Kaffer, and Curry 2000).
From this point of view this harmful mechanism is also able to ensure the effective
recognition of different pathogens by immune system. Furthermore, DSBs modulate
genetic diversity generation via sexual reproduction. In particular, during meiosis DSBs
are involved in HR, activated by the topoisomerase-II-related enzyme, Spoll, which
generates Spol1-bound DSBs (Jackson and Bartek 2009).
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Cancer therapies involve the treatment with chemical agents, which induce severe DNA
lesions. In particular, crosslinking agents, including cisplatin and psoralen, introduce
covalent links between the strands, while topoisomerase inhibitor I or II (camptothecin
and etoposide, respectively) cause formation of SSBs or DSBs (Ciccia and Elledge 2010).
It was predicted that in the human body, every single cells receives tens of thousands of
the above mentioned DNA lesions per day (Lindahl and Barnes 2000), thus if not
promptly corrected may lead to a large number of genome aberrations which in turn may
compromise cell and organism viability (Jackson and Bartek 2009). For this reasons,
DNA damage is intimately linked to severe human diseases including cancer and
neurodegeneration. Both liquid and solid tumours are characterized by the presence of
chromosomal instability especially in nascent tumours where telomeres become shorter
and more prone to dangerous chromosomal fusions (Jackson and Bartek 2009).
Moreover, both oncogene activation or tumour suppressors inactivation trigger DNA
damage formation causing aberrant cell proliferation (Jackson and Bartek 2009).
Neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington disease (HD) and Amyotrophic Lateral Sclerosis (ALS) have been
associated with high DNA lesions accumulation in neurons (Coppede 2011; Kulkarni and
Wilson 2008). Although the mechanism is still unclear, one possible explanation may be
due to the high mitochondrial respiration typical of neurons and the concomitant
production of ROS species that can induce both nuclear and mitochondrial DNA
damage (Pignataro et al. 2017; Weissman et al. 2007). On the other hand, neuronal tissues
are arrested in GO cell phase, thus have limited capacity to replace cells, augmenting the
irreversible state of DNA damage accumulation. This cell phase leads neurons to
predominantly repair DSBs via the major error-prone repair mechanism Non
Homologous End Joining (NHE]) at the expanse of the error-free pathway Homologous
Recombination (HR), mainly active in S-G2 phase (Jackson and Bartek 2009; Kulkarni
and Wilson 2008). Furthermore, scatter evidences suggest that DNA damage
accumulation predispose to ageing. In healthy individuals, different endogenous lesions in
DNA accumulate with age in both nuclear and mitochondrial DNA and this may be due
to reduced DNA-repair efficiency together with ongoing accumulation of DNA-damage
(Jackson and Bartek 2009). Collectively, these evidences support the concept that DNA
damage accumulation represents a critical event strictly related to mammalian disease
onset. In order to counteract DNA damage and prevent its accumulation, cells have
developed a signalling cascade pathway named as DNA Damage Response (DDR) able to
immediately sense the lesion and activate a coordinated and interconnected events that
ultimate in DNA repair (Jackson and Bartek 2009).
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1.1.2 DNA damage response pathways

The wide range of DNA lesions that may threaten genome stability requires a well
established DDR signalling which involves hundreds of different key factors. As soon as
the lesion is sensed, some factors are directly recruited at site of damage while others act
as scaffold proteins necessary for protein-protein interaction. These events promote the
increased local recruitment of protein with enzymatic activity such as polyADP
rybosilases, kinases, phosphatases and ubiquitin ligases, which modify hundreds of
downstream targets ensuring the signalling cascade continuation (Chatterjee and Walker
2017; Lukas, Lukas, and Bartek 2011). Thus, starting from local DNA lesion, the resulting
chromatin modifications together with continuous recruitment of proteins, causes the
formation of cytological detectable nuclear foci which represent a visible proof of the
proper DDR activation (Lukas, Lukas, and Bartek 2011).

DDR activation involves the apical recruitment of the poly(ADP)ribose polymerases 1
and 2 (PARP1 and PARP2) belonging to PARP family, which in turn catalyse the
addition of poly ADP-ribose (PAR) chains on local histone tails and on PARP1 itself thus
acting as a molecular sensor of SSBs and DSBs and recruit other DDR key factors and
chromatin modifying complexes (Schreiber et al. 2006). The MRN complex, composed
by MRE11-RAD50-NBS1 proteins, together with KU70/KU80 (KU) represent another
apical DDR sensors that stimulate the localization at damage sites of phosphatidylinositol
3-kinase-like protein kinases (PIKKSs) including ataxia telangiectasia-mutated (ATM) and
DNA-dependent protein kinase (DNA-PK)(Ciccia and Elledge 2010). This event is
crucial for the proper activation of DDR signalling since it drives the activation of DNA-
PK and ATM by KU and MRN complex respectively. Particularly, ATM is required for
both HR and NHE] pathways activation (Bredemeyer et al. 2006; Lavin 2008) while
DNA-PK strictly modulates NHE] mechanism (Meek, Dang, and Lees-Miller 2008).
Differently, resected DSBs and stalled replication forks trigger the formation of RPA-
coated ssDNA complex which represent the primary signal for ATM Rad3-related (ATR)
activation (Cimprich and Cortez 2008). ATM/ATR activation causes different
downstream effects including modulation of cell cycle phosphatase CDC25 through
checkpoint kinases CHK1/CHK2 phosphorylation and p53 modulation which in turn
activate the transcription of CDK inhibitor 21 (Branzei and Foiani 2008; Riley et al.
2008)-. Finally, CDKs inhibition promotes cell-cycle arrest at G1-§, intra-S and G2-M
phases essential to ensure enough time for proper DNA repair before replication and
mitosis. As mentioned before, ATM/ATR phosphorylation at DNA lesions stimulates
DNA repair by regulating post-transcriptional modifications of DNA repair proteins as
well as modulating the recruitment of many others key factors at sites of damage.
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If the above described DDR signalling is efficiently activated, it ensures DNA repair and
consequent rescue of physiological cell functionality. Instead, if the damage is not
repaited DDR is chronical stimulated thus leading to apoptosis or cell-cycle arrest,
defined as cellular senescence (Campisi and d'Adda di Fagagna 2007).

1.1.3. DNA DSBs response: a matter of phosphorylation and ubiquitination

Most of the times DSBs is related to severe genome instability conditions which require
an immediate DDR activation. Particularly, among the lesions that may occur on DNA,
DSBs represent the most harmful form of DNA damage. About that, there are two main
explanations: first DSBs are often associated with lack of an intact template strand thus
reducing repair efficiency and second, DSBs strongly affect DNA structure and
consequently impairing genome stability (Mladenov and Iliakis 2011). DSBs generation
triggers the local recruitment of the MRN complex, which acts as DNA damage sensor
stimulating the localization of the apical kinase ATM to DSB site (Shiloh and Ziv 2013)
(Fig. 1). Locally, ATM protein is activated through different Post Traslational
Modifications (PTMs) including auto-phosphorylation on target sites at Serine 1981
(Bakkenist and Kastan 2003) and others (Kozlov et al. 2011) and acetylation of Lysine
3016 (Sun et al. 2007). Moreover, NBS1 protein within the MRN complex stimulates
ATM re-localization and retention at DSBs (Difilippantonio and Nussenzweig 2007).
ATM activation represents the turning point of DSB signalling since it promotes the
phosphorylation of the local histone variant H2AX on Serine 139 (referred as YH2AX)
which is simultaneously dephosphorylated at the Tyrosine 142 (Lukas, Lukas, and Bartek
2011). Together, these events profoundly affect chromatin structure making available the
binding site for the scaffold protein MDCI1 (mediator of DNA damage checkpoint
protein 1) (Stucki et al. 2005), which is also phosphorylated by ATM (Jungmichel et al.
2012). MDC1 phosphorylation ensures the DSB localization of the E3 ubiquitin ligase
RNF8 (RING finger protein 8) via its forkhead-associated (FHA) domain (Mailand et al.
2007): here RNFS actively stimulates the formation of ubiquitin chains at site of damage
that in turn triggers the recruitment of a second E3 ubiquitin ligase RN168 (RING finger
protein 168) (Pinato et al. 2009; Doil et al. 2009; Stewart et al. 2009). In particular,
RNF168 contains two MIU (Motif Interacting with Ub) domains required for the binding
with ubiquitinated proteins (Pinato et al. 2009; Doil et al. 2009; Stewart et al. 2009) (Fig.
1.1.). Upon DNA damage induction by IR, RNF168 selectively mono-ubiquitinates
Lysine 13 and 15 on H2AX and H2A histone variants followed by the conjugation to
these sites of the Lysine 63-linked ubiquitin chains (Mattiroli et al. 2012; Gatti et al. 2012)
(Fig. 1.1)). Importantly, RNF168-DSB localization and its ubiquitination activity is
essential for the recruitment of downstream key players including BRCA1 (breast cancer
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type 1 susceptibility protein) and 53BP1 (p-53 binding protein 1) thus leading to proper
DNA repair pathway activation (Mattiroli et al. 2012; Gatti et al. 2012). In this scenario,
the histone H1 has been identified as a target of the signalling RNF8 and the E2
ubiquitin-conjugating enzyme 13 (UBC13) responsible of the chromatin proper ubiquitin
signalling which ultimate in RNF168 recruitment at DSB (Thorslund et al. 2015). Recent
evidences helped to shed light on this intricate mechanism and add a novel key player
which is L3AMBTL2 (lethal-3-malignant brain tumour-like protein2) (Fig. 1.1.). In details,
once DSBs occur ATM actively phosphorylates LAMBTL2 at Serine 335 promoting its
localization at break sites and also its interaction with MDC1 (Nowsheen et al. 2018) (Fig.
1.1)). Additionally, L3MBTL2 promotes RNF168 recruitment ad DSBs thus ensuring
DDR signalling continuation as previously described (Nowsheen et al. 2018) (Fig. 1). It is
important to note that the resulting chromatin modification by ubiquitination promotes
partial transcription repression around (Shanbhag et al. 2010) until the DNA lesion is
fully restored (Capozzo et al. 2017).

The continuous recall of proteins at site of lesions causes the increased accumulation of
DDR mediators in large segments of lesion-flanking chromatin, that in turn promotes the
formation of nuclear foci detectable by light microscopy (Lukas, Lukas, and Bartek 2011).
In particular, the apical recruitment of DDR sensor like MRN complex, occur
autonomously forming the so-called primary recruitment. Subsequently, DDR foci
originate from the ATM-dependent H2AX phosphorylation which ensure the
recruitment of downstream DDR factors as well as further MRN-ATM complexes,
establishing a positive feedback loop that promotes the spreading of yH2AX for
hundreds of kb from the DSB and the so-called secondary recruitment of DDR factors
to the damaged genomic locus (Celeste et al. 2003).
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Figure 1.1. Ubiquitin and phospho-dependent assembly at double strand break (DSB) triggered by
L3MBTL2-RNF8-RNF168 pathway (this thesis). DNA damage is sensed by the MRN
complex which stimulates the activation of ATM trough auto-phosphorylation and its
dimerization. Once activated, ATM phosphorylates many downstream proteins including the
MDC1 and L3MBTL2 that interact each other in ATM dependent manner. L3MBTL2 mediates
RNF8 recruitment which in turn ubiquitinates L3MBTL2. Then, RNF8 triggers RNF168
localization at site of damage which ubiquitinates the histone variant H2AX. Finally, the 53BP1
protein is recruited locally leading to DNA repair activation.

1.1.3.1. DSBs repair mechanisms

To date, DNA damage can activate five major DNA repair pathways: base excision repair
(BER), nucleotide excision repair (NER), mismatch repair (MMR), homologous
recombination (HR) and non-homologous end joining (NHE]) which can be selectively
active through different stages of cells cycle. More in detail, BER pathway is activated in
case of DNA lesions that are not sensed as significant distortions on DNA helix (e.g.
deamination, oxidation and alkylation), NER is mainly activated in order to remove bulky
lesions derived from UV or chemotherapeutic agents, while MMR intercedes in case of
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base mismatches that may occur during replication (Chatterjee and Walker 2017).
Differently, oxidative damage generates SSBs and if not promptly corrected by single-
strand break repair (SSBR) may lead to DNA replication collapse. On the other hand, the
more genotoxic DSBs trigger both NHE] and HR which is specific of in S-G2 phase. In
addition, NHE] mechanism ligates close DNA ends thus producing small insertions and
deletions while HR provides a more error-free DNA repair since acts on homologous
sequences on paited chromosome (Sitbu and Cortez 2013).

Given the high dangerous effects of DSBs on genome integrity and its impact on cell
survival in eukaryotes, from yeast to human, along evolution it has developed different
DSBs repair pathways that can be grouped in two main categories: NHE] and HR
(Karpenshif and Bernstein 2012) (Fig. 1.2.).

NHE] repair mechanism is the most error-prone pathway for DNA repair since it
involves the direct ligation of DNA ends with reduced or none homology thus increasing
the chances of loss or gain of nucleotide at the DNA ends before ligation. Moreovet, it is
mainly active during G1 phase of the cell cycle. On the contrary, HR pathway is restricted
to S and G2 phases of the cell cycle where is ensured the presence of duplicated sister
chromatins. This is essential since HR mechanism requires homologous DNA duplex as a
template to recover the missing nucleotide sequence, and for this reason, is the most
accurate repair mechanism (Kadyk and Hartwell 1992).

The two-step nucleolytic degradation producing 3’ single-stranded DNA (ssDNA),
known as DSB resection, is the major regulator of the MRN complex and triggers to HR
pathway activation. Moreover, DSBs resection requires others key factors including the
C-terminal binding protein (CtIP), the helicase Sgs1 and the nucleases Dna2 or EXO1
(Fig. 1.2.). Importantly, DSBs resection is the key event by which cells must chose HR
repair mechanism since long ssDNA are mainly substrates for this pathway and not for
the NHE] ones (Symington 2016). At DNA lesion, 3’ ssDNA tails are immediately
bound by RPA (Replication protein A), in order to protect those extremities from further
damage that may occur (Wang and Haber 2004) (Fig. 1.2.). Subsequently, RAD51
recombinase replaces RPA through the involvement of the recombination mediators
BRCA2 and RAD52 (Fig. 1.2.). This complex, and in particular the RAD51 nucleoprotein
filament mediates the binding with the homologous double stranded DNA and ensures
its invasion, thus leading to the displacement of the non-complementary strand and
consequently formation of structure termed displacement-loop (known as D-loop) (San
Filippo, Sung, and Klein 2008). Once invaded, the end of the D-loop became substrates
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of the DNA polymerase which ensure the extension of the D-loop ends thus copying the
sequence lost at the break site (Fig. 1.2.). Finally, the D-loop resolution can be solved by
two different mechanisms resulting in both crossover or non-crossover products (West et

al. 2015) (Fig. 1.2.).

Concerning NHE]J, damaged DNA ends are rapidly recognized by the Ku70-Ku80
heterodimer which has high affinity with for DNA and mediates the recruitment of the
catalytic subunit of DNA-PK (DNA-PKs) (Fig. 1.2.). The kinase activity not only targets
the auto-phosphorylation but the concomitant activation of NHE] proteins including the
nuclease ARTEMIS that selectively processes the DNA ends by removing useless
nucleotide and made them compatible for ligation (Fig. 1.2.). Then, the ligase complex
composed by the DNA ligase 1V together with XRCC4 and XRCC4-like factor XLF
ensure the final end joining of the flaking ends (Schwertman, Bekker-Jensen, and Mailand
2016) (Fig. 1.2.)). Furthermore, an Alternative non-Homologous and joining mechanism
(alt-NHE]) may occur at the expanse of the canonical NHE]J. Particularly, short (<18
nucleotide) or longer (>200 bp) within homologous sequences close to the break site can
be revealed by end-resection, triggering the microhomology-mediated end-joining
(MME]) (Sfeir and Symington 2015) or to the single-strand annealing (SSA) (Bhargava,
Onyango, and Stark 20106), respectively.
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Figure 1.2. Scheme of NHE] and HR repair pathways (Brandsma & van Gent, 2012). In NHE] the
KU70/80 heterodimer recognizes the DNA ends and tecruits DNA-PKcs. Different nucleases
can act on incompatible DNA ends, including Artemis. Finally the XRCC4-DNA Ligase IV-XLF
ligation complex close the break. In HR the MRN-CtIP complex stimulates DNA ends resection
at break level to generate single stranded DNA (ssDNA). At this point the DNA lesion can no
longer be repaired by NHE]. The resulting ssDNA is primarily coated by RPA which is then
replaced by RAD51 with BRCA2 mediation. These events ultimate with the strand invasion on
the homologous template by the Rad51 nucleoprotein filaments. The formed D-loop and capture
of the second end result to DNA repair.

1.1.4. The contribution of Non-coding RNAs to DDR

Nowadays many evidences support the notion that RNA, in the form of non coding
RNAs (ncRNAs), plays a key role in genome integrity maintenance, especially in DDR
regulation (d'Adda di Fagagna 2014). The largest contribution within ncRNAs
population is represented by micro-RNA (miRNAs) described as transcription regulators
of many DDR factors including ATM (Hu et al. 2010), DNA-PKcs (Hu et al. 2010),
BRCA1 (Moskwa et al. 2011), and RAD51 (Wang et al. 2012). Besides, long ncRNAs also
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regulates the expression of downstream genes of DDR (Hung et al. 2011). A striking
example is represented by the DNA-damage induced antisense transcript PANDA which
is generated from the Cyclin Dependent Kinase Inhibitor 1A (CDKN1A) gene. It has
been demonstrated that p53 promotes both CDKNIA and PANDA transcripts thus
mediating G1 arrest and cell survival respectively in order to regulates cell cycle
checkpoint (Hung et al. 2011). Furthermore, few DDR factors actively bind different
kinds of ncRINAs. For example, within 53BP1 structure there is a region responsible for
foci targeting which includes a tudor domain, characterized as typical of proteins with a
role in RNA metabolism. Importantly, 53BP1 foci are sensitive to RNase A treatment
indicating that the RNA plays a key role in the accumulation of this DDR mediator close
to DNA lesion (Pryde et al. 2005).

The direct role of ncRNas in DSBs repair regulation was further characterized.
Particularly, scatter evidences suggest that RNA can serve as a template for DNA
synthesis in different model system such as Saccharomyces cerevisiae (Storici et al. 2007),
E. Coli and human cell models (Shen et al. 2011).

Among the ncRNAs, certain species of site-specific small ncRNAs have been suggested
to play a role in DDR modulation. Using an inducible DSB site in Arabidopsis thaliana
and once DNA break occur, small RNAs of 21-24 nts were detected and were defined as
DSB-induced RNAs (diRNAs). Moreover, diRNAs generation and processing involve
ATR, the RNA polymerase IV (Pol 1V), and several Dicer-like proteins while Ago?2
exhibits an effector activity since recruits diRNAs (Wei et al. 2012). The role of such
diRNAs was also characterized in both HR and NHE] repair mechanisms. The complex
formed by Ago2 and diRNAs stimulates Rad51 recruitment and retention at DSBs thus
modulating HR (Gao et al. 2014). On the other hand, using Arabidopsis thaliana as a
model, the role of diRNAs was also characterized in NHE] (Q1 et al. 2016). In addition, a
study conducted with a site-specific DSB system in Schizosaccharomyces, RNA
polymerase II (RNAPII) has been characterized to localize at break site causing the
formation of RNA-DNA hybrids involved in HR repair pathway (Qi et al. 2016).

1.1.4.1. DDRNA and dilincRNA: role in DDR signalling and DNA repair

In the last decade, our group and others, discovered a novel class of ncRNAs that play an
active and crucial role in DDR, thus are defined as DNA damage response RNAs
(DDRNAs) (Francia et al. 2012). Two double-stranded RNA-specific endoribonucleases
type 111, DICER and DROSHA, are responsible for DDRNAs processing and depletion
of both RNAses strongly impairs IR-induced DDR foci containing pATM and 53BP1 as
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observed in both human cells and zebrafish larvae. Besides, in zebrafish model, where
DNA-PK kinase is absent, YH2AX containing foci decrease after DICER and DROSHA
depletion while they keep unaltered in human model, likely due to redundant kinase
activity by DNA-PKcs (Francia et al. 2012). Hence, RNase A treatment upon irradiation
and transcription inhibitors arises comparable DDR foci reduction, suggesting that RNAs
are crucial for foci assimilation and maintenance. Moreover, incubation with small RNAs
(20-35nt) appears to be sufficient to restore DDR foci formation even in absence of
messenger RNAs. In order to shed light on DDRNAs biogenesis, it was engineered a cell
line containing a target site for an inducible endonuclease specifically localized in between
of bacterial repeats. This system reveals that once the cut is stimulated in these cells upon
RNase A treatment the DDR focus is restored only after additional incubation with RNA
molecules extracted from the same parental cell line thus devoid of integrated construct
and used as RNAs source (Francia et al. 2012). These evidences demonstrate that
DDRNASs are generated at damage sites and next-generation sequencing of small RNAs
from the inducible cell system confirmed the presence of several short RNAs mapped at
the cut site, including those with potential ability to form double stranded species
(Francia et al. 2012).

More recently, our group made a step forward in the biogenesis and activity
characterization of DDRNAs. We demonstrated that DDRNAs arises from longer RNAs
newly synthesized at DSBs sites and named damage-induced long non-coding RNAs
(dilncRNAs) (Michelini et al. 2017). Starting from DNA ends, dilncRNAs are actively
transcribed by RNAPII in both convergent and divergent directions, and more
importantly, the MRN complex is responsible for the proper localization at DSBs of the
RNAPII (Michelini et al. 2017) (Fig. 1.3.). In this scenario, dilncRNAs are precursor of
DDRNAs and are processed by DICER and DROSHA. Moreover, dilncRNAs facilitates
DDRNAS association to damage site by complementary base pairing as also observed at
centromeres to silence transcription of satellite repeats (Francia 2015).

Intriguingly, both dilincRNAs and DDRNAs physically interact with 53BP1 via its Tudor
domain thus contributing to DDR foci formation (Michelini et al. 2017) and more likely,
upon RNAPII inhibition, a strong reduction of DDR activation was observed due to loss
of DDRNA recruitment at damaged site (Michelini et al. 2017). Finally, incubation with
sequence-specific antisense oligonucleotides (ASOs) affect DDR activation since they
bind with dilncRNAs consequently reducing their interaction with DDRNAs (Michelini
etal. 2017) (Fig. 1.3.).
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Another important aspect of this well characterized mechanism is its reproducibility at
telomeres level where de-protected telomeres are well known activators of DDR. This
aspect is crucial in different pathological contexts associated with telomere dysfunction
including aging and progeria syndromes (Rossiello et al. 2017). Like DSBs, telomete
dysfunction induces the local transcription of telomeric non-coding RNAs (tncRNAs)
including telomeric dilncRNAs (tdilncRNAs) and telomeric DDRNAs (tDDRNAs),
which are required for proper DDR activation. Moreover, incubation with ASOs inhibits
both tdilncRNAs and tDDRNAs thus inhibiting telomere-specific DDR in different
model systems (Rossiello et al. 2017). Intriguingly, a recent study from our group
demonstrates that treatment with sequence-specific antisense oligonucleotides (tASOs)
which inhibits tnhcRNAs functionality ameliorates progerin-induced telomere dysfunction
resulting in extended healthspan and lifespan in transgenic mouse model for Hutchinson-
Gilford Progeria Syndrome (HGPS) (Aguado et al. 2019).

Taken together these evidences strongly support the knowledge that RNA metabolism is
crucial in DDR signalling and should be considered as the key and apical event triggering
DNA repair activation. Therefore, in this scenario the RNA binding factors may exhibit
an important role in modulating DDR activation thus opening a novel and intriguingly
window of investigation where RNA-protein interaction can be the major protagonist at
sites of DNA damage.
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Figure 1.3. Model of dilincRNAs and DDRNAs biogenesis and functionality (adapted from
Michelini F. et al 2017). MRN recruits RNAPII to the DSB and induces the bidirectional
synthesis of dilincRNA-from (blue) and dilincRNA-to (light blue). DROSHA and DICER
process the resulted long double-stranded RNA, generating DDRNAs, which pair with nascend
unprocessed single-stranded dilincRNAs; together they bind to 53BP1 and fuel DDR focus
formation. ASOs promote site-specific inhibition of DDR, interfering with dilincRNA:DDRNA
pairing.

1.2. THE ROLE OF DNA DAMAGE IN NEURODEGENERATION AND AGING

Neurodegeneration is often associated with congenital causes although recent evidences
indicate that impaired DNA repair may also arise to age-associated neurodegeneration.
Each cell endures with thousands DNA lesions per day thus requiring active and prompt
response that ultimate in DNA repair. Accordingly, some cells characterized by short
lifespan (e.g. epithelial cells) are rapidly replaced hence reducing the chances to
accumulate DNA damage. Some others, especially in neuronal context, are more
predisposed to dangerously increase DNA lesions since they are in post-mitotic state.
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Moreover, neuronal cells display a high metabolism rate causing the consequent ROS
accumulation (Madabhushi, Pan, and Tsai 2014). In brain, the resulting potential
mutagenic alterations caused by the ROS-mediated oxidative base modifications are
mainly repaired by BER and NER mechanisms, which sense the lesions, proceed with
gap-filling DNA synthesis followed by ligation (Madabhushi, Pan, and Tsai 2014).
Furthermore, ROS accumulation may also trigger SSBs (Caldecott 2008) that in turn my
predispose to DSBs formation (Mladenov and Iliakis 2011).

As mentioned before, mature neuronal cell are fixed in the mitotic phase limiting their
capacity to reduce potential DNA lesions accumulation. Particularly, during gestation
neuronal progenitor switch from symmetric to asymmetric division mode producing one
progenitor cell and one post-mitotic neuron. This pool of neurons moves to their final
destinations then constituting a functional network after further differentiation events
(Madabhushi, Pan, and Tsai 2014). In these initial stages DNA repair is crucial since
unrepaired lesions may lead to irreparable damage to nervous system (McKinnon 2013).
Accordingly, HR repair pathway during progenitor proliferation is essential especially
because it preserves bases misleading reducing the potential loss of genetic information.
Besides, NHE] is the selected DSB-repair mechanism in adult neuron at the expanse of
HR (Madabhushi, Pan, and Tsai 2014).

Progressive accumulation of DNA damage is intimately related to aging since unrepaired
DNA lesions accelerates cellular senescence (d'Adda di Fagagna 2008) and accumulates
along age progression (Mladenov and Iliakis 2011). Intriguingly, gene expression profile
strongly changes with aging as observed by microarray analysis on post-mortem human
brain specimen (from age of 40 onwards) which indicates down regulation of genes
involved in neuronal function while up regulation of genes responsible for stress response
(Lu et al. 2004). These events occur together with the accumulation of oxidative damage
in the promoter region of genes that are down regulated the progressive reduction of
cognitive faculties typically observed with age (Lu et al. 2004).

An important aspect of DNA damage is its impact on helix structure and chromatin
organization. Although some chromatin changes are required for proper DDR signalling
(e.g. ubiquitination and phosphorylation), some others profoundly affect chromatin
conformation with few chances to restore physiological structural state (Oberdoerffer and
Sinclair 2007). Nevertheless, long SIRT1 stalling and its distribution among chromatin
induced by chronic genotoxic stress, causes a global down regulation of genes targeted by
SIRT1 (Obetrdoerffer et al. 2008).
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DNA damage can also contribute to aging by stimulating inaccurate DNA repair resulting
in mutagenic outcomes among DNA sequence. As a consequence, these mutations can
directly compromise DNA repair activity since impairs the proper gene expression of
DDR factors (Vijg and Suh 2013). Mutations in gene encoding for DNA repair factors
have been detected in different congenital diseases indicating that the protective
mechanisms for genome stability are essential for nervous system and its impairment
triggers neurological phenotype (Madabhushi, Pan, and Tsai 2014). Accordingly, null
mutations in gene encoding for the apical kinase ATM causes the ataxia telangiectasia (A-
T) which exhibits marked neurological defects, like ataxia and cerebellar atrophy,
assimilated as progressive neurodegenerative phenotype (Biton, Barzilai, and Shiloh
2008). Additionally, mutations in MRE11 trigger the rare A-T like disease (ATLD) with
which shares neurological symptoms although in ATLD those features appears later
compare to A-T (Taylor, Groom, and Byrd 2004). Another component of MRN
complex, NBS1, if mutated, causes a disease defined as Nijmegen breakage syndrome
which lead to microcephaly differently to canonical cerebellar degeneration observed in
AT and ATLD diseases (Digweed and Sperling 2004). Different phenotypes detected in
neurodegenerative diseases all carrying defective ATM activation arises the necessity to
investigate the mechanisms by which such divergent events occur in apparently shared
pathological contexts (Shull et al. 2009). Intriguingly, it has been observed that ATM
stimulates apoptosis of excessively damaged post-mitotic neural cells (Lee, Chong, and
McKinnon 2001). In this scenario, ATM loss of function together with mutations in
MRE11, responsible for DNA damage accumulation in A-T and ATLD respectively,
abolish the apoptosis ATM-mediated in damaged cells (Lee, Chong, and McKinnon 2001;
Shull et al. 2009) thus increasing the population of damaged cells which progressively die
over time and possibly contributing to neurodegeneration (Madabhushi, Pan, and Tsai
2014).

Defective DNA repair has been observed in age-related neurodegenerative disorders
including Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS) (Adamec, Vonsattel, and Nixon 1999; Bender et al. 2006; Martin 2001;
Mullaart et al. 1990). The high metabolism rate in neuronal cells trigger the prevalent
detection of oxidative lesions and SSBs and the concomitant reduction of gene
expression of BER factors may enhance the disease progression in age related diseases,
including AD (Borgesius et al. 2011; Canugovi et al. 2013). Furthermore, the
accumulation of DNA strand breaks has been detected in both AD and ALS (Adamec,
Vonsattel, and Nixon 1999; Martin 2001; Mullaart et al. 1990). Consistently, several
studies carried out in mouse models of neurodegeneration clearly show the increases level
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of DSBs (Subetbielle et al. 2013). To this end, studies involving the p25/Cdk5 mouse
model are widely recognized as the most interesting ones to investigate the missing link
between DSBs and neurodegeneration (Cruz et al. 2003). Nevertheless, why and how
DSBs arises in neurodegeneration is still under debate since DSBs generation is rarer than
other types of DNA lesions in neuronal context and even in proliferating cells which are
exposed to DNA replication stress. One possible explanation could be that the neuronal
activity by itself can stimulate DSBs generation as also suggested by the high DSBs levels
observed in AD mice model: in this case DSBs can be a consequence of the synaptic
dysfunction due to beta amyloids accumulation (Dobbin et al. 2013).

In the last decades the accumulation of RNA:DNA hybrids has been associated to
neurological diseases. These structure, commonly defined as R-loops, are generated by
the nascent RNAs protruding from the transcribing RNA polymerase, to the DNA
template strand (thread-back model) and are composed by the RNA-DNA duplex with
the remaining displaced ssDNA (Aguilera and Garcia-Muse 2012). In physiological
context, R-loops mediates DNA replication of mitochondrial and plasmidic DNA
together with the Ig class-switch recombination (CSR), although R-loop exhibits a role in
transcription activation and termination and in the regulation of chromatin structure
(Santos-Pereira and Aguilera 2015). Besides, R-loops can also trigger genome instability
since once generated they should only persist temporary or can lead to DNA damage.
Interestingly, some RNA-binding proteins (RBPs) maybe also involved in R-loops
prevention by interacting with the nascent mRNA and abrogate its association with DNA
(Santos-Pereira and Aguilera 2015). However, R-loops can stimulate genome instability in
different ways thus being one of the major source of DNA damage and replication stress
(Santos-Pereira and Aguilera 2015). For instance, R-loops were found to stimulate non
canonical and origin-independent DNA replication events that in turn may represent
mutagenic sources in both E.coli and yeast cells (Kogoma 1997; Stuckey et al. 2015).
Interestingly, it has been observed in different organisms that R-loops can interfere with
replication-forks progression thus promoting DNA breaks formation (Brambati et al.
2015; Santos-Pereira and Aguilera 2015).

R-loops biogenesis is also associated with ALS cases carrying the expansion of
GGGGCC hexanucleotide repeat in chromosome 9 open-reading frame 72 (C90r/72). In
this context, the contribution of R-loops in the generation of aborted transcripts
harbouring the repeats causes severe impairment of nucleolar function (Haeusler et al.
2014). To this regards, C9orf72 repeat expansions has been also related to R-loops-DSBs
induction and impaired ATM activation which both ultimate in downstream alteration of
DDR and DNA repair (Walker et al. 2017). All the mentioned effects were consistently
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observed in mice nervous systems where, after C9orf72 RNA or dipeptide repeats
expression, was observed a neurodegenerative phenotype supporting that genome
instability is the primary promoter of neuronal degeneration (Walker et al. 2017). In line
with the concept that R-loops pathological accumulation is the key mechanism behind
neurodegeneration, the defective activities of enzymes implicated in R-loops resolution,
like SETX, have been correlated with neurodegenerative disease including ataxia-ocular

apraxia type 2 (AOA2) (Moreira et al. 2004) and ALS type-4 (ALS4) (Chen et al. 2004).

In conclusion, DNA damage has been widely observed and mostly implicated in many
congenital degenerative diseases of nervous system, stimulating the necessity to further
investigate the mutual connection between DNA damage and neurodegenerative diseases.

1.3. THE INTRICATE ROLES OF RNA BINDING PROTEINS AND DNA DAMAGE IN
AMYOTROPHIC LATERAL SCLEROSIS

..1.3.1. Amyotrophic Lateral Sclerosis: clinical, histological, genetic features and
role of DNA damage

The Centers for Disease Control and Prevention (USA) estimated in 2016 that between
14.000-15.000 Americans suffers of Amyotrophic Lateral Sclerosis (ALS) with no
distinction of races and ethics backgrounds. ALS is characterized by the progressive
degeneration of upper and lower motor neurons. Cortico-spinal motor neurons, better
known as upper motor neurons (located in layer V of the cerebral cortex) make synapses
connections between motor cortex in brainstem and bulbar or spinal motor neurons
(lower motor neurons) which finally coordinate skeletal muscles (Taylor, Brown, and
Cleveland 2016). Analogous to other neurodegenerative disorders, ALS arises locally and
progressively spreads in target tissues (Ravits and La Spada 2009) leading to final
muscular paralysis and respiratory failure, which in most of the times ultimate in death
within 3-5 years from the diagnosis (Taylor, Brown, and Cleveland 2016) (Fig. 1.4.). ALS
clinical onset is generally about 60 year of age and an epidemiological study conducted on
European population estimates its incidence is 2-3 individuals per one hundred thousand
each year (Al-Chalabi and Hardiman 2013). Nowadays, the aectiology of ALS is well
assessed although the wide range of symptoms, especially in the first stage of the disease,
made necessary a clinical distinction within the ALS. Particulatly, ALS phenotypes atre
classified based on the initial region of onset and the consequent ratio of lower and upper
motor neurons affected thus implying different clinical manifestations (Ravits and La
Spada 2009). For instance, progressive muscular atrophy primarily affects lower motor
neurons causing limbs weakness and deteriorations while primary lateral sclerosis causes
spasticity but no muscle atrophy. Moreover, tongue atrophy and reduced speech ability
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are distinctive symptoms of bulbar ALS since it affects motor neurons located in
brainstem which innervate tongue (Taylor, Brown, and Cleveland 2016). ALS pathology
shares clinical features with other neurodegenerative diseases such as Frontotemporal
Dementia (FTD) which belongs to the family of neurodegenerative disorders and it is
characterized by the loss of fronto-temporal cortical neurons (Conlon et al. 2018; Seelaar
et al. 2011; Taylor, Brown, and Cleveland 2016). It was observed that 20% of ALS cases
also develop cognitive and behavioural defects typical of FTD. This evidence suggest
shared pathological hallmarks and mechanisms (Ling, Polymenidou, and Cleveland 2013).
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Figure 1.4. Overview of the components within the nervous system, which are affected by ALS
(adapted from Taylor, Brown, and Cleveland 2016). ALS mainly affects motor neurons in the
motor cortex whose axons prolong into synapses in brainstem, spinal cord and lower motor
neurons.

From genetic point of view, ALS is characterized by autosomal dominant, autosomal
recessive or X-linked origin in the case of familiar inheritance (familiar ALS-fALS) but
90% of cases are sporadic with no known family history (Chen et al. 2013).

Mutations associated with fALS occur in genes involved in many aspects of motor
neurons physiology including RNA metabolism, protein homeostasis, clearance of
unfolded proteins and cytoskeletal structure (Taylor, Brown, and Cleveland 2016). The
first genetic variants identified in about 20% of fALS and 2% of sALS patients was
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described in the SOD-1 gene (Rosen et al. 1993). SOD-1 gene encodes for Cu-Zu
superoxide dismutase enzyme involved in Oz and H2O production from antioxidant
action on reactive superoxide (Rosen et al. 1993). Subsequently about 170 SOD-1
mutations have been identified in ALS diseases causing different levels of impairment of
dismutase activity (Bruijn et al. 1998; Taylor, Brown, and Cleveland 2016). A significant
fraction of SOD-1 variants causes dismutase misfolding responsible for its toxic

cytoplasmic accumulation in motor neurons and astrocytes (Bruijn et al. 1998; Taylor,
Brown, and Cleveland 2016).

Another widely identified genetic variant among fALS and sALS is the amplification of
the GGGGCC repeats in C9o01f72 (DeJesus-Hernandez et al. 2011; Renton et al. 2011).
In healthy individuals, repeats lengths range from 2 to 23 copies while they are expanded
to hundreds of copies in ALS-FTD subjects. Furthermore, this expansion can even
increase from 10% to 50% the probability that FTD patients develop ALS also (Bruijn et
al. 1998). The mechanism by which the hexanucleotide expansion C901f72 can promote
toxicity in ALS-FTD (C9 ALS—FTD) is still under debate although three possible main
mechanisms have been proposed to explain this phenomena: transcriptional repression of
the C901f72 locus; repeated RNA accumulation and folding in secondary structure; toxic
dipeptide production. Particulatly, since C90rf72 is less expressed in ALS/FTD cases, its
pathogenicity could be due to C9orf72 loss of function as guanine-nucleotide exchange
factor (GEF) for different Rab GTPases (Waite et al. 2014; Webster et al. 2016). C9orf72
loss of function is associated with splenomegaly, lymphadenopathy and altered immune
responses in macrophages and microglia in mouse model system deleted for CYorf72
suggesting that induction of a specific neuroinflaimmation phenotype in C9orf72 ALS is
an additional pathological mechanism (Butberry et al. 2016; O'Rourke et al. 2010).
Nevertheless, strong emerging data support a gain of toxic function caused by this
expanded repeats in C9orf72 ALS-FTD cases (Balendra and Isaacs 2018).

Pathological accumulation of RNA molecules transcribed from both directions thus
resulting in secondary structure and formation of RNA foci observed in model system of
CYorf72-associated ALS is another important aspect to discuss (Gendron et al. 2013;
Mori et al. 2013). The accumulated RNA exert cell toxicity by binding and sequestering
different RBPs that are therefore no more available for their physiological functions
(Conlon et al. 2016; Lee et al. 2013). In addition, C and G reach expanded C9orf72
repeats are prone to form secondary structures like G-quadruplets that cause premature
transcription termination and abortion and also boost R-loops formation, thus potential
genome damage (Taylor 2014). The third mechanism proposed for C9orf72 toxicity in
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ALS-FTD involves dipeptide repeats (DPR) translated from the hexanucleotide repeats in
AUG-independent manner (Zu et al. 2011; Zu et al. 2013). Translation of repeat-
associated RNAs generates dipeptide composed by glycine-alanine (GA), glycine-arginine
(GR), proline-arginine (PR) and proline-alanine (PA). These products accumulate in
cytoplasm and nuclear inclusions distinctive of C9 ALS-FTD (Zu et al. 2013).
Intriguingly, inclusions containing arginine rich dipeptide appear to be the most harmful
since reduce RINA processing in nucleoli thus causing cell death (Kwon et al. 2014).
Harbouring low-complexity domains (LCDs), dipeptides can interfere with the
biophysical and structural properties of membrane-less organelles like stress granules

(SGs) (Lee et al. 20106).

Although genetic mutations of SOD-1 and C9orf72 genes are the most represented
among ALS cases, there are several other mutations identified in ALS. This includes
those occurring in several RNA binding proteins such as TARDBP, fused in sarcoma
(FUS), HNRNPA1, SQSTM1, VCP, OPTN, PFNI1, alsin (ALS3) and senataxin (SETX)
(Coppede 2011; Taylor, Brown, and Cleveland 2016). Besides, additional mutations in
ATXN2 (Elden et al. 2010) and EPHA4 (Van Hoecke et al. 2012)have been proposed to
enhance disease predisposition.

The most diffused pathological hallmarks of ALS and FID in common of all these
genetic mutations is the formation of neuronal CI (NCI) positive for phosphorylated and
ubiquitinated proteins (Forman, Trojanowski, and Lee 2004; Wightman et al. 1992).

The identification of the components of NCI has been one of the main focus of ALS
research in the last decades and unveil that TDP43, FUS and hnRNP Al are the main
component (Taylor, Brown, and Cleveland 20106) together with constitutive components
of SG such as TIA-1 and G3BP1. Histopathological analysis performed on post-mortem
tissues from ALS patients show that TDP-43 is present in all types of NCI of more the
90% of ALS cases, both of sporadic and familiar origin with the exception of those
caused by SOD-1 gene mutations, and SOD-1 positive inclusions (Mackenzie et al. 2007).
In addition, ALS cases with FUS mutations, present FUS-positive NCI which are
normally devoid of TDP-43 (Baumer et al. 2010). Other scattered evidences show that
FUS NCI can occasionally include TDP-43 in both sALS and fALS cases (Deng et al.
2010). In this scenario, the RNA binding protein FUS has been described in a certain
subset of ALS cases and particularly the ALS-linked mutation FUS P525L localized in the
NLS domain has been associated with a severe juvenile onset (Conte et al. 2012) and
immunohistochemistry performed on post mortem tissues carrying this mutation
revealed the peculiar cytoplasmic localization of the protein (Fig. 1.5).
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Figure 1.5. Immunostaining of the motor cortex and lower motor neurons in ALS. (adapted from
Bédumer D. et al 2010). Basophilic neuronal CIs (indicated by the black arrows) were identified
in upper and lower motor neurons of all cases with FUS mutation. (D, E) FUS-P525L (E) novel
4 base pair deletion in exon 15 (c.1554_1557delACAG) predicted to lead to a frame shift
affecting the last 8 amino acids of FUS.

Neurons are not the only affected tissues and pathological phenotypes appear to be
dependent on defects on other tissues and on non-cell-autonomous mechanisms.
Microglia, oligodendrocytes and astrocytes have been associated with defective processes
observed in SOD-1 and C9orf72 ALS cases (Taylor, Brown, and Cleveland 2016). For
instance, it has been observed a neuronal inflammation due to a counter-intuitively boost
by SOD-1 on the activation of the GTPase RAC1 (Harraz et al. 2008). Moreover SOD-1
mutations demonstrated to impair the energy supply provided by oligodendrocytes to
motor neurons (Lee et al. 2012).

Astrocytes can limit motor neurons hyperactivation by promptly picking up synaptic
glutamate through the excitatory amino acid transporter 2 (EAAT2), whose levels
showed to be drastically reduced in fALS and sALS patients, thus resulting in excitotoxic
effects (Rothstein et al. 1995).

Axonal transport is essential for motor neuron physiology since it ensure the continuous
sourcing of proteins and RNAs in neuritis and synaptic sites that are far away from the
cell bodies, where this molecules are mainly synthetized (Taylor, Brown, and Cleveland
2016). Intriguingly, mutation of the RBPs, including FUS, TDP-43 and hnRNPA1 which
regulate the delivery of RNA containing granules in axons, have been associated with
severe impairment of the mentioned transport thus damaging neuronal cells and their
functionality (Taylor, Brown, and Cleveland 2016). Furthermore, axonal transport results
impaired since many mutations have been identified in genes encoding for cytoskeletal
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motor neurons proteins: this affects both anterograde and retrograde axonal transport
and promotes neurodegeneration (Puls et al. 2003; Williamson and Cleveland 1999).

Like most of neurodegenerative diseases, ALS is characterized by the pathological
accumulation of misfolded proteins, which undergoes in liquid to solid phase separation
thus leading to the formation of fibrillar-like structures. Accordingly, if those structure are
not promptly solved trigger severe impairment of many aspect of neuronal cell physiology
including DDR. Hence, mutations in genes involved in autophagy and proteasomal
pathways have been identified in different ALS cases. These genetic variants occur in
gene like ubiquilin-2, sequestromel (SQSTM1 or p62), optineurin and the valosin-
containing protein (VCP) (Taylor, Brown, and Cleveland 2016), suggesting that defects in
clearance pathways and consequent accumulation of misfolded proteins may be one of
the key pathological mechanism in ALS disease progression. The role of liquid-liquid
phase separation (LLPS) of key ALS-linked factors and the impact on DDR will be discus
below. Moreover, since the clearance of these pathological accruals appears to be the key
event triggering many downstream effects, a dedicated part to the novel emerging
interplay between autophagy and DDR will be found in this thesis.

1.3.2. The DNA/RNA binding protein FUS: structure, functions and role in DDR

Fused in sarcoma (FUS) is a DNA/RNA binding protein belonging to the nuclear
ribonucleoprotein  (hnRNP) family. The encoding gene was identified as a fused
oncogene on chromosome 16 in human liposarcoma, whose translocation and fusion to
transcription factors causes the over expression of the protein (Crozat et al. 1993). FUS is
mainly an RNA binding protein (RBP) localizes in the nucleus where it forms stable
complexes with other hnRNPs (Nakaya et al. 2013).

FUS is 526 amino acids protein and structurally is composed by: an N-terminal domain
rich of glutamine-glycine-serine-tyrosine (QGSY) residues, three arginine-glycine-glycine
repetitive regions, known as RGG1, RGG2 and RGG3, a RNA recognition motif RMM,
a Cys2-Cys2 zinc finger domain (ZnF), a nuclear export signal (NES) and a the C-
terminus nuclear localization signal (NLS)(Guerrero et al. 2016) (Fig. 1.6).
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Figure 1.6. Protein structute of FUS and the mutations identified in ALS and FTD patients
(Mackenzie IRA et al 2010). Mutations identified so far in FUS which are related to ALS only
(in black) and also associated with FTD (in blue). NES=nuclear localization signal. QGSY=Gln-
Gly-Ser-Tyr-rich  region. RGG=Arg-Gly-Gly-rich motif. RRM=RNA recognition motif.
ZnF=Cys2/Cys2-type zinc finger motif

Importantly, the QGSY-rich domain with a small portion of RGG1 domain (1-239)
represent a high intrinsically disorder region (IDR) which is prone to aggregate like prion
protein thus this domain is also called prion-link domain (PrLD) (Chen et al. 2019).

Moreover, according to bioinformatic approach, FUS has an additional PrLLD located at
391-407 amino acid (Sun et al. 2011), although the most characterized ones is located at
N-terminus. The high presence of polar amino acids within the PrLD drives FUS
aggregation and consequent membrane less organelles formation (Pessina et al. 2020). In
tissues FUS is exclusively localized mainly in the nucleus and in its de-localization exerts
pathological consequences as observed in ALS (Andersson et al. 2008).

FUS is involved in many cellular processes especially concerning RNA metabolism
including transcription. For instance, FUS exhibits a transcription regulatory role where,
under specific condition, it may stimulates transcription of certain nuclear hormone
receptors by interacting with their DNA-binding domain (Tan and Manley 2009).
Moreover, FUS can directly bind the C-terminal domain (CTD) of RNAPII and RNA
can modulate this interaction (Schwartz et al. 2012). In this scenario, FUS has been
indicated as DROSHA interactor (Gregory et al. 2004) and it is able to modulate the
miRNA biogenesis (Morlando et al. 2012). Accordingly, upon FUS depletion the
expression of several miRNAs involved in neuronal function, was strongly decreased as
observed in two different in vitro systems (Morlando et al. 2012). Moreover, FUS
downregulation also impairs DROSHA chromatin recruitment at specific miRNA coding
loci suggesting that FUS-DROSHA interaction is required for proper enzyme localization
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at transcription sites (Motrlando et al. 2012). More recently, it has been demonstrate that
FUS play an key role in the modulation of citcRNAs in vitro (Errichelli et al. 2017).
CircRNAs are a novel class of single strand RNAs which arise from a back-splicing
reaction where the downstream 5 splice site interacts with an upstream 3’ splice site then
the resulted circRNA is locked covalently (Starke et al. 2015). Noteworthy, biogenesis of
19 identified circRNAs appears to be FUS-dependent as validated in both mouse and
human in vitro system (Errichelli et al. 2017). Furthermore, in IPSc derived motor
neurons carrying one of the most severe FUS ALS-linked mutation P525L, the biogenesis
of two distinctive circRNAs is strongly reduced in homozygous condition (Errichelli et al.
2017).

There are several evidences that demonstrate the active role of FUS in DDR signalling.
The first evidence has been suggested in a study where the binding of FUS with ssDNA
and D-loop was demonstrated (Baechtold et al. 1999). This event strictly promotes the
proper annealing of complementary ssDNA and D-loop formation in super helical
dsDNA, which in turn stimulate HR DSB repair mechanism (Baechtold et al. 1999).
Moreover, FUS is directly recruited at site of damage upon UVA laser and micro
irradiation and this event occur in PARP1-dependent manner (Mastrocola et al. 2013;
Rulten et al. 2014). Particularly, RGG2 domain within FUS drives protein recruitment at
DSB suggesting that PrLLD, partially located in this domain, play a key role to targeting
FUS at site of lesion (Mastrocola et al. 2013). Upon DNA damage induction, FUS is both
phosphorylated by ATM, at Ser42 (Gardiner et al. 2008) and by DNA PK (Deng et al.
2014) indicating FUS as a new component of the PIKK signalling in DDR pathway. FUS
is also involved in chromatin structure in DDR as demonstrated by its interaction with
the Histone deacetylase 1 (HDCA1) thus stimulating both HR and NHE] (Wang et al.
2013).

The mechanism, or the mechanisms by which FUS mutations exhibit toxic effects and
how those mutations impairs DDR leading to neurodegeneration needs further

investigation.

1.3.2.1. Post translational modifications (PMTs) and other factors that modulate
LLPS

Protein aggregation is a common hallmark of neurodegenerative diseases although the
pathological mechanisms that drive their formation are still under debating (Aguzzi and
O'Connor 2010). It has been shown that low-sequence complexity domains (LC
domains) are responsible for the formation of membrane-less compartments including P-
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granules, stress granules (SGs) and Cajal bodies (Toretsky and Wright 2014). LC domain
is peculiar of yeast prion proteins which assemble into fibers rather than a liquid states
(Alberti et al. 2009); proteins holding these domains are prone to form amyloid-like
structures and are defined as “prion-like”. Moreover, prion-like LC domains are widely
represented among RNA binding proteins (RBPs) and mutations in prion-like domains
cause severe protein misfolding typically leading to solid inclusions formation (Li et al.

2012).

One of the most investigated prion-like protein involved in the cytoplasm
compartmentalization is the RNA-binding protein FUS. The polar PrLD allows FUS
protein to undergo liquid-liquid phase separation (LLPS) responsible for the formation of
membraneless organelles: this process is thinly regulated by protein concentration, DNA
and RNA levels and SYGQ-rich domain post-translational modifications (Patel et al.
2015; Shorter 2017). Structurally, FUS aggregation appears to be solved as [-sheet
structures (Hughes et al. 2018) although recent evidences suggest that within the liquid
phase separated state FUS appears predominantly disordered (Burke et al. 2015). The
proper maintenance of FUS LLPS is due to different type of interactions, including
electrostatic and hydrophobic interactions among glutamine and tyrosine residues that
significantly contribute to the formation of hydrophobic bond essential for condensed
phase (Burke et al. 2015). Moreover, multivalent cation-n interactions between multiple
arginine residues in C-terminal domain and multiple tyrosines in the LC domain trigger
FUS phase-separation in an arginine dose-dependent manner (Qamar et al. 2018).
Physiologically, FUS can shuttle between the two phases stimulated by different stress
types although aberrant LLPS are thought to be the key event that lead to fibrils
formation especially in neuronal context (Guerrero et al. 2016). Mutations in PrLLD or in
the NLS of FUS raise protein concentration that in turn may enhance the conversion
from liquid to solid phase (Guerrero et al. 2016).

Low complexity domains (LCDs) are key players in the LLPS transition and the lack of
well ordered secondary structure made them target of post-translational modifications
(PTMs). Thus, such events represent crucial regulatory factors of phase separation
(Itakura, Futia, and Jarosz 2018). PTMs can alter phase transition through two main
events: i) destabilizing or augmenting multivalent interaction between phase-separating
macromolecules involved into; ii) recruiting or excluding other proteins and/or nucleic
acid into/from the condensate phase (Owen and Shewmaker 2019).
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The two main PTMs that may occur are the insertion of methyl-groups on Arginine and
the insertion of phospho-groups on Tyrosine and Serine. While arg-methylation does not
alter the charge but it is able to affect charge distribution, phosphorylation introduces a
negative charge: both the events control the phase separation behavior (Hofweber and
Dormann 2019). Recent evidences suggest that arginine methylation decreases LLPS
propensity by reducing Arg-aromatic interaction, which in turn are the main responsible
of phase separation of RBPs including hnRP-A2 and FUS (Hofweber and Dormann
2019). Moreover, reduced levels of FUS methylation has been detected in insoluble
protein inclusions in brains of FTD patiens, while FUS is normally soluble and
dimethylated in healthy brains, suggesting that Arg methylation maybe one of the
pathogenic events promoting aberrant LLPS (Suarez-Calvet et al. 2016). Arg methylation
has been demonstrated to directly regulate SGs survival: hypermethylation of G3BP1,
one of the major component of SG, suppress its assembly (T'sai et al. 20106).

On the other hands phosphorylation, by introducing two negative charges, rapidly and
reversibly switch protein behavior in order to provide a prompt response to signals and
regulate protein function. This mechanism is highly employed in RBP, which are
abundant of serine and threonine residues (Hofweber and Dormann 2019).
Phosphorylation differs from arg-methylation by its ability to either enhance or suppress
LLPS of RBPs in vitro as clearly demonstrated for the two RINA-binding protein FUS
and TDP-43. DNA-PK mediated phosphorylation of putative Ser/Thr residues of FUS
protein show suppressive effects on phase separation preventing its subsequent liquid to-
solid-state transition and formation of fibril-like structures (Monahan et al. 2017).
Moreover, phosphomimetic substitution of serine 48 to acid glutamate (S48E) localized
in 91 N-terminal domain of TDP43, which is reported to be highly phosphorylated, lead
to reduced LLPS compared to WT TDP43 suggesting reduced intermolecular interaction
(Wang, Conicella, et al. 2018). In contrast, phosphorylation of the microtubule-associated
protein Tau triggers its phase separation. The binding of Tau with RNA stimulates
fibrillization in vitro and it is able to associate with SGs through RBPs constitutive of
those structures (e.g. TIA-1) (Vanderweyde et al. 2016; Wang et al. 2006). Additional
PTMs that weakness LLPS are Arginine-Citrullination and Lysine Acetylation, while
Lysine Ribosylation enhances phase separation; both the mechanisms are involved in SG
formation in neurological diseases (Owen and Shewmaker 2019).

High ATP concentration and the presence of triphosphate chain may modulate FUS
LLPS. Considering that neurons exhibit high ATP consumption, neuronal context might
be more prone then others to favor pathological fibrillar conformation of FUS containing
membraneless organells. Indeed, ATP has been described to significantly dissolve LLPS,
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rather than AMP. This is possibly due to its interaction with Arg/Lys residues in RGG1,
which in turn disrupts interaction of those residues with aromatic residues within PrLLD

consequently abrogating proper LLPS (Kang et al. 2019).

Aberrant LLPS resulting from the impairment of one of the above-mentioned regulatory
mechanisms or the combination of them is thought to be the key event that triggers the
formation of FUS fibril-like structures detected in ALS and FTD patients. The
conversion from liquid to solid state is also observed in FUS WT droplets over time
suggesting that aging is an important regulator of this mechanism, which it is further
augmented by FUS mutations (Patel et al. 2015). Mutations in both PrLLD and in NLS
domain may increases protein concentration in restricted space such as in the context of
membrane-less organelles. Noteworthy, one of the most accredited explanation is that
FUS solid transition is enhanced by raised protein concentration within phase separated
compartment that alter molecules dynamic in turn may stimulating further aggregation

reaction among close subcellular compartments as well as neighbor cells (Patel et al.
2015).

All together evidences suggest that FUS LLPS is physiologically regulated by
intramolecular interactions that should be transient and what interferes with LLPS might
lead to liquid-solid phase transition. Further investigations are required in order to shed
light on the exactly mechanisms based on the co-operative interaction between the N-
terminus and the C-terminus FUS PrLD domains and how this trigger irreversible solid-

phase formation in pathological context.

1.3.2.2. Stress granules and ALS

RNP granules are a category of membrane-less organelles formed by the local assemblies
of proteins and RNA. In this family are included Cajal bodies, paraspeckles, stress
granules (SGs) and P bodies (Protter and Parker 2016). Both SGs and P bodies were
detected nearby the cytoplasm and are mainly constituted of untranslated messenger
ribonucleoproteins (mRNPs)(Kedersha et al. 2005). Although P bodies are mainly
involved in mRNA degradation (Aizer et al. 2014), SGs generate in response to different
stress sources and ultimate in the inhibition of initial steps of RNA translation
consequently blocking protein synthesis until the stress is solved (Protter and Parker
2016). SGs arise from many different events causing cellular stress, like viral infections,
oxidative agents exposure, heat shock, chemical components (e.g. puromycin), increased
osmolarity and serum deprivation. These events converge on the phosphorylation of the
translation initiation factor elF2a which in turn prevents the formation of the ternary
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complex elF2-GTP-tRNA (Met) which normally bind the 48S pre-initiation complex in
order to start protein translation (Kedersha and Anderson 2002). Subsequently, the 48S
complex binds the TBP TIA-1 and the TIA-1 related protein (TTAR), which abrogate
translation through polysomes decay (Kedersha and Anderson 2002). The translation stall
is though to be essential for progressive reduction of energy consumption while cell is
engaged by exogenous stress (Yang et al. 2014) and once the stress is solved, mRNA can
be reassembled into polysomes to resume translation or can be shipped to P-bodies for
degradation (Dewey et al. 2012). Structurally, two different layers compose SGs: a core
structure enriched in RNA and protein surrounded by a less concentrated and more
dynamic envelope (Jain et al. 2016). Moreover, SGs are dynamic structures: this is the
most distinctive feature of such structures. For instance, SGs can flow within the
cytoplasm and can undergo fusion or fission. Importantly, through photobleaching
(FRAP) approach it has been identified in details the physical properties of SGs
components. Indeed not all the SGs components responds at same way to FRAP thus
suggesting that the core layer is mainly composed by “immobile pool” with less dynamic
properties (Protter and Parker 2016).

Different factors modulate SGs composition including cell types and stress sources
(Markmiller et al. 2018). However, there are some SGs protein marker which are
constitutively of such structures independently from the surrounded context in which
these structures originate. In detail, few proteins are defined SGs constitutive markers
including TTA-1, TIAR, the Ras GTPase-activating protein-binding protein (G3BP), the
poly-A binding protein (PABP-1) and the elFF3 and eIFF4G factors forming the translation
initiation complex (Buchan and Parker 2009; Dewey et al. 2012): all of them seeds SGs
formation which is later followed by the additional incorporation of RBPs like
hnRNPA1, FUS and TDP-43 (Protter and Parker 2016). Despite TDP-43 is only
recruited subsequently, its depletion affects SGs structure and dynamics like G3BP1 does,
and when TDP-43 levels are reduced both G3BP1 and TIA-1 are down and up-regulated,
respectively (McDonald et al. 2011). Besides, FUS depletion doesn’t affect SG assembly
since no significant differences in terms of SGs population has been observed upon FUS
knockdown (Aulas, Stabile, and Vande Velde 2012).

Under certain condition, like heat shock and sodium arsenite (ARS) treatment, both WT
and mutant forms of FUS are recruited into SGs (Aulas and Vande Velde 2015).
However, FUS WT is less recruited into TIAR-positive SGs showing weak localization in
response to oxidative, temperature or ER stress (Andersson et al. 2008; Bentmann et al.
2012; Zhang et al. 2020). Particularly, endogenous FUS strongly co-localize in SGs only
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upon hyperosmolarity conditions and other RNA bodies, like processing bodies (PB)
result negative for FUS inclusion (Bosco et al. 2010).

Accordingly, in IPSc derived motor neurons the expressing FUS WT show nuclear
protein localization even after sodium arsenite treatment (Lenzi et al. 2015). On the other
hand, FUS ALS linked mutation strongly increases the number and affects the SGs
dynamics. In heterozygous IPSc-FUSPS25L/WT line the number of paraspeckles was
increased upon ARS treatment and in IPSc- FUSPS25L/P525L the protein signal was mainly
detected in those cytoplasmic structure resulted positive for TIAR and PABP SGs
markers (Lenzi et al. 2015). Mutant FUS also affect the SGs recovery as shown by the
delayed SGs resolution observed in IPSc-FUSP325L/wt compared to IPSc-FUS WT upon
ARS removal (Lenzi et al. 2015). FUS recruitment into SGs appears to be independent of
its QGSY-rich domain but requires its RNA binding activity (Andersson et al. 2008;
Bentmann et al. 2012). Besides, ALS linked mutations frequently occur in FUS NLS
domain thus driving the protein cytoplasmic aggregation and recruitment into SG (Vance
et al. 2013). More recently, the R521C FUS mutation has been associated to SGs
processing alteration in knock-in mouse line demonstrating that mutant FUS is
intrinsically related to a marked SGs misprocessing with consequent motor neuron

impairment both in vivo and in vitro (Zhang et al. 2020).

As already described previously, LLPS is the main driven mechanism generating SGs.
Indeed, LLPS seed the SGs formation, which are then stabilized by more fixed
interaction among the molecules composing such structure. The resulting mechanism is a
multistep model which involve the specific interaction among mRNPs thus ensuring the
nucleation of SGs core and subsequently the constitution of SGs shell by further
interactions established in close proximity of LCDs within RBPs (Protter and Parker
2016) (Fig. 1.7.).
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Figure 1.7. Model of SGs assembly (adapted from Protter and Parker 2016). According to the LLPS
model, the first step is the nucleation of translationally repressed RNFPs into initial phase-
separated droplets and these structures are modulated by weak and dynamic interaction. Then,
additional translationally repressed RNPs are recruited within the droplets. Finally the third phase
of assembly is the formation of a core within phase-separated granules.

Moreover, after nucleation additional mRNPs are recruited into SGs and forming cores
that fuse and are surrounded by envelopes, giving rise to larger and cytologically visible
SGs. This mechanism is ascribed to the activity of ATPases as DEAD-box, MCM and
TVB helicases and chaperones (Cherkasov et al. 2013; Jain et al. 2016). Upon stress
induction, such ATPases ensure the prompt recruitment of SGs component and
modulates exchanges between core and shell and with the surrounding environment. This
event is possible only because ATPases temporarily abrogate internal interaction within
SGs components. Then, as soon as the stress is solved, ATPases are still required in order
to modulate SGs disassembly (Protter and Parker 2016). The complete SGs resolution
involves the autophagy pathway stimulated by other ATPases including VCP/Cdc48
ubiquitin segregases (Buchan et al. 2013).

1.4. DNA DAMAGE AND AUTOPHAGY: A NOVEL EMERGING INTERPLAY

1.4.1. Mechanisms and regulators of autophagy

The common hallmark of neuropathies, including ALS, is the accumulation of misfolded
proteins in the cytoplasm (Soto and Pritzkow 2018; Sweeney et al. 2017). Thus, the
proper clearance of misfolded proteins is crucial for cells survival, especially in neuronal
context. In cells, protein homeostasis is commonly ensured by two mechanisms: the
ubiquitin-proteasome system (UPS) and the autophagy pathway. The UPS facilitates the
processing of short-lived proteins while autophagy activation is required to target long-
lived proteins towards lysosome dependent clearance (Nijholt et al. 2011).

Autophagy ensures tissue homeostasis and plays a crucial role in different human
pathologies including neurodegeneration, cancer, autoimmunity and aging: all of them
have been associated with autophagy deregulation (Mizushima et al. 2008). So far, three
different types of autophagy have been identified based on the final delivery mechanisms
of the cargo proteins to the lysosomes. Micro-autophagy is the mechanism where cargo is
directly delivered to lysosome through lysosomal membrane invagination while
chaperone-mediated autophagy (CMA) involves the interaction with specialized
chaperones which stimulate lysosomal import of proteins. Macro autophagy (referred as
autophagy) is the most investigated mechanism of autophagy which requires the initial
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capture of the cargo into double membrane vesicles known as autophagosomes (Fig.
1.8.). These structure are able to sequester large portions of the cytoplasm and are
modulated by an intricate interconnection between of 15 autophagy-related (ATG)
proteins (Rubinsztein, Shpilka, and Elazar 2012). Particularly, autophagosome formation
requires three steps: initiation, nucleation and elongation (Fig. 1.8.).
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Figure 1.8. The Autophagy pathway (Galluzzi L. et al 2015). Autophagy initiates with the segregation of
cytoplasmic material through phagosphores, which nucleate from the endoplasmic reticulum
(ER). Many membranous organelles (e.g. Golgi apparatus, ER-Golgi intermediate compartment
(ERGIC), plasma membrane, mitochondria and recycling endosomes) contribute to phagosphore
clongation. Expanding phagosphore ultimate in autophagosome formation can fuse with
Iysosome to form autopysosome. This event trigger lysosomal hydrolases activation that
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degradate the auphagosomal cargo. The resulted products are then recycled by anabolic or
bioenergetics circuitries.

Initiation involves the activation of a large proteins complex in order to assets the
formation of an initial double membrane structure defined as phagophore or isolation
membranes. In general, phagophore generate close to ER-mitochondria contact sites
from a specific structure known as omegasome (Galluzzi et al. 2017). Subsequently, the
additional recruitment of proteins stimulates the formation of a macromolecular
“nucleation” complex modulated by Beclin-1, ATG14 and Vps15 (Eliopoulos, Havaki,
and Gorgoulis 2016). Finally, interactions among several ATG proteins ensure vesicle
elongation driven by the conjugation between the phosphatidylethanolamine (PE) to the
microtubule-associated protein light chain 3 (LC3 or better known as LC3-1I)
(Eliopoulos, Havaki, and Gorgoulis 2016). This event is crucial for mature
autophagosome formation, which is then targeted to lysosomes. During autophagy flux,
autophagosomes rapidly fuse with endosomes forming amphisomes or with lysosome
generating the autolysosome (Galluzzi et al. 2017). Noteworthy, autolysosomes are
positive for lysosomal markers such as LAMP1 and LAMP2 but if the autophagic flux is
high (e.g. lysosomal hydrolases are inibithed genetically or upon pharmacological
treatments) they can be negative for autophagosomal marker (Klionsky, Eskelinen, and
Deretic 2014). Once there, all the materials is digested in autolysosomes which are
assumed to convert into lysosomes still able to fuse with other endosomes or
autophagosomes. Another option could be that if the degradation is not fully completed,
autolysosome can becomes itself a residual body containing indigested material and
lipofuscin pigment (LF) (Eskelinen and Saftig 2009). Intriguingly, LF accumulation has
been associated with age-related neurodegeneration suggesting the connection with
impaired protein homeostasis and neurophaties (Moreno-Garcia et al. 2018). Besides the
canonical macroautophagy other two types of macroautphagy have been recently
identified. These includes mitophagy where the autophagy flux is directed to
mitochondria, pexophagy where it ultimates in peroxisomes and xenophagy in which the
autophagy conclude its flux in intracellular bacteria (Klionsky et al. 2007). Among the key
factors which modulate autophagy pathways the two receptors SQSTM1 (also known as
p62) and NBR1 act as adaptors since they bind ubiquitinated protein substrates and target
them to degradation within autophagy machinery: both result upregulated when
autophagy is inhibited (Kirkin et al. 2009; Mathew et al. 2009). Among the key factors
which modulate autophagy pathways the two receptors SQSTM1 (also known as p62)
and NBR1 act as adaptors since they bind ubiquitinated protein substrates and target
them to degradation within autophagy machinery: both result upregulated when
autophagy is inhibited (Kirkin et al. 2009; Mathew et al. 2009). Recent evidences also
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show that p62 protein represents the link between UPS an autophagy mechanisms. In this
regard, the UPS is strongly compromised in case of autophagy deficiency since this
stimulates p62 abundance without affecting the proteasomal catalytic activity (Liu et al.
2016). Autophagy mechanism can be primarily regulated by nutrient availability, especially
amino acids (Kadowaki et al. 2000), since autophagy is induced by amino acid starvation
and amino acids generated during latest steps of autophagy flux acts as feedback inhibitor
of autophagosome formation (Eskelinen and Saftig 2009). Moreover, cellular amino acids
availability regulates the activity of mammalian target of rapamycin (mTOR) which in
turn plays a pivotal role in autophagy regulation (Jung et al. 2010). Accordingly, increased
mTOR activity inhibits autophagy while rapamycin treatment (mTOR inhibitor) activates
autophagy (Kamada et al. 2000).

1.4.2. DDR and autophagy: possible synergy in human diseases?

The progressively advanced understanding of autophagy suggests that abnormal
autophagy could modulate neurodegenerative diseases and cancers. Particularly, p62
dysfunctions have been already described in ALS where immunohistochemistry
performed revealed that different inclusions (e.g. skein-like inclusions, Lewy body-like
inclusions and basophilic inclusions) result positive for p62 (Mizuno et al. 2006) and
more importantly, many mutations on the p62 encoding gene have been described in
ALS cases (Fecto et al. 2011; Teyssou et al. 2013).

Moreover, impaired DDR has been associated with both tumour progression and
neurodegeneration. In this scenario, many evidences have suggested that autophagy can
be activated by DNA damage as observed for ATM kinase, which is one of the apical
kinase activated following formation of DSBs. Once activated, ATM may induce
autophagy by activating AMPK, which in turn is able to remove the inhibitory effect on
mTORC1 and consequently induce autophagy (Alexander, Kim, and Walker 2010).
Moreover, the activation of PARP1 upon DSBs formation stimulates the reduction of
both NAD* and ATP and consequent increased level of AMP thus activate AMPK and
induce autophagy (Rodriguez-Vargas et al. 2012). The autophagy regulation DNA-
mediated can also occur through several transcriptional and post-transcriptional events.
For instance, the two AMPK subunits 1 and B2 are activated by p53 through Sestrinl
and Sestrin2 and, more importantly, p53 modulates AMPK subunits transcription (Feng
et al. 2007).

As mentioned above, DDR signalling activation ultimate in DNA repair pathways
activation and scatter evidences have shown that autophagy alterations also reflect on
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DNA repair outcomes. In this scenario, p62 plays a pivotal role mediating the effect of
autophagy on DDR. Several reasons may lead to autophagy inhibition thus leading to p62
accumulation and stimulating its binding with the E3 ubiquitin ligase RNF168. This event
abrogates proper chromatin ubiquitination and strongly reduces the recruitment of
downstream key players such as BRCA1, RAD51 and RAP80 at DSBs thus affecting
DNA repair efficiency (Wang et al. 2016). Moreover, p62 binds RNF168 through its
LIM-binding (ILB) domain (aa 170-220) and overexpression of p62-WT inhibits 53BP1
foci formation while p62-ALB overexpression show not differences with control
condition (Wang et al. 2016). Finally, C90rf72 repeat expansion has been recently
associated with ATM-mediated DDR impairment in ALS (Walker et al. 2017).
Particularly, C9orf72 repeat expansions lead to R-loops formation, which in turn
increased DSBs trough the impairment of ATM signalling (Walker et al. 2017). Both p62
depletion and the R-loops resolution helicase (SETX) expression restore proper DDR
signalling in cells with experiencing C9orf72 DPR (Walker et al. 2017). Moreover,
decreased autophagy efficiency results in loss of DNA repair by reduction of checkpoint
kinase 1 (Chk1) (Liu et al. 2015). Accordingly, Az7 /- and A#g79x/fox MEFs cells show
decreased levels of Chk1 upon irradiation causing impairment of HR efficiency (Liu et al.
2015).

To date, the aberrant interconnection between autophagy and DDR in human diseases is
not fully characterized yet. Both processes are essential for cellular homeostasis and their
proper functionality results to be crucial for cell survival. For this reason, is not surprising
that a link between autophagy and genome integrity has been found in different human
diseases including cancer and neurodegeneration. Intriguingly, autophagy can act both as
tumour-suppressive by promoting oncogenic and damaged organelles degradation or as
tumour promoter since it may support cancer cell survival (White and DiPaola 2009).

Recent evidences demonstrate that the ALS-linked mutations in FUS protein are
associated with impairment in autophagy pathway. The exogenous overexpression of the
two mutations P5251 and R522G impair the eatly stages of autophagy since the number
of omegasomes present per cell was notably reduced in those cells compared to cells
expressing the wild type form (Soo et al. 2015). Besides, the levels of p62 protein are
strongly increased in cells expressing the mutant forms with the consequent accumulation
of ubiquitinated proteins indicating that the clearance of ubiquitinated proteins is less
efficient in those cells compared with control (Soo et al. 2015). Moreover, the FUS ALS-
linked mutations alter the co-localization between the protein ATGY and LC3II thus
reducing both the formation and translocation of autophagosomes in such cells (Soo et
al. 2015). The concomitant overexpression of Rab1 protein with FUS mutations restores
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proper autophagy flux. Rabl protein mediates the ER-trafficking and autophagosome
formation (Zoppino et al. 2010) and its overexpression rescues both LC3II vescicles and
omegasome formation in cells expressing FUS mutations (Soo et al. 2015). It has been
demonstrated that inhibition of mTOR through rapamycin treatment ameliorates FUS
P525L induced SGs dynamic in IPSc lines suggesting that rapamycin may stimulates FUS
proteins degradation thus reducing its aberrant incorporation into SGs (Marrone et al.
2018). Noteworthy, autophagy induction by the treatment with a more specific mTOR
inhibitor (torkinib) promotes protein homeostasis and consequently increased cell
survival in P525L iPSC-derived neurons (Marrone et al. 2019).

Collectively, these evidences support the intricate relationship between autophagy and
DDR although how they can interact in the human diseases context needs further

investigation.
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2. AIM OF THE PROJECT

It has been widely reported that FUS ALS-linked mutations lead to protein nuclear de-
localization and its aberrant incorporation in toxic CI (Mackenzie et al. 2011). To date,
how such protein inclusions trigger neurotoxicity is still under debate.

Besides the presence of cytoplasmic protein inclusions, another important feature of ALS
is the detection of DNA damage (Naumann et al. 2018), including SSBs and DSBs (Farg
et al. 2017; Martin et al. 2007). In this scenatio, FUS-P525L is one of the most severe
ALS mutations, and it is associated with the appearance DNA damage accumulation in
post mortem ALS tissues and autophagy defects (Leblond et al. 2016; Marrone et al.
2019; Soo et al. 2015).

In cancer context it has been described a crosstalk between DDR activation and
autophagy defects (Wang et al. 2016). To our knowledge, instead no previous studies
reported a possible mechanistic link between FUS ALS-mutation, DDR and autophagy.
In this thesis we address the impact of mutant FUS CI formation on DDR signalling
impacting on DNA repair and autophagy defect.

In this perspective, we characterized the impact of FUS-P525L CI on DDR in cultured
cells where we investigated the interconnection between DDR and autophagy flux by
analysing key players in both basal condition and after induced DSBs generation.
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3. MATERIALS AND METHODS

3.1. CELL CULTURE AND PLASMID TRANSFECTION

HeLa cell line was cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, L-glutamine and 1% penicillin/streptomycin.
Cells were grown at 37°C under a humidified atmosphere with 5% CO2. I-HeLal1 cells
were cultured as previous described (Lemaitre et al. 2014). I-Scel expression in I-
Helalll was induced by administrating 1 pg ml—1 doxycycline for 24 hours. plCells
were plated into 6 multi-well plates so that they were 70-80% confluent at the day of
transfection. Cells used for subsequent imaging analysis were grown on coverslips. For
each transfected well, 250 pl of serum-free medium (Opti-MEM) were mixed with 1 pg
plasmid DNA, and 250 pl of Opti-MEM were mixed with 6 pl of Lipofectamine 2000
Reagent (Life Technologies). The two solutions were then mixed together and incubated
for 10 minutes at room temperature (RT) to allow the formation of lipid complexes. The
complete medium was replaced with 1.5 ml of fresh Opti-MEM before transfection. The
transfection mix was added and then removed from cells 6h later to be replaced with
fresh complete growth medium. After 24h of transfection, cells were collected for
subsequent analysis. Plasmid used as control in this study is pcDNA3.1+ (Addgene). The
plasmids expressing FUS-WT and FUS-P525L were a kind gift of the Dr. Gianluca Cestra
(Institute of Biology and Molecular Pathology (IBPM) CNR Rome; Department of
Biology and Biotechnology Charles Darwin, University of Rome “Sapienza”), DROSHA
WT (FLAG tagged) was kindly donated by Dr. Narry Kim (Seoul National University),
RNF168 WT (FLAG tagged) was kindly gifted by Dr. Lorenza Penengo (University of
Zurich) and RNF8 WT (GFP tagged) was kindly borrowed from Dr. Simone Sabbioneda
(IGM-CNR of Pavia). The plasmid HA-p62 was purchased from Addgene (catalog
number #28027).

3.2. CHEMICAL TREATMENTS AND IR INDUCTION

When indicated, DNA damage was induced by treating cells with Neocarzinostatin (INCS)
at a final concentration of 50ng/ml for 20 minutes at 37°C. Treatment with DNA-PK,
ATM and ATR inhibitor were performed on cells transfected with FUS-P525L by
Lipo2000. These cells were treated at 20h post transfection with the DNA-PK inhibitor
KU-60019 (Sigma Aldrich) or the ATM inhibitor NU7441 (Toctis Bioscience) at the final
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concentration of 5 uM and ATR inhibitor VE-821 (Tinib-Tools) at final concentration of
10 pM overnight. Untreated cells were incubated with the same volume of DMSO. For
cell proliferation assay, 6 hours after plasmid transfection cells were incubated over night
with 10 uM BrdU (Sigma-Aldrich). 20 minutes after NCS treatment, cells were fixed in
4% PFA and stained with anti-BrdU (Sigma-Aldrich) antibody according to
manufacturer’s protocol. Cells were exposed to 2 Gy of ionizing radiation with a high-
voltage X-ray generator tube (Faxitron X-Ray Corporation).

3.3. RNA INTERFERENCE

Short interfering RNAs (siRNAs) are commonly used to knock-down the specific gene of
interest. For siRNAs transfection, cells were plated in 6 multi-well plates in order to reach
40-50% of confluence at the day of transfection. For each transfected well 250 pl of
Opti-MEM were mixed with siRNA oligo and 250 pl of Opti-MEM were mixed with 4 pl
Lipofectamine RNAI-MAX transfection reagent (Life Technologies). The two solutions
were mixed and incubated for 10 minutes at RT to allow the formation of lipid
complexes. The growth complete medium was removed from the cells and replaced with
1.5 ml of freshe culture medium. The resulted mix was then added to the cells that were
left in the incubator until the analysis. siRNA treatment is transient and usually biological
effects are studied within 72 hours post transfection. The sequences of ON-TARGET
plus SMARTpool siRNA oligonucleotides (Dharmacon) are reported in the table below.

Table 1: siRNAs used in this thesis

Target mRNA Sequences

UGGUUUACAUGUCGACUAA

UGGUUUACAUGUUGUGUGA

Non-targeting CONTROL UGGUUUACAUGUUUUCUGA
UGGUUUACAUGUUUUCCUA
GAACAGAUGGAGUCGGAUA
GCAUUGAAGUUGAUAUCGA

p62
CCACAGGGCUGAAGGAAGC

GGACCCAUCUGUCUUCAAA
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GCUCAAGCAUGGAUUCUAA

TDP43 CAAUCAAGGUAGUAAUAUG

GGGCUUCGCUACAGGAAUC

CAGGGUGGAUUUGGUAAUA

3.4. RNA EXTRACTION AND ANALYSIS

Total RNA was isolated using TRIzol Reagent (Thermo-Fisher) and subsequent mRNA
analysis was performed by quantitative RT-PCR followed (qRT-PCR) by DNasel
treatment (Thermo-Fisher). Accordingly, small RNAs (<30nt) were gel-purified after
fractionation of total RNA along with 10 pg of synthetic C. Elegans cel-miR-67* as a
spike-in onto 10% Urea-PAGE and analysed using miScript II System by qRT-PCR.

Oligonucleotides Sequences
primer for cel-miR-67* CGCTCATTCTGCCGGTTGTTATG
primer for DDRNA FW TCCACATGTGGCCACAAATTG
primer for DDRNA RV CAATTTGTGGCCACATGTGGA

Table 2: Primer sequences used for qRT-PCR

3.5. COMET ASSAY

Neutral comet assay was performed following manufacturer’s protocol (Trevigen) as
previously reported (Gioia et al. 2019). Briefly, 24h after transfection Hela cells were
trypsinized, washed once with ice-cold PBS 1X and then re-suspended in cold PBS at the
final concentration of 105 cells ml-1. Subsequently, cell suspension was combined with
pre-warmed low-melting agarose at ratio 1:10 (v/v) and finally poured onto the slides.
The cell lysis was performed over-night at 4°C. The electrophoresis was petformed in 1X
Neutral Electrophoresis Buffer for 45min at 21V. After DNA precipitation and wash in
70% ethanol, slides were dried up and DNA stained with SYBR Gold (Thermo-Fisher)
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before epifluorescence microscopy analysis (Olympus Biosystems). Comet tail moment
was calculated taking advantage of OpenComet software (Gyorti et al. 2014).

3.6. INDIRECT IMMUNOFLUORESCENCE (IF)

Cells were grown on glass coverslips. Washed twice with ice-cold PBS 1X and for most
of the antibodies used it was necessary 4% PFA fixation with for 10 minutes at RT and
permeabilized with 0.2% Triton X-100 for 10 minutes at RT. Some antibodies (e.g.
pATM and pS/TQ) required different fixation method to work effectively and in such
cases cells were fixed with cold methanol (4°C) at for 1.30 minute at RT. In any cases,
cells were then washed twice in PBS 1X, incubated overnight at 4°C with a blocking
solution PBG (0.5% BSA, 0.2% gelatine from cold water fish skin in PBS 1X) and then
stained with primary antibodies diluted in PBG for 1 hour at RT in a humidified
chamber. Cells were washed 3 times for 5 minutes with PBG and incubated with
secondary antibodies diluted in PBG for 1 hour at RT in a dark humidified chamber.
Finally, cells were washed twice for 5 minutes with PBG, twice for 5 minutes with PBS
1X and incubated with 4-6-Diamidimo-2-phenylindole (DAPI, 0.2 pg/ml, Sigma-
Aldrich) for 2 minutes at RT. Cells were briefly washed with PBS 1X and water and
coverslips were then mounted with Aqua Poly/Mount mounting medium (Tebu-bio) and
let dry overnight at room temperature. Coverslips were air dried before microscope
analysis.

3.7. IMAGE CAPTURE AND ANALYSIS

Immunofluorescence images were acquired using a Confocal Laser Scanning Microscope
(Zeiss LSM800) equipped with 4 lasers: Diode laser 405 nm (5mW); Diode laser 488 nm
(10mW); Diode laser 561 nm (10mW); Diodo laser 640 nm (5mW), two Master gain with
high sensitivity and a 63x 1.4Na objective. The system is driven by software Zeiss ZEN
Blue 2.6. Moreover, certain acquisitions were carried out with a widefield epifluorescence
microscope (Olympus IX71) equipped with PlanApo 60A~/1.40NA oil immersion
objective, a Cool SNAP ES camera (Photometrics) and driven by MetaMorph software
(Universal Imaging Corporation).

For co-localization acquisition, images were collected with confocal microscope and cells
that showed FUS positive inclusions (stained with Alexa Fluor (AF) 488) were randomly
chosen. For each acquisition, we collected 15-30 z-sections (190nm) with Zen Blue 2.6,
setting pinhole at 0.6 Air Unit (AU).

Comparative immunofluorescence analyses were performed in parallel with identical
acquisition parameters and exposure times using CellProfiler Cell image analysis software
(Version 2.1.1) (Carpenter et al. 2006). Numbers of DDR foci per nucleus were
quantified by the automated software CellProfiler, applying an ad-hoc-designed pipeline,
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that based on size and fluorescence intensity of DDR foci relative to the background
signal, recognizes and counts their number in each DAPI-positive cell nucleus. Identical
parameters were applied in the analyses of all conditions compared in each experiment.

For all the analysis in which it was required, the distinction between cells with and
without FUS positive cytoplasmic inclusions (CI) (upon FUS-P525L transfection) was
made through a compatison of the original images and the images in output from
CellProfiler where nuclei are numbered in automated manner. The same approach has
been used for nuclei expressing high nuclear level of FUS upon FUS-WT transfection.

For co-localization analyses the images were processed using FIJI (Schindelin et al. 2012)
making a threshold of cell nuclei using Li equation, creating a mask that were subtracted
from all other channels in order to obtain only cytoplasmic areas. Co-localization between
RNF168 and p62 were estimated by Manders” coefficients obtained through the
application of JACoP plugin (Bolte and Cordelieres 2006) applied on FIJI. We calculated
Manders” overlap coefficient M1 and M2, where M1 was the fraction of RNF168 (stained
with AF 647) ovetlapping p62 (stained with AF), and M2 was define conversely for p62.
The best-fit lower threshold was determined using threshold tool and visually inspected.
We considered the M2 coefficient of three replicates and we performed about 40
acquisition per replicates. The same approaches has been applied to determine the co-
localization between RINF168 signal (M1) and FUS signal (M2) reporting M1 values. In
order to exclude possible cross-talk artefacts between AF555 and AF647, we performed
single immunostaining of AF555 and AF647. We acquired sample marked only with
AF555 exciting the track of AF647 with both AF555 and AFG647 lasers simultaneously,
without reveal any signals. The same procedure was used also for sample marked only
with AF647, getting the same results. Finally the same immunostaining, acquisition and
analyses approaches have been applied for the estimation of FUS-TTIA1 and FUS-G3BP
co-localization results.

For p62 quantification images were processed with FIJI and cells with FUS positive
inclusions were counted. The cytoplasmic p62 accumulation was determined removing
the outliers with a custom pipeline, setting the same limits for all fields in each biological
replicate.  Particles  were  detected applying the ComDet 5.2. plugin
(https:/ /github.com/ekatrukha/ComDet/wiki), setting the best fit for both approximate
particles size and intensity threshold for each replicates. Data obtained were used to
calculate the percentage of cells harbouring p62 cytoplasmic accumulation. All data for
imaging analyses were plotted with the GraphPad Prism software version 6.04 (La Jolla
California, USA).
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3.8. PROTEIN EXTRACTION AND IMMUNOBLOTTING

Cells were lysed in Laemmli sample buffer (2% sodium dodecyl sulphate (SDS), 5%
glycerol, 1.5% Dithiothreitol (DTT), 0.01% bromophenol blue, 60 mM Tris HCI pH 6.8).
Collected cells were sonicated (Diagenode) with 3 bursts of 15 sec and heated for 4 min
at 95°C. The chosen volume of lysates was loaded on a 6%/ 8% SDS-polyactylamide gel
or on a Mini protean pre-cast gel (BIORAD) with a width of 1 mm along with 7 pl of
molecular weight markers (Biorad). Gels were run in Tris-Glycine electrophoresis buffer
(25 mM Tris, 250 mM glycine, 0.1% SDS) until the dye reached the bottom of the gel.
For Western blotting analysis proteins were transferred to a 0.2 um nitrocellulose
membrane (Biorad Trans-Blot® TutboTM transfer pack) using the Trans-Blot®
TurboTM Transfer System apparatus (Biorad). The transfer was performed at 25V for 3,
7 or 10 min (according to the molecular weight of the proteins under investigation).
Membranes were incubated with 5% skim milk in TBS-T buffer (Tween20 0.1%) for 1 h,
followed by over-night incubation at 4°C with primary antibody and 3X washed with
TBS-T before 1h incubation at room temperature with the specific HRP-conjugated
secondary antibody. After additional 3X washes with TBS-T, chemiluminescence
detection was performed by incubation with LuminataTM Classico or Crescendo
(Millipore). Proteins were visualized by autoradiography on ECL films (Amersham), using
various exposure times and manually developed.

Table 3: Primary antibodies used in this thesis.

Antibody Company Code Host Application
IF WB
FUS Bethyl A300-293A Rabbit 1:1000
FUS Bethyl A300-839A Goat 1:1000
FUS Santa Cruz Sc-47711 Mouse 1:1000
FUS Proteintech 60160-1-Ig Mouse 1:200
yH2AX Millipore 05-636 Mouse 1:1000
YH2AX Cell Signaling 9718 Rabbit 1:1000
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53BP1 Bethyl A303-906A Goat 1:1000
53BP1 Bethyl A300-272A Rabbit 1:1000
p53BP1 Cell Signaling 2675 Rabbit 1:400
PATM Rockland 200-301-400 Mouse 1:600
pPATM Sigma-Aldrich 05-740 Mouse 1:2000
pDNA-PK Abcam Ab32566 Rabbit 1:500
pPATR Abcam Ab227851 Rabbit 1:500
SQSTM1/p62 Enzo BMIL-PW9860 Rabbit 1:1000
LifeScience
SQSTM1/p62 GeneTex GTX100685 Rabbit 1:1000
RNF168 R&D System AF7217 Sheep 1:100
RINF168 Millipore ABE367 Rabbit 1:1000
DICER Sigma Aldrich SAB4200087 Mouse 1:100
FK2 Enzo BML-PW8810 Mouse 1:1000
LifeScience
NBS1 Novus NB100-92502 Rabbit 1:100
Biologicals
Phospho- Cell Signaling 28518 Rabbit 1:400
(Ser/Thr)
ATM/ATR
Substrate
(PS/TQ)
pCHK2 Novus NB100-92502 Rabbit 1:100

Biologicals
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G3BP BD Biosciences 611126 Mouse 1:100

TDP43 Proteintech 10782-2-AP Rabbit 1:500

Cyclin A Santa Cruz Sc-27-1682 Mouse 1:200

DROSHA Abcam Ab183732 Rabbit 1:200
(mAb)

MDC1 Sigma Aldrich M2444 1:500 -

BrdU BD Biosciences 347580 Mouse 1:20

Tubulin Sigma Aldrich T8328 Rabbit 1:2000
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Table 4: Secondary Antibody used in this thess.

Applications
Antibody Company Code Against
IF WB
Rabbit Abcam ab97064 1:10000
Mouse Abcam ab97030 1:10000
Alexa Fluor 488 Abcam ab150153 Rat 1:400
ab150073 Rabbit 1:400
ab150129 Goat 1:400
ab150105 Mouse 1:400
Alexa Fluor 647 Abcam ab150075 Rabbit 1:400
ab150131 Goat 1:400
ab150107 Mouse 1:400
NorthernLight | R&D System NLO010 Sheep 1:200
Anti-sheep IgG-
NL557
Alexa Fluor 555 Invitrogen A31572 Rabbit 1:400
A31570 Mouse 1:400
A21432 Goat 1:400
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3.9. STATISTICAL ANALYSIS

Fluorescence intensity results are shown as meanststandard error of the mean (s.e.m.).
Graphs were created and statistical analyses performed using Prism software (GraphPad).
For comparative analyses where number of DDR foci or mean intensity was investigated,
a nonparametric one-way ANOVA test (because data distribution was negative using
Shapiro—Wilk normality test) was applied. * indicates p-value<0.05, ** indicates p-
value<0.01, *** indicates p-value<0.001, **** indicates p-value<0.0001, according to
GraphPad Prism’s statistics.
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4. RESULTS

4.1. EXPRESSION OF THE ALS-LINKED FUS-P5251. MUTANT PROTEIN INDUCES THE
FORMATION OF CI WHICH CO-LOCALIZE WITH MARKER OF STRESS GRANULES

4.1.1. Overexpression of the FUS-p525L, and not overexpression of FUS-WT,
causes accumulation of FUS CI

One of the most prominent hallmark of neurodegenerative diseases is the presence of CI
containing insoluble proteins (Taylor, Hardy, and Fischbeck 2002). In the ALS/FTLD
pathology, mutations in FUS gene in the region encoding for the nuclear localization
signal (NLS), result in cytoplasmic de-localization of both the mutated and the wild-type
(WT) protein, leading to nuclear loss of function and gain of toxic cytoplasmic function
(Lopez-Erauskin et al. 2018). Nevertheless, the molecular mechanisms at the base of cell
toxicity induced by the formation of CI have not been fully elucidated yet.

ALS is an aged associated pathology with onset of symptoms at 40-50 years of individuals
and formation of CI inclusions has been shown to occur at a presintomatic phase,
suggesting that the formation of such structures might be the cause of the disease more
than a consequence (Grad et al. 2017). Indeed, none of FUS mutations described in ALS
leads to complete impairment of protein function allowing affected individuals to reach
adulthood without symptoms (Grad et al. 2017). It has been proposed that increased
cytoplasmic concentration of mutant FUS, but not its wild-type (WT) version, is per se
sufficient to induce cytoplasmic inclusion (Patel et al. 2015). For this reason, transient
transfection and overexpression of ALS-linked FUS mutant proteins, in parallel to WT
FUS as control, is a widely used experimental approach to acutely induce CI in live cells
with the aim of studying their impact on different cellular functions (Farg et al. 2012; Ito
et al. 2011; Shelkovnikova et al. 2013; Soo et al. 2015; Vance et al. 2013; Wang, Guo, et al.
2018). Thus, we decided to use the same approach of transient transfection of plasmids
expressing WT FUS or mutant FUS in human cell line in parallel. We tested different cell
lines suitable for immunofluorescence and prone to intake plasmids by transient
transfection such as human U20S, Hel.a and SH-SY5Y and NIH3T3 and we observed
that HelLa cells were the one more prone to form CI of mutant FUS. Formation of FUS-
positive CI is strongly stimulated by the mutations of Prolin 525 into Leucin falling in the
Nuclear Localisation Signal (NLS), a mutation associated with the most severe form of
ALS with a juvenile onset (Conte et al. 2012). Thus, to study the impact of CI on genome
damage and DDR signalling we focused our research interest on this FUS mutant
isoform (P525L). Overexpression of FUS-P525L variant along with FUS WT and empty
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vector (EV), as control, induce a more frequent formation of Cl (Fig. 4.1.A). By
immunofluorescence (IF) analysis, we could visualize FUS CI at single cell level and
quantify the percentage of cells that present these structures. Moreover, since we are
interested in studying the cellular response to DNA damage in cells with CI we incubate
transfected cells with the radiomimetic drug Neocarzinostatin (NCS) which randomly
induce DSB (Kuo, Meyn, and Haidle 1984; Galbiati, Beausejour, and d'Adda di Fagagna
2017).

By IF analyses with an antibody against FUS we observed that the overexpression of
FUS-P525L variant and not the WT form, gives rises to CI formation in ~ 30% of cells
(Fig. 4.1.A). The fraction of cells showing FUS positive CI cells overexpressing FUS
WT or transfected with the EV, is instead lower than 5% of cells (Fig. 4.1.B) and could
be due to spontaneous events in response to chemical transfection stress. Importantly,
FUS-P525L cytoplasmic delocalization occurs independently from DNA damage
induction and NCS treatment doesn’t significantly affect the amount of cells with FUS
inclusions (Fig. 4.1-B). By western blotting analysis we observed that the level of
expression of the WT and mutant FUS isoform is very much comparable suggesting that
the increased frequency of CI formation observed upon FUS-P525L transfection is not
due to different expression level compared to FUS WT expressing cells (Fig. 4.1.C). Of
note, by confocal analyses we tested if in a defined plain FUS accumulation in CI might
result in its nuclear depletion and we noticed that this is normally not the case (Fig.
4.1.A). This may suggest that the phenotypes observed upon FUS P525L overexpression
are not dependent on the loss of his nuclear function. These data are in line with the
reported literature (Marrone et al. 2018; Naumann et al. 2018) supporting the notion that
the presence of FUS P525L mutant in human cells induces the formation of pathological
CL
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Figure 4.1. Overexpression of FUS P525L variant induces the formation of FUS positive inclusions in

HeLa cells. A. Imaging of Hela cells overexpressing FUS P525L, FUS WT or EV as control.
Cells were stained for FUS. Scale bar 20 pum. B. Quantification of cells forming FUS positive CI
in each indicated condition. Error bars represent SEM from three independent experiments. * P-
value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001. C. Western blotting
images showing the expression of FUS protein at the indicated condition.

4.1.2. FUS P525L CI co-localize with G3BP and TIA1

One of the better characterized type of cytoplasmic granules that form in response to

stress stimuli are stress granules (SGs), which are cytosolic particles belongs to RNA

granule family and mainly composed by RNA and protein (Wolozin and Ivanov 2019).

They arises upon stress insults including heat shock or sodium arsenite treatment with the

main role to protect and prevent mRNAs translation till the stress resolution (Wolozin

and Ivanov 2019). Chronic SGs accumulation if cells of ALS patients are considered
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hallmarks of the pathology (Dormann et al. 2010). SGs are composed of both
constitutive and facultative protein components, and among others, also FUS protein is
one of the facultative ones (Aulas and Vande Velde 2015). Different studies attested how
the overexpression of ALS-linked mutant proteins is sufficient to induce SGs formation,
part of which also incorporate FUS protein (Aulas and Vande Velde 2015). While FUS-
WT variant is recruited into less than 10% of TIAR-positive SGs (Bentmann et al. 2012),
FUS mutations strongly stimulate protein SGs incorporation (Baron et al. 2013;
Dormann et al. 2010). Moreover, immunohistochemistry performed on post-mortem
brain and spinal cord tissues from a fALS patient (FUS-R521C) and FLTD reveal that
neuronal CI (NClIs) positive for FUS are also positive for stress granule markers
(Dormann et al. 2010).

In line of this literature we assessed if FUS positive Cls observed upon FUS-P525L
overexpression in our cellular system are also positive to constitutive SGs markers, thus
recapitulate some of the feature of inclusions observed in post-mortem patient samples.
To this end, cells overexpressing FUS mutant variant were immunostained for two well-
known constitutive SG markers like G3BP and TIA1 (Mahboubi and Stochaj 2017). As
expected, we confirmed that CI induced by FUS-P525L overexpression, strongly co-
localize with both TIA1 and G3BP (Fig. 4.2.A-B). By Manders’ coefficient, a tool largely
used for this kind of quantification (please see Material and Methods section for more
details) we estimated that the co-localization rate between FUS-G3BP and FUS-TIAT is
close to Manders’ coefficient of 1 and more than 0.5 respectively, indicating that neatly
always FUS CI are also positive to two canonical stress granules markers (Fig. 4.2.C-D).
Moreover, the NCS treatment does not impact on the co-localization between FUS and
stress granule markers (Fig 4.2.A-B). These evidences indicate that our 7 witro cellular
model system reproduce some of the features of the pathological behaviour of FUS-

P525L mutant and mimic what previously observed (Dormann et al. 2010; Kuang et al.
2017).
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Figure 4.2. FUS P525L-induced CI result positive for SG markers TIA1 and G3BP. A-C. Imaging of
HelLa cells overexpressing FUS-P525L were stained for FUS and TIA (A) or for FUS and G3BP

(C) antibodies along with co-staining with DAPI. Scale bar 20 um. B-D. Quantification of co-
localization between FUS and TIA1 (B) or between FUS and G3BP (D).
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4.2. CELLS WITH FUS P525L CI SHOW DNA DAMAGE ACCUMULATION

4.2.1. Cells with FUS P525L CI specifically show YH2AX accumulation, which is
dependent on ATM and DNA-PK kinase activity

As discussed in the introduction, different studies in literature highlight the detection of
DNA damage accumulation in the nucleus of neurons of post-mortem tissues of ALS
patients (Kim et al. 2020; Naumann et al. 2018; Wang, Guo, et al. 2018). Importantly,
however, it has not been demonstrated yet if DNA damage is an eatly event causing cell
death in neurodegeneration since the molecular mechanism by which DNA damage
accumulate in ALS is still unknown. Thus we investigated if we could recapitulate the
accumulation of DNA damage associated with the expression of mutant FUS P525L in

our 7z vifro system, to characterize how damage is induced.

One of the more upstream event in DDR signalling cascade is the phosphorylation at Ser
139 of the histone variant H2AX (referred as YH2AX) which marks loci of DNA damage
and triggers the secondary recruitment of DDR mediator 53BP1 (Celeste et al. 2003).
Thus, by staining cells overexpressing FUS-P525L, or FUS-WT as a control, with a
specific antibody against the DNA damage marker YH2AX we initially tested if cells
expressing FUS-P525L and forming CI, present DNA damage in the form of DSB
and/or SSB. Interestingly, the fraction of cells positive for mutant FUS CI presented a
very peculiar and strong YH2AX signal (assimilated as pan-nuclear staining) compared to
cells expressing WT-FUS or cells expressing mutant FUS but negative for CI (Fig. 4.3.A).
The massive accumulation of YH2AX occurs even in the absence of exogenously inflicted
DNA damage by treatment with radiomimetic compounds or X-ray, a fact that suggests
that the formation of mutant FUS CI induce per se a strong genotoxic stress (Fig. 4.3.A-
B). Importantly, FUS-P525L overexpression in the absence of CI, do not induce
genotoxicity since cells that do not form mutant FUS CI, are negative for YH2AX pan
nuclear signal (Fig. 4.3.A-B).

We then moved to characterize the response to exogenously provided DNA damage in
cells experiencing FUS CI. To this end the day after plasmid transfection, cells where
treated with the radiomimetic drug Neocarzinostatin (NCS), which has been largely used
in our laboratory and others to induce DNA damage and study the activation of DNA
damage response by immunofluorescence (Francia et al. 2016; Galbiati, Beausejour, and
d'Adda di Fagagna 2017; Kang et al. 2012; Kato et al. 2014; Kawale et al. 2018). As
expected, upon NCS treatment cells devoid of mutant FUS CI, properly mounted

canonical YH2AX-positive DDR foci (Fig. 4.3.A-B). Instead, the strong accumulation of
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YH2AX pan-nuclear signal of cells with mutant FUS positive CI as previously described,
prevented us from distinguishing discrete YH2AX-positive foci (Fig. 4.3.B). Besides, cells
expressing FUS-WT variant show a physiological YH2AX localization at DDR foci (Fig.
4.3.A-B).

These results indicate that expression of FUS-P525L mutant protein leads to its
incorporation into CI in a considerable fraction of cells and leads to gain a toxic function

thus threat genome integrity.

A) DAPI

FUS WT
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Figure 4.3. FUS P525L-induced CI show accumulation of yH2AX nuclear signal. A,B. Imaging of
Hela cells overexpressing FUS-P525L were stained for FUS and yH2AX antibodies along with
co-staining with DAPIL. Scale bar 20 pum. B. Quantification of nuclear YH2AX intensity measured
in cells with and without FUS inclusions in each indicated conditions. Error bars represent SEM
calculated among the population. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, *¥**
P-value < 0.0001.

Different cellular events could lead to YH2AX formation thus we wonder to assess if the
strong YH2AX accumulation that we observe in cells with FUS positive CI is due to the
accumulation of physical DNA damage. To this end we performed the comet assay under
neutral condition in order to detect DSBs. Interestingly we found that the expression of
FUS mutant increases the tail moment compared to WT form (Fig. 4.4.A-B) in a certain
fraction that reflects the cells with FUS positive CI. This result suggests that the high
YH2AX signal that we observe in the nucleus of cells with FUS positive CI is due to the
accumulation of a high amount of physical DSBs.

A)

FUS WT FUS P525L
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Figure 4.4. FUS P525L mutation affects DNA repair efficiency. A. Representative images of neutral
comet assay performed in Hela cells transfected with FUS WT and P525L. B Quantification of

DNA damage by tail moment analysis. Red bars indicate the average values + 95%CI from three
independent experiments. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-yalue
< 0.0001.

DNA-PK and ATM are the two main kinases recruited at DNA DSB, and a recent study
showed that pan-nuclear YH2AX accumulates in response to their activation in different
context of chromatin structure alteration (Meyer et al. 2013). Instead, ATR kinase
activation has been mainly associated with YH2AX pan nuclear signal in the context of
replication stress (Moeglin et al. 2019; Ruiz et al. 2015). Thus, we wondered which of
these kinases are responsible for the YH2AX accumulation observed in cells with FUS
positive CI. To this end, cells overexpressing FUS-P525L were treated with DNA-PKcs
or ATM or ATR inhibitors (KU60019, NU7441 and VE-821 respectively) separately for
the last 3h of 24h FUS P525L transfection and the accumulation of YH2AX was then
evaluated by IF (Fig. 4.5.A). Intriguingly, cells with FUS positive CI show a YH2AX signal
strongly reduced upon treatment with ATM and DNA-PK inhibitor, if compared with
cells treated with the solvent DMSO, used as control condition (Fig. 4.5.A-B). Instead,
cells treated with ATR inhibitor still show high levels of YH2AX in the presence of FUS
CI (Fig. 4.5.A-B). We reasoned that ATR could have phosphorylated H2AX during the
previous replication cycle thus before the addition of ATR inhibitor. For this reason, we
attempted the same experiment extending for 20h the treatment with the DDR kinases
inhibitors together with FUS P525L transfection (Fig. 4.5.C-D). The results obtained
were consistent with the previous ones and confirm that ATM and DNA-PK but not
ATR, are responsible for H2AX phosphorylation in cells experiencing mutant FUS CIL.
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Moreover by western blot we verified the inhibition of the kinases was correctly
performed by evaluating the levels of phosphorylated forms of each kinase in basal
condition and upon DNA damage induction by IR (2Gy) (Fig. 4.5.E). These data
importantly indicate that the YH2AX pan nuclear signal typical of cells with FUS positive
Cl is due to the activation of both DNA-PK and ATM kinases, rather than ATR. We also
observed that the inhibition of ATR phosphorylation also occurs upon DNA PK and
ATM inhibition (FIG 4.5.E). In this regards it has been reported that upon DSB
formation ATR activation is ATM dependent (Cuadrado, Martinez-Pastor, and
Fernandez-Capetillo 2006). Besides we should take in account that the treatment with
inhibitors only acts by blocking proteins activity while the proteins still be present locally
thus it could be possible that nearby kinases can still work instead of the inactive ones.

This data may suggest that high DNA damage signal in these cells is due to the presence
of DSBs in the genome of these cells and not to replication stress events or single strand
DNA accumulation.

Taking in account that both DNA-PK and ATM are able to phosphorylate FUS protein
and the reported scattered evidences in the literature suggesting that FUS
phosphorylation by DDR kinases might modulate its aggregation propensity (Gardiner et
al. 2008; Monahan et al. 2017) we assessed if the treatment with inhibitor of ATM and
DNA-PK kinase activity could affect the frequency of FUS CI in the cell population, thus
explaining the reduction in YH2AX signal intensity. To this aim, we counted the
percentage of cells with mutant FUS CI, in cells treated with ATM or DNAPK or ATR
inhibitor, or DMSO as control condition, in presence or not of exogenously provided
DNA damage (induced by treatment with NCS). The resulting quantification, shown in
figure 4C, indicate that nor DNA-PK or ATM as well as ATR inhibition interfere with
the frequency of cells positive for mutant FUS CI, since cells expressing FUS-P525L
show the same frequency of CI upon all treatments (Fig. 4.5.F)
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Figure 4.5. Pan-nuclear YH2AX in cells with FUS positive inclusions is dependent on DNA-PK and
ATM kinases activation. A. Imaging of Hela cells overexpressing FUS-P525L and
immunostained to detect FUS and yH2AX after treatment with DNA-PK, ATM and ATR
inhibitors or with DMSO as control (3h treatment). Nuclei were counterstained with DAPI Scale
bat 20pum. B. Quantification of nuclear YH2AX intensity measured in cells with and without FUS
inclusions in each indicated conditions. Error bars represent SEM calculated among the
population. P-value < 0.05. C. Imaging of Hela cells overexpressing FUS-P525L and
immunostained to detect FUS and yH2AX after treatment with DNA-PK, ATM and ATR
inhibitors or with DMSO as control (20h treatment). Nuclei were counterstained with DAPI

Scale bat 20pum. D. Quantification of nuclear YH2AX intensity measured in cells with and
without FUS inclusions in each indicated conditions. Error bars represent SEM calculated among

the population. P-value < 0.05 E. Western blot showing the phosphorylated forms of the
indicated kinases upon inhibition in both undamaged and damaged condition. F. Quantification
of the FUS CI (calculated on the whole population) at indicated conditions. * P-value < 0.05, **
P-value < 0.01, *** P-value < 0.001, ¥*** P-value < 0.0001.

4.2.2. Pan-nuclear YH2AX in cells with mutant FUS CI is nor not associated with
possible DNA replication neither apoptosis

Previous evidences indicated that pan-nuclear YH2AX marks a high fraction of cells in S-
phase upon UV-irradiation (de Feraudy et al. 2010) and other studies suggest it is
associated with problems during DNA replication (Moeglin et al. 2019). Thus, even
though we observed that ATR activation, normally occurring during replication stress, is
not sufficient to explain YH2AX accumulation, we investigated if the YH2AX enrichment
observed in cells with mutant FUS CI may be associated with cells in S-phase. To this
end, we stained cells expressing mutant FUS for Cyclin A, which is the cyclin expressed
in S and G2 phase of the cell cycle (Henglein et al. 1994; Pagano et al. 1992). Contrary to
the expectation, upon FUS-P525L overexpression all the cells harbouring FUS positive
CI, have very low or null levels of Cyclin A (Fig. 4.6-A) suggesting that such cells are
preferentially in G1 phase and are not replicating. Differently, cells devoid of pan-nuclear
YH2AX showed the expected Cyclin A positivity with various intensity levels (Fig. 4.6A-
B) thus reflecting the different levels of its expression in the various phases of the cell
cycle. Of note, mutually exclusion between YH2AX and Cyclin A signals occurs with
identical frequency both in damaged and undamaged conditions, indicating that the cell
cycle arrest in cells with FUS positive Cl occurs before exposure to DNA damage (Fig.
4.6A-B). Thus, the formation of FUS positive CI causes a G1/S cell cycle arrest and this
is in line with the notion that pan-nuclear YH2AX could reflect the accumulation of
physical DNA damages like DSBs and SSB that in turn may induces cell cycle arrest due
to DNA damage checkpoints activation (Branzei and Foiani 2008; Jackson and Bartek
2009).
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Figure 4.6. Pan-nuclear yYH2AX in cells with FUS positive inclusions is not associated with
replication stress events. A. Imaging of Hela cells overexpressing FUS-P525L and
immunostained to detect FUS and Cyclin A at indicated conditions. Nuclei were counterstained
with DAPI Scale bar 20um. B. Quantification of cells showing Cyclin A positivity measured in
cells with and without FUS inclusions in each indicated conditions. Error bars represent SEM
calculated from two independent experiments. C. Imaging of Hela cells overexpressing FUS-
P525L and immunostained to detect FUS and BrdU at indicated conditions. Nuclei were
counterstained with DAPI. Scale bar 20pm.

To further strengthen this conclusions, we incubated cells expressing FUS-P525L mutant
with BrdU for 1 hour or overnight (0/n) and, again we observed that cells with FUS
positive CI have reduced capacity to incorporate BrdU compared to cells devoid of CI
(Fig. 4.6.C) thus suggesting that those cells replicate significantly less.

Another proposed mechanism for motor neurons degeneration in ALS is the activation
of the apoptosis program (Martin 1999; Sathasivam, Ince, and Shaw 2001). Noteworthy,
phosphorylation on Ser 139 of YH2AX with a pan nuclear distribution is reminiscent of
the induction of chromosomes fragmentation during the apoptotic process (Rogakou et
al. 2000) and mark nuclei of cells undergoing intermediate steps of apoptosis (Solier and
Pommier 2014). Thus, we stained cells with FUS positive CI for a well-known apoptotic
marker like cleaved caspase-3 (Wolf et al. 1999). Unexpectedly, instead upon FUS-P525L
overexpression cells with CI and pan-nuclear YH2AX signal result negative for cleaved
caspase-3 apoptotic marker (Fig. 4.7.A), while apoptotic bodies randomly present in the
cell population even in control conditions, were positive for both cleaved caspase-3 and

YH2AX (Fig. 4.7.A-B). We calculated the percentage of cells showing cleaved caspase 3
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signal in our images as shown in figure (Fig. 4.7.B). Since to collect these images we
actively search for the nuclei with apoptotic-like conformation to be able to confirm the
specificity of the signal, we believed that our calculation strongly overestimate the
percentage of spontaneous apoptotic events. Nevertheless, we can clearly appreciate that
cells with FUS CI do not have the same apoptotic-like shape and indeed are negative for
cleaved caspase 3 marker (Fig. 4.7.B). Overall, these results suggest that cells enriched in
nuclear YH2AX, associated with mutant FUS CI, are not under replication stress and are
not undergoing apoptotic mediated cell death. However it should be mentioned that

HelLa cells might be more resistant to apoptosis respect to other primary cell types.
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Figure 4.7. Pan-nuclear YH2AX in cells with FUS positive inclusions is not associated with apoptotic
events. A. Imaging of HeLa cells overexpressing FUS-P525L and immunostained to detect FUS,

YH2AX and Cleaved Caspase 3. Nuclei were counterstained with DAPI Scale bar 20pm. B.
Quantification of Cleaved Caspase 3 signal distinguishing between cells with and without CI at
indicated conditions. Error bars represent SEM calculated among the population.

4.3. CELLS WITH MUTANT FUS CI SHOW INCREASED DIFFUSE PATM SIGNAL BUT
LOSS OF PATM FOCI AND AS A CONSEQUENCE, PHOSPHORYLATION OF ITS
DOWNSTREAM TARGETS

As described above, we established that ATM and DNA-PK kinase activity are
responsible for H2AX phosphorylation in cells with mutant FUS CI, thus we tested if
also ATM was strongly activated in the same cells in the absence of exogenously inflicted
DNA damage by radiomimetic treatments. Thus we investigated the activation of ATM
in those cells. To this end, we stained cells expressing FUS-P525L mutant with an
antibody that recognizes ATM auto-phosphorylation at Ser 19181 (pATM), a widely used
approach to study ATM activation. Interestingly, pATM diffused signal is increased in
cells with mutant FUS CI if compared to the surrounding cells that lack CI even already
at basal condition (Fig. 4.8.A-B). This result indicates that the presence of strong YH2AX
signal in cells with mutant FUS CI indeed correlate with a basal induction of ATM
activation (Fig. 4.8.A-B). Nevertheless, a diffused activation for ATM is reminiscent with
what we detected in the past upon dilncRNA transcriptional inhibition (Michelini et al.
2017), which correspond to a dysfunctional ATM activation unable to localize to site of
damage and efficiently drive local DNA repair. Thus we tested the ability of these cells to
respond to acute DSB formation by treatment with NCS. Interestingly, upon NCS
treatment, cells with mutant FUS CI lack discrete pATM foci, still exhibiting a
homogeneous and diffused nuclear ATM activation (Fig. 4.8.A-C). On the contrary,
adjacent cells without mutant FUS CI display distinct and bright pATM foci as expected
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for cells exposed to DSB (Fig. 4.8.A-C). Overall these results indicate that the ATM
kinase is chronically active in cells experiencing mutant FUS CI, nevertheless, this
activation is dysfunctional since all cells are defective in mounting proper pATM foci.
This might suggest that, cells with mutant FUS CI lose the ability to propetly respond to
DNA damage induction, thus causing induce DNA damage accumulation. We noticed
that pATM show a peculiar peri-nuclear distribution accumulated at nuclear membrane.
We reasoned that ATM protein is a PI3-like kinase thus structurally very similar to a
transmembrane kinase. Moreover, the closely related ATR protein (which also belongs to
PI3 family kinases) has been demonstrated to be a nuclear transmembrane protein able to
activate upon mechanical stress (Kumar et al. 2014). In this regard, we can speculate that
FUS CI could indeed cause mechanical stress thus leading to ATM activation and

accumulation at the level of nuclear membrane..
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Figure 4.8. FUS positive CI leads to wide-nuclear pATM activation and impairs pATM foci
formation upon DNA damage induction. A. Imaging of Hela cells overexpressing FUS-
P525L in basal condition or upon DNA damage induction by NCS. Cells were stained with FUS
and pATM antibody. Nuclei were counterstained with DAPI Scale bar 20um. B-C.
Quantification of pATM mean intensity (B), and count of pATM foci per nucleus (C) measured
in cells expressing FUS-P525L and separating cells with FUS inclusions from cells without FUS
inclusions in each indicated condition. Error bars represent SEM from three independent
experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-value < 0.01, ***
P-value < 0.001, **** P-value < 0.0001.

ATM activation through its auto-phosphorylation is essential for the phosphorylation of
downstream factors other than H2AX, such as for example the downstream kinases
CHKZ2, in order to transduce the DDR signalling cascade to effector proteins (Jackson
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and Bartek 2009). To better characterize if ATM basal activation observed in cells with
mutant FUS CI was indeed dysfunctional, and unable to transduce the signal
downstream, we tested the phosphorylation of its targets upon exposed to NCS. Upon
DNA damage the downstream kinase CHK2 is actively phosphorylated on Threonine 68
by ATM (Zannini, Delia, and Buscemi 2014) thus we used an antibody detecting this
phosphorylation in our cellular system. Importantly, upon NCS treatment cells with
mutant FUS CI show reduced pCHK2 nuclear signal compared to the surrounded cells
suggesting that diffused ATM activation is defective in transducing the signal downstream
(Fig. 4.9.A-B).
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Figure 4.9. The phosphorylation of the ATM downstream target CHK2 is affected in cells with FUS
positive CI. A. Imaging of HelLa cells overexpressing FUS-P525L in basal condition or upon
DNA damage induction by NCS. Cells were stained with FUS and pCHK2 antibody. Nuclei were
counterstained with DAPI Scale bar 20pm. B. Quantification of pCHK2 foci per nucleus
measured in cells expressing FUS-P525L and separating cells with FUS inclusions from cells
without FUS inclusions in each indicated condition. Error bars represent SEM from three

independent experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-
value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.

ATM has a consensus site for its phosphorylation which is Ser/Thr preceded by Leu or
similar hydrophobic aminoacid at the -1 position and followed by Gln at the +1 position
(SQ or TQ). A useful antibody has been developed to detect the ATM dependent
phosphorylation of these consensus site on different ATM target. Therefore, we also
tested cells experiencing mutant FUS CI with this antibody which gives us the chance to
visualize several different ATM targets by IF. With this analyses could clearly appreciate
that cells with mutant FUS CI exhibit a strong reduction in the number of pST/Q foci
per nucleus upon DNA damage (Fig. 4.10.A-B). These data suggest that the primary
ATM activation at site of endogenously generated DNA damage in cells experiencing
mutant FUS CI is not followed by proper ATM signal transduction thus likely negatively
affecting the subsequent DDR signalling cascade and DNA repair.
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Figure 4.10. The ATM signaling is de-regulated in cells with FUS inclusions A. Imaging of Hela cells
overexpressing FUS-P525L in basal condition or upon DNA damage induction by NCS. Cells
were stained with FUS and pS/TQ antibody. Nuclei wete counterstained with DAPI Scale bar
20pum. B. Quantification of pCHK2 foci per nucleus measured in cells expressing FUS-P525L
and separating cells with FUS inclusions from cells without FUS inclusions in each indicated
condition. Error bars represent SEM from three independent experiments, discernible by the
different colour of spots. * P-value < 0.05, ** P-value =< 0.01, *** P-value < 0.001, **** P-value
< 0.0001.

4.4. MUTANT FUS CI NEGATIVELY IMPACTS ON 53BP1 RECRUITMENT AND
PHOSPHORYLATION AT DSB BUT NOT ON MDC1

One of the main mediators of the DDR cascade, involved in the NHE] pathway of DNA
repair is 53BP1, a factor that by sustaining protein-protein interactions amplifies the
DDR signalling and is widely study for the good tools that by immunofluorescence allow
the detection of big a defined DDR foci positive for this marker. Moreovert, several S/T-
Q motifs have been identified in N-terminal region of 53BP1 and some of these residues
have been described to be ATM target (Jowsey et al. 2007). Particulatly, the Ser1778
within the BRCT domain of 53BP1 is actively phosphorylated upon NCS treatment and
plays a crucial role in DDR repair pathway (Lee et al. 2009). Thus we investigate if the
recruitment of 53BP1 is defective in cells with mutant FUS CI upon NCS treatment.
While cells without CI clearly and efficiently mount 53BP1 foci, cells with mutant FUS CI
are totally devoid of 53BP1 foci (Fig. 4.11.A-B) strengthening our model that DDR
signalling is strongly defective in these cells. In addition, when we stained NCS treated
cells with mutant FUS CI with an antibody able to recognize phosphorylated form of
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53BP1 at Serl778 (p53BP1) we observed that also this tool confirms that 53BP1
phosphorylation at DDR foci is strongly reduced or totally absent (Fig. 4.11.C-D).
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Figure 4.11. Cells harbouring FUS positive CI exhibit loss of both 53BP1 and p53BP1 foci upon DNA
damage induction. A-C. Imaging of Hela cells overexpressing FUS-P525L and immunostained
for FUS and 53BP1 (A) or for FUS and p53BP1 (C) in untreated and NCS-treated conditions in
order to induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20pum. B-D.
Quantification of 53BP1 (B)and p53BP1 (D) foci per nucleus measured in cells expressing FUS-
P525L and separating cells with FUS inclusions from cells without FUS inclusions in each
indicated condition. Etror bars represent SEM from three independent experiments, discernible
by the different colour of spots. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-
value < 0.0001.
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All together, these evidences suggest that mutant FUS CI caused genotoxic stress
condition and also interfere with the nuclear response to DNA damage impeding the
53BP1-DDR foci formation.

As described in the introductive section, the other mediator and scaffold protein in the
response to DSB is MDC1. Importantly, MDC1 recruitment to site of damage is YH2AX
dependent but upstream to pATM foci formation (Lou et al. 2006) and differently from
53BP1, primarily functions in homologous recombination, a repair pathway typical of
replicating cells (Xie et al. 2007). Therefore, we stained cells expressing FUS-P525L
mutant and exposed to NCS with an antibody against MDC1 and, differently from what
we detected for 53BP1 we observed that MDC1 recruitment is not affected in cells with
mutant FUS CI (Fig. 4.12.A-B).
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Figure 4.12. FUS CI do not affect MDCI1 recruitment at site of damage. A. Imaging of HeLa cells
expressing FUS-P525L immunostained for FUS and MDC1 untreated or treated with NCS in
both undamaged and damaged condition. Nuclei were counterstained with DAPI Scale bar
20pm. B. Quantification of MDC1 foci per nucleus measured in cells expressing FUS-P525L and
separating cells with FUS inclusions from cells without FUS inclusions, in each indicated
condition.. Error bars represent SEM from three independent experiments, discernible by the
different colour of spots. * P value < 0.05, ** P value < 0.01, *** P value < 0.001 < 0.05.

These evidences indicate that the two DDR mediator proteins 53BP1 and MDC1 behave
differently in cells bearing mutant FUS CI since the profound defect of 53BP1 foci
formation is not reflected in a defect of formation of MDC1 foci. This further strengthen

the relevance of our observation in the context of defining a defect of these cells in the
activation of NHE] DNA repair

4.5. TDP43 DEPLETION DOESN’T AFFECT FUS P525L PHENOTYPE

As widely reported, both TDP-43 and FUS are recruited into SGs as facultative
components (Aulas and Vande Velde 2015). Although ALS-linked mutations in FUS
promote its SGs localization, endogenous FUS is not required for SGs assembly (Aulas,
Stabile, and Vande Velde 2012). Endogenous TDP-43 actively promotes SGs assembly,
but not initiation, via G3BP1 binding and the number of SGs per cell is significantly
reduced upon TDP43 knockdown (Aulas, Stabile, and Vande Velde 2012). Moreover
TDP43 incorporation is known to stimulate the progression of liquid SG into a more
solid fibrillar structure, believed to be toxic (Ratti et al. 2020) . Differently, FUS depletion
does not affect SGs stability and both G3BP1 and TIA-1 protein levels remain
unchanged upon FUS inactivation by siRNA (Aulas, Stabile, and Vande Velde 2012). In
addition, FUS depletion does not reduce the expression of endogenous TDP-43 nor does
it affects TDP-43 SGs localization (Aulas, Stabile, and Vande Velde 2012). In this
regards, FUS and TDP-43 have been recently described as able to co-aggregates
(Watanabe et al. 2020), however if these two proteins colocalize into SG or cytoplasmic
inclusions is not fully characterized yet since some studies suggest that the two protein
co-localize (Ikenaka et al. 2020), while other studies show that the two protein aggregates
in a mutually exclusive fashion (Chen and Cohen 2019).

More recently, our lab characterized the role of TDP-43 positive inclusions in DDR
activation observing that cells with TDP-43 cytoplasmic inclusions show yH2AX
accumulation and DDR defects (
https:/ /www.google.com/utl?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahU

KEwiaxKXg97HuAhXpxoUKHUKTDrAQFAEegQIDBAC&url=https%3A%2F%2Fi
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tis.unipv.it%2Fbitstream%2F11571%2F1243286%2F2%:2FPhD%2520thesis%2520Bran
di%2520low%2520quality.pdf&usg=AOvVaw1fxcH5TdzBv7dSAsM_xjul). Thus we
tested if TDP-43 CI co-localize with the one of mutant FUS. As shown in figure (4.13.A-
B) we observed that, in fact, most of the time TDP43 inclusions are negative for FUS and
mutant FUS CI do not recruit TDP43, suggesting that these two facultative component
of SG are often mutually exclusive.

In order to better asses if the phenotype observed upon mutant FUS-P525L CI could be
explained by the recruitment of TDP43 into FUS CI, we tested TDP-43 depletion prior
to mutant FUS overexpression and evaluated if DDR activation defect were abolished or
maintained. As a marker for DDR activation we used 53BP1 foci formation in cells
treated with NCS (Fig. 4.13.C-D). Importantly, TDP-43 depletion does not affect the
amount of 53BP1 foci formed in cells with mutant FUS CI (Fig. 4.13.C-D) which still
show faitly absence of 53BP1 foci (Fig. 4.13.C-D). These evidences confirm that the
phenotypes observed upon mutant FUS CI formation is independent on the recruitment
of TDP43 into SG or mutant FUS CI and is indeed caused mutant FUS-P525L
expression.
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Figure 4.13. TDP43 depletion does not affect FUS P525L CI impact on 53BP1 foci A. Imaging of Hela
cells expressing FUS-P525L immunostained for FUS and TDP43 untreated or treated with NCS.

Nuclei wete counterstained with DAPI Scale bar 20um. B. Quantification of co-localization
between FUS and TDP43 at indicated condition. C. Imaging of Hela cells expressing FUS-
P5251. immunostained for FUS, TDP43 and 53BP1 untreated or treated with NCS. Nuclei were
counterstained with DAPI Scale bar 20pum. D. Quantification of 53BP1 foci per nucleus
measured in cells expressing FUS-P525L and separating cells with FUS inclusions from cells
without FUS inclusions, in each indicated condition.. Error bars represent SEM among the
population. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, *** P-value < 0.0001.

4.5. FUS CYTOPLASMIC AGGREGATION TRIGGERS LOSS OF RNF168 NUCLEAR FOCI
AND CONSEQUENT REDUCTION OF FK2-POSITIVE NUCLEAR SIGNAL

At site of DNA damage, MDC1 directly stimulates the recruitment of the E3 ubiquitin
ligases RNF8 and then RNF168 to site of damage, which by mono and poly
ubiquitinating H2A and H2AX can control both 53BP1 and BRCAI1 recruitments.
Indeed, along the DDR cascade pathway, chromatin ubiquitination represents a crucial
step for the recruitment of downstream players. The major contributor is RNF168 which
catalyse H2AX ubiquitination at Lysine 13 and 15 upon DNA damage induction thus
ensuring the recruitment of different factors required for DNA repair (Mattiroli et al.
2012).

Since MDCI1 foci were normal, we were eager to test if also for the ability of our cells to
mount DDR foci for RNF168. Interestingly, by staining with an antibody against
RNF168 cells expressing mutant FUS, we found that cells harbouring CI show a strong



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signalliri$)3

impairment

reduction in the number of RNF168 foci if compared to cells without mutant FUS CI
(Fig. 4.14A-B). It should be highlighted that, as previously shown (Doil et al. 2009)
RNF168 forms nuclear foci also in undamaged condition, since chromatin ubiquitination
is also important for transcription regulation (Fig. 4.14.A-B). Upon damage RNF168 foci
are formed at damaged site and in fact in part co-localize with YH2AX foci. Importantly,
cells with mutant FUS CI also present a defect in RNF168 foci formation also in
undamaged cells. Intriguingly we noticed that the reduction of RNF168 nuclear level is
associated with the appearance in the cytoplasm of small areas positive for RNF168 (Fig.
4.14.A-B).
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Figure 4.14. Cells with FUS positive CI show reduction of RNF168 nuclear foci A. Imaging of HeLa
cells overexpressing FUS-P525L and immunostained for FUS and RNF168 in untreated and
NCS-treated conditions in order to induce DNA damage. Nuclei were counterstained with DAPI

Scale bar 20pm. B. Quantification of RNF168 foci per nucleus measured in cells expressing
FUS-P525L and separating cells with FUS inclusions from cells without FUS inclusions in each
indicated condition. Error bars represent SEM from three independent experiments, discernible
by the different colour of spots. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-
value < 0.0001.

The absence of RNF168 nuclear foci should result in a strong reduction of the level of
poly-ubiquitination in the nucleus of cells with CI. To address this point we stained cells
with FK2 antibody which recognizes mono- and poly-ubiquitinylated residues (Fig.
4.15.A-B) and we confirmed that cells with mutant FUS CI have significantly less nuclear
FK2-positive foci upon NCS induction (Fig. 4.15.A-B). These evidences strongly support
the model that cells with mutant FUS CI present a strong defect in RNF168 dependent
chromatin ubiquitination also functional to 53BP1 foci and DNA repair.

A) DAPI FUS FK2

FUS P525L.
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Figure 4.15. Cells harbouring FUS positive CI exhibits loss of FK2 foci upon DNA damage
induction. A. Imaging of Hela cells overexpressing FUS-P525L and immunostained for FUS
and FK2 in untreated and NCS-treated conditions in order to induce DNA damage. Nuclei were

counterstained with DAPI Scale bar 20um. B. Quantification of FK2 foci per nucleus measured
in cells expressing FUS-P525L and separating cells with FUS inclusions from cells without FUS
inclusions in each indicated condition. Error bars represent SEM from three independent
experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-value < 0.01, ***
P-value < 0.001, **** P-value < 0.0001.

4.6. MUTANT FUS-P525L CI LEADS TO P62 ACCUMULATION AND SEQUESTRATION
OF RNF168 INTO CYTOPLASMIC BODIES

The accumulation of misfolded proteins, one of the major hallmark in neurodegenerative
diseases including ALS, is normally counteracted in our cells by autophagy-mediated
clearance (Metcalf et al. 2012). Indeed, inefficient autophagy, or overloading of the
autophagic flux, can lead to the accumulation of toxic protein aggregates and many
evidences in literature suggest that defect in autophagy can be at the base of
neurodegeneration (Fujikake, Shin, and Shimizu 2018)). Mutant proteins that accumulate
in the cytoplasm and have the propensity to phase-separate into CI, such as FUS, put the
autophagic process under stress. Has been reported that when autophagy is blocked the
cargo protein p62 tend to accumulate and form p62-positive cytoplasmic bodies (Bjorkoy
et al. 2005). Indeed, in the context of cells expressing FUS-P525L mutant form, Soo and
colleagues showed increased levels of the p62 protein cytoplasmic fraction in mouse
neuronal cells (Soo et al. 2015). Moreover, increased levels of p62 has also been observed
in iPSC derived motorneurons which recapitulate the FUS cytoplasmic accumulations
typical of ALS specimen (Marrone et al. 2019). Thus we investigated if also in our cellular



106 Stefania Farina

system the expression of FUS P525L leads to p62 accumulation and if this event is
specific for cells exhibiting mutant FUS positive CI. Thus we stained our cells
overexpressing FUS-P525L with an antibody against p62 and we clearly observed that
indeed cells with mutant FUS CI show the formation of bright cytoplasmic bodies of p62
(Fig. 4.16.A). This observation is in line with what was recently reported in (Jakobi et al.
2020) where p62 accumulation is clearly identified by IF and is characterized by the
formation of cytoplasmic bodies. Importantly, once again, the overexpression of FUS-
P525L is not responsible per se for p62 accumulation, since its accumulation is occurring
only in cells harbouring mutant FUS CI and not in the surrounding cells equally
expressing FUS-P525L mutant isoform (Fig. 4.16.B).
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Figure 4.16. Cells with FUS CI show accumulation of p62. A. Imaging of Hela cells overexpressing
FUS-P525L and immunostained for FUS and p62in untreated and NCS-treated conditions in
order to induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20 um. B.
Quantification of cells showing p62 accumulation measured in cells expressing FUS-P525L and
separating cells with FUS inclusions from cells without FUS in each indicated condition. Error
bars represent SEM from three independent experiments, discernible by the different colour of
spots. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.

In the literature it has been reported that upon sodium arsenite treatment, a commonly
used approach to induce SG formation, p62 co-localizes with FUS-positive SGs
(Marrone et al. 2019). Therefore, we tested if p62 bodies co-localize with FUS CI in our
cellular system, something we believed it was expected if we consider that p62 should
clear FUS CI. Intriguingly, instead we observed that mutant FUS CI and p62 bodies co-
exist in the same cytoplasm but never co-localize in the same plain (further details can be
found in the next paragraph).

These results demonstrate that mutant FUS CI formation leads to p62 accumulation in
characteristics cytoplasmic bodies of the same cell, however in areas distinct from FUS
protein inclusions and SG. This might suggest that mutant FUS expression and possibly
phase-separation causes an overloading of the autophagic machinery and thus an
impairment of the process.

As described previously, we observed a strong reduction of RNF168 foci and nuclear
signal in cells with mutant FUS CI in both undamaged and damaged cells. Importantly,
we observed that the reduction of nuclear signal for RNF68 correlates with the
appearance of a localized cytoplasmic signal (Fig. 4.17.A-B).
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Figure 4.17. Cells with FUS CI show RNF168 nuclear depletion. A. Imaging of Hela cells
overexpressing FUS-P5251 and immunostained for FUS and RNF168 in untreated and NCS-
treated conditions in order to induce DNA damage. Nuclei were counterstained with DAPI Scale
bar 20 um. B. Quantification of cells showing RNF168 nuclear signal measured in cells
expressing FUS-P525L and separating cells with FUS inclusions from cells without FUS in each
indicated condition. Error bars represent SEM from three independent experiments, discernible
by the different colour of spots. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-
value < 0.0001.
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It has been proposed that in cancer cells the LB domain within p62 protein interact with
RNF168 (Wang et al. 2016) and in particular, the MIU1 motif of RNF168 is required for
the binding to p62 (Wang et al. 2016). This interaction was shown to block RNF168
recruitment on the chromatin of damaged cells (Wang et al. 2016). Therefore, we asked if
the signal that RNF168 staining gives in the cytoplasm of cells positive for mutant FUS
CI, might indeed co-localize with p62 bodies.

Indeed by specific confocal acquisition of specific planes and 3D reconstructions of the
cell nucleus we could measure the frequency of co-localization of RNF168 signal with
p62 and FUS. Particularly, imaging acquisition for co-localization purposes has been
carried out following the most recent guidelines (Jonkman et al. 2020) which includes
specific technical microscope setting (e.g. reducing both pinhole and z-stack slices); in
this regard more details can be found in the material and methods section.

We observed that cells with mutant FUS CI, RNF168 signal strongly co-localizes with
p62-positive cytoplasmic bodies while it almost never merges with FUS signal of CI (Fig.
4.18.A-B). This observation suggests that upon autophagic pressure given by mutant FUS
overexpression, p62 accumulates in bodies, which has the ability to cause the

delocalization of RNF168 from the nucleus to the cytoplasm.
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Figure 4.18. Cells with FUS CI show RNF168 nuclear depletion. p62 and RNF168 co-localize in the
cytoplasm of cells with FUS CI. A. Imaging of Hela cells overexpressing FUS-P525L and
immunostained for FUS, RNF168 and p62 in untreated and NCS-treated conditions in order to

induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20 pm. B.
Quantification of co-localization levels between RNF168 and FUS cytoplasmic signal and
between RNF168 and p62 cytoplasmic signal measured in cells expressing FUS-P525L. and
separating cells with FUS inclusions from cells without FUS in each indicated condition. Error
bars represent SEM from three independent experiments, discernible by the different colour of
spots. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.

Overall these data intriguingly demonstrate that FUS CI formation stimulate p62
accumulation and RNF168 cytoplasmic de-localization. In addition, these analyses prove
that the cytoplasmic sequestration of RNF168 is a novel and totally unexpected
mechanism by which autophagy defect can alter RNF168 nuclear function in DDR and
DNA repair.

4.6. HA-P62 OVEREXPRESSION STIMULATES RNF168 NUCLEAR DEPLETION AND
53BP1 FOCI LOSS AND IS ASSOCIATED WITH Yy H2AX ACCUMULATION

A study in literature suggests that autophagy defect can damper 53BP1 foci formation by
showing that p62 overexpression reduces RNF168 and 53BP1 recruitment at sites of
damage while RNF8 is not affected (Wang et al. 2016). Thus, we investigated if HA-p62
overexpression in our cell system, by mimicking mutant FUS CI formation could lead to
the same outcomes. Therefore, we transiently overexpressed HA-p62 in HeLa cells in the
absence of mutant FUS overexpression. Intriguingly, we found that HA-p62
overexpression causes a clear reduction of RNF168 nuclear levels (Fig. 4.19.A-B) in both
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undamaged and damaged condition suggesting that indeed p62 accumulation interfere
with RNF168 nuclear localization. Moreover, 53BP1 foci upon DNA damage induction,
are also reduced in cells overexpressing HA-p62 (Fig. 4.19.A-C) an observation that once
again confirms that RNF168 DDR function is impaired.

Thus, HA-p62 overexpression per se recapitulates what we observed in cells experiencing
mutant FUS CI strengthening the working hypothesis that mutant FUS CI are in fact
altering RNF168 DDR functions by causing p62 accumulation.
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Figure 4.19. p62 overexpression affects DDR signalling. A. Imaging of Hel.a cells overexpressing HA-
p62 and immunostained for HA, RNF168 and 53BP1 in untreated and NCS-treated conditions
in order to induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20 pm. B-C.
Quantification of cells showing RNF168 nuclear depletion (B) and 53BP1 foci (C) measured in
cells expressing HA-p62. Error bars represent SEM from three independent experiments,
discernible by the different colour of spots. * P-value < 0.05, ** P-value < 0.01, *** P-value <
0.001, **#* P-yalue < 0.0001.

Taking in account that cells with mutant FUS CI also exhibit a strong YH2AX nuclear
signal and physical DNA damage we wonder if upon HA-p62 overexpression the loss of
proper RNF168-mediated signal may also cause DNA damage.

Interestingly, we observed that indeed HA-p62 overexpression induces YH2AX
accumulation in comparison with the level of YH2AX present in EV-expressing cells (Fig.

4.20.A) as detected by the analyses of YH2AX mean intensity per nucleus (Fig. 4.20.B). i
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Figure 4.20. p62 overexpression affects DDR signalling. A. A. Imaging of HeLa cells overexpressing
HA-p62 and immunostained for HA, RNF168 and YH2AX in untreated and NCS-treated
conditions in order to induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20
pm. B. Quantification of YH2AX nuclear signal measured in cells expressing HA-p62. Error
bats represent SEM from three independent experiments, discernible by the different colour of
spots. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.

4.7. RNF168 OVEREXPRESSION RESTORES 53BP1 FOCI, REDUCES YH2AX AND PATM
BASAL HYPER ACTIVATION AND PARTIALLY RESTORES DROSHA NUCLEAR LEVELS
IN CELLS WITH FUS CI

To further confirm the pivotal role of RNF168 nuclear loss in DDR deregulation
observed upon FUS CI formation we attempt to restore RNF168 nuclear level by two
approaches; RNF168 and RNFS8 overexpression concomitantly with mutant FUS-P525L.
To avoid chromatin alterations induced by RNF168 overexpression we reduced the
amount of plasmid used in the transfection until we didn’t observed any accumulation of
heterochromatin foci by DAPI staining, and at the end RNF168 plasmid was transfected
at the ratio of 1/5 respect to mutant FUS expressing plasmid. As a control, the FUS-
P525L variant was transfected with the corresponding amount of EV. We observed that
the FUS-P525L plus EV transfection reflects what previously observed where cells
harbouring mutant FUS CI show loss of 53BP1 foci upon DNA damage induction (Fig.
4.21.A-B). Instead, we found that cells with mutant FUS CI that also express exogenous
RNF168 show clearly detectable 53BP1 foci indicating that RNF168 overexpression can
restore 53BP1 recruitment to DSB (Fig. 4.21.A-B). Through the magnified visualization
where the RNF168 signal appears evident, we could clearly appreciate that the presence
of exogenous RNF168 nuclear localization stimulates 53BP1 foci formation upon NCS
treatment (Fig. 4.21.A-B). These evidences confirm that RNF168 nuclear depletion is a
key player in the DDR mis-regulation, and its nuclear loss strongly affects 53BP1
recruitment to DSB.
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Figure 4.21. RNF168 overexpression restores 53BP1 foci in cells with mutant FUS CI. A. Imaging of
Hela cells overexpressing FUS P525L plus EV or plus RNF168 and immunostained for FUS,
RNF168 and 53BP1 in untreated and NCS-treated conditions in order to induce DNA damage.

Nuclei were counterstained with DAPI Scale bar 20 pm. B. Quantification of 53BP1 foci
measured in cells expressing FUS P525L. Error bars represent SEM from three independent
expetiments, discernible by the different colour of spots. * P-value < 0.05, ** P-value < 0.01,
#rk Povalue < 0.001, 0+ P-value < 0.0001.

Next we tested if RNF168 overexpression by restoring 53BP1 foci also enhances DNA
repair and reduce YH2AX signal accumulation leading to a more physiological localization
of this marker at distinctive DDR foci, also in damaged cells bearing mutant FUS CI.
Thus cells transiently overexpressing RNF168 protein together with mutant FUS, were
stained for the DNA damage marker YH2AX using as control condition cells transfected
with an EV together with FUS-P525L as done previously. In these control conditions,
YH2AX nuclear levels is significantly higher in cells with mutant FUS CI if compared to
cells without CI, both upon damage and undamaged conditions (Fig. 4.22.A-B).
Differently, the exogenous overexpression of RNF168 reduces YH2AX accumulation in
cells with mutant FUS CI in undamaged cells and leads to the formation of YH2AX
positive DDR foci in damaged cells (Fig. 4.22.A-B). Once again our data indicate that
boosting  RNF168 cellular protein level by expressing exogenous RNF168 can
compensate to the loss of nuclear localization of this factor, thus allowing the activation
of a functional DDR ultimately leading to better repair in cells harbouring mutant FUS
CL
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Figure 4.22. RNF168 overexpression reduces YH2AX accumulation in cells with mutant FUS CI. A.
Imaging of Hel.a cells overexpressing FUS P525L plus EV or plus RNF168 and immunostained

for FUS, RNF168 and yYH2AX in untreated and NCS-treated conditions in order to induce
DNA damage. Nuclei were counterstained with DAPI Scale bar 20 pm. B. Quantification of

YH2AX nuclear signal measured in cells expressing FUS P525L. Error bars represent SEM from
three independent experiments, discernible by the different colour of spots. * P-value < 0.05, **
P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.

Since the RNF168 co-expression with the FUS-P525L variant ameliorates YH2AX
nuclear accumulation we wonder if this correlates also with a reduction in ATM hyper-
activation observed in cells with FUS positive inclusions and could promote the
formation of functional pATM foci in damaged cells. Accordingly, if cells expressing
FUS-P525L and the EV showed the increased nuclear staining observed previously and
the loss of pATM foci (Fig. 4.23.A-B), once exogenous RNF168 was expressed together
FUS-P525L cells with CI show a significant reduction of diffused pATM nuclear signal
but failed to sustain discrete pATM foci formation upon damage (Fig. 4.23.A-B). Indeed
ATM activation occurs upstream to RNF168 in the DDR signalling cascade (Blackford
and Jackson 2017).

This result may suggest that the primary recruitment of ATM at site of damage and its
consequent activation take place without being retained. Thus rescue of proper DDR
activation mediated by RNF168 significantly reduces its aberrant hyperactivation but do
not restores ATM foci formation thus possibly reducing its ability to repair DNA.
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Figure 4.23. RNF168 overexpression reduces pATM hyper-activation in cells with mutant FUS CI.
A. Imaging of Hela cells overexpressing FUS P525L plus EV or plus RNF168 and
immunostained for FUS, RNF168 and pATM in untreated and NCS-treated conditions in order
to induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20 um. B.
Quantification of pATM nuclear signal measured in cells expressing FUS P525L. Error bars
represent SEM from three independent experiments, discernible by the different colour of spots.
* P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.
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4.8. CELLS MUTANT FUS CI HAVE REDUCED PROTEIN LEVEL OF DROSHA WHICH IS
PARTIALLY RESCUED BY RNF168 OVEREXPRESSION

4.8.1. Cells bearing FUS CI have reduced DROSHA levels and impaired
biogenesis of DDRNAs

Recently, our laboratory discovered that DROSHA and DICER RNA endonucleases are
involved in DDR activation and foci generation and maintenance through the biogenesis
of dilncRNAs and DDRNAs at site of damage (Francia et al. 2012; Michelini et al. 2017).
We also showed that DROSHA and DICER control the secondary recruitment of DDR
mediator factors such as 53BP1, while are dispensable for YH2ZAX marker accumulation
(Francia et al. 20106). In addition our group have recently demonstrated that DROSHA is
recruited at site of DNA damage very eatly in DDR cascade in a MRE11-RADS50-
NBS1(MRN)-complex dependent manner but independently from ATM or DNAPK
activation (Cabrini et al. 2021). Since we observed that DROSHA nuclear levels are
reduced in cells with FUS CI we wonder if also the NBS1 (belong to the MRN complex)
would be affected. We observed that NBS1 nuclear level is not affected in cells with
mutant FUS CI showing comparable nuclear signals as the surrounding cells without FUS

inclusions (Fig. 4.24.A-B).
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Figure 4.24. NBS1 nuclear levels are not affected in cells with FUS CI. A. Imaging of Hela cells
expressing FUS-P5251 immunostained for FUS and NBS1 in basal conditions or upon DNA
damage. Nuclei were counter-stained with DAPI. Scale bar: 20um. B. Quantification of NBS1
mean intensity in cells expressing FUS-P525L. and separating cells with FUS inclusions from
cells without FUS inclusions, in each indicated condition. Error bars represent SEM from three
independent experiments. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value
< 0.0001.

Based on the observation that DDR foci formation is impaired in cells with mutant FUS
CI, we wonder if DROSHA level is also altered. In fact we found that cells harbouring
mutant FUS CI show a strong reduction in DROSHA nuclear levels in both basal
condition and upon NCS treatment (Fig. 4.24 A-B-C-D). We performed two staining
with different antibodies, one monoclonal (mAb) (Fig. 4.24A-B) and one polyclonal
(pAb) (Fig. 4.24C-D), able to recognize the same portion of DROSHA protein (1-100aa),
and both showed that DROSHA nuclear signal was strongly reduced, thus we exclude the
hypothesis that one antibody was unable to recognize DROSHA in cells with mutant
FUS CI (Fig. 19B-C). Intriguingly, we observed that DROSHA nuclear signal was even
lower in cells exposed to DNA damage by NCS treatments suggesting that the
experimental generation of additional DNA damage, in cells bearing mutant FUS CI
further enhances DROSHA down-regulation. This result indicate that mutant FUS CI
triggered by FUS-P525L overexpression severely impact on the regulation of DROSHA
protein levels, however if this occurred at a transcriptional or translational level or result

in a loss of DDRNASs biogenesis remained unknown.



122 Stefania Farina

A) DAPI U DROSHA (mAb)
;7\:, .
ol
Lo
[a W}
B) 0.0159
s
2 0104 ‘e
Pl
w -—
:
E 0.005+ ‘
§ - e
]
o
[=]

DROSHA (pAb)




ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signalliri@3

impairment

0.0157
] %o
2 L
g . oo
= -
5 00104 —iE _:% E
o L™ e .
frd L b T
] - ey
s . " .
£ . [
< 00057 L= .,PEE.
I 74 5
7] - o0
g %
x .

0.000 r r r r

+ + Cl
+ - + NCS

Figure 4.25. DROSHA nuclear levels are affected in cells with FUS CI. A-C. Imaging of HeLa cells
expressing FUS-P525L immunostained for FUS and DROSHA moncoclonal (A) or polyclonal
(C) antibody in basal conditions or upon DNA damage. Nuclei were counter-stained with DAPI.
Scale bar: 20um. B-C. Quantification of DROSHA mean intensity in cells expressing FUS-P525L
separating cells with FUS inclusions from cells without FUS inclusions, in each indicated
condition. Error bars represent SEM from three independent experiments. * P-value < 0.05, ** P-
value < 0.01, *** P-value < 0.001, **** P-yalue < 0.0001.

Next we wonder if the nuclear depletion of DROSHA observed in cells with mutant FUS
CI is associated with reduced levels of mature DDRNAs. To this end, we took the
advantage of an engineered cell system (I-Hel.al11) carrying the consensus sites for the
meganuclease I-Scel flanked by LAC operon repeats sequences and with the potential of
expressing the I-Scel enzyme in a inducible fashion thus allowing the generation of a
single DSB in a traceable locus (Lemaitre et al. 2014). DDRNAs were detected through
strand-specific quantitative RT-PCR (qRT-PCR) designed for small RNA molecules
(Miscript technology) as previously described (Gioia et al. 2019). Interestingly we
observed that overexpression of FUS P525L mutant protein strongly reduces the level of
DDRNAs biogenesis upon DSB generation by I-Scel induction (Fig. 4.26), thus
suggesting that DROSHA downregulation observed in cells with mutant FUS CI also
leads to loss of DDRNAs processing.
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Figure 4.26. FUS P525L overexpression leads to reduced DDRNAs detection. A. Quantification of
DDRNAS levels in I-HelLal11 overexpressing FUS P525L along with EV at indicated condition.
Error bars represent SEM from three independent experiments. * P-value < 0.05, ** P-value <
0.01, ¥#* P-value < 0.001, **** P-value < 0.0001.

Collectively, these data suggest that mutant FUS CI result in unique DROSHA down
regulation, which is associated with reduced DDRNA biogenesis. Differently, in the same
cells nuclear level of components of the MRN complex is not affected.

4.8.2. RNF168 rescues DROSHA nuclear protein levels in cells with mutant FUS
CI

Finally we asked if DROSHA nuclear depletion in both undamaged and damaged
condition could also be partially rescued by RNF168. Indeed, an interdependency
between RNF168 and DROSHA action in DDR was recently published by another
group showing that DROSHA inactivation by siRNA causes reduced DDR foci for
RNF168 (Fig. 4.27.A-B) (Lu et al. 2018). Importantly we collected identical results in
previous study. However, in the context of cells bearing mutant FUS CI the investigated
relationship is inverted since we tested if RNF168 up-regulation by giving a more
proficient DDR could also restore DROSHA levels. Unexpectedly, indeed in cells co-
expression of RNF168 and FUS-P525L mutant protein, DROSHA nuclear levels are
partially reverted to normal despite the presence of mutant FUS CI in absence or in
presence of DNA damage induction (Fig. 27.A-B).
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Figure 4.27. RNF168 overexpression partially rescues DROSHA nuclear levels in cells with mutant
FUS CI. A. Imaging of Hela cells overexpressing FUS P525L plus EV or plus RNF168 and
immunostained for FUS, RNF168 and DROSHA in untreated and NCS-treated conditions in
order to induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20 pm. B.
Quantification of DROSHA nuclear signal measured in cells expressing FUS P525L. Error bars

represent SEM from three independent experiments, discernible by the different colour of spots.
* P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.

4.9. RNF8 CO-EXPRESSION WITH MUTANT FUS LEADS TO RESCUE OF RNF168

NUCLEAR LEVEL THUS STIMULATING 53BP1 FOCI, REDUCE YH2AX AND PATM BASAL
HYPERACTIVATION IN CELLS WITH MUTANT FUS CI

As we mentioned in the introduction, as soon as DSB occurs, a complex signalling
cascade of events is activated and ATM-mediated phosphorylation of YH2AX allows the
recruitment of MDC1 and in turn of the E3 ubiquitin ligases RNF8 (Kolas et al. 2007;
Mailand et al. 2007) required for RNF168 signalling amplification. At damaged site,
RNF8 stimulates H2A histones mono-ubiquitination, which represents the event fuelling
RNF168 recruitment, thus controlling the addition of K63-linked poly ubiquitin chains
on H2A and H2A.X histone variants (Doil et al. 2009; Stewart et al. 2009). As described
in the introductive section, this histone modification catalysed by RNFS first and then
RNF168 is crucial for the recruitment and the retention of 53BP1 at DSB sites.

We previously showed that MDC1 foci are unaffected while RNF168 and 53BP1 foci are
impaired in cells with mutant FUS CI. Since RNF8 acts in DDR downstream to MDCl1
but upstream to RNF168 we asked whether RNF8 overexpression could stimulate the
recruitment of RNF168 thus also DDR signalling and DNA repair in cells with mutant
FUS CI. To address this point we overexpress the GFP-RNF8 WT protein together with
FUS P525L mutant isoform and we evaluated RNF168, 53BP1, pATM foci and YH2AX
nuclear level in cells with mutant FUS CI. We found that cells with FUS CI, that also
incorporate GFP-RNFS expressing plasmid, show a minor rescue of RNF168 positive
foci and this event occurs in both undamaged and damaged conditions (Fig. 4.28.A-B).



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signalliri@7

impairment

A)
DAPI

+ EV

5251,

FUS-P

+ GFP-RNF8 WT

-P525L.

0]

T

FU

B) 80
w
=
@
T 60
=]
=
e
@
o
T 407
o
B
o0
w
L
Z 201
[
z
is

FUS GFP RNF168

SON

SON

=+
At = —_—
. - s . . + + Cl
- + - + + - + NCS
FUS P525L FUS P525L
+ +
EV RNF8 GFP

Figure 4.28. RNF8 overexpression stimulates restore of RIN168 nuclear foci in cells with mutant
FUS CI. A. Imaging of Hela cells overexpressing FUS P525L plus EV or plus RNF8 and
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immunostained for FUS, RNF8 and RNF168 in untreated and NCS-treated conditions in order
to induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20 um. B.
Quantification of RNF168 foci measured in cells expressing FUS P525L. Error bars represent
SEM from three independent experiments, discernible by the different colour of spots. * P-value
< 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-yalue < 0.0001.

Then, we evaluated 53BP1 foci rescue in the same experimental settings. Interestingly, we
observed that cells with FUS CI that express GFP-RNF8 clearly show detectable 53BP1
foci which appear in number similar to the one of surrounding cells without FUS CI in
damaged conditions (Fig. 4.29.A-B) suggesting that the overexpression of GFP-RNFS8
can stimulates 53BP1 foci through the rescue of RNF168 functionality.
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Figure 4.29. RNF8 overexpression stimulates restore of 53BP1 nuclear foci in cells with mutant FUS
CI. A. Imaging of Hela cells overexpressing FUS P525L plus EV or plus RNF8 and
immunostained for FUS, RNF8 and 53BP1 in untreated and NCS-treated conditions in order to
induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20 um. B. Quantification of
53BP1 foci measured in cells expressing FUS P525L. Error bars represent SEM from three
independent experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-value <
0.01, *#** P-value < 0.001, **** P-value < 0.0001.

Finally, we evaluated if the correct activation of the signalling cascade could also stimulate
a positive feedback loop leading to better repair thus resulting in YH2AX reduction in
cells with FUS CI. Indeed, as observed for RNF168, we found that the overexpression of
GFP-RNF8S in cells with mutant FUS CI stimulates the reduction of YH2AX pan-nuclear
signal (Fig. 27D-E).
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Figure 4.30. RNF8 overexpression stimulates restore of YH2AX nuclear foci in cells with mutant FUS
CI. A. Imaging of Hela cells overexpressing FUS P525L plus EV or plus RNF8 and
immunostained for FUS, RNF8 and YH2AX in untreated and NCS-treated conditions in order to
induce DNA damage. Nuclei were counterstained with DAPI Scale bar 20 um. B. Quantification of

YH2AX nuclear intensity measured in cells expressing FUS P525L. Error bars represent SEM from
three independent experiments, discernible by the different colour of spots. * P-value < 0.05, ** P-
value < 0.01, *** P-value < 0.001, **** P-yalue < 0.0001.

Collectively our data suggest that the RNF8 overexpression in cells experiencing mutant
FUS CI can stimulate RNF168 activity, rescuing its recruitment to DDR foci thus also
promoting 53BP1 foci formation and reduces YH2AX accumulation. To our knowledge,
it is the first time that somebody shows that RNF8 upregulation can strengthen the
cellular response to DNA damage.

4.10. P62 DEPLETION RESTORES RNF168 NUCLEAR SIGNAL AND 53BP1 FOCI IN
CELLS WITH MUTANT FUS-P525L, THUS REDUCING YH2AX AMOUNT

The accumulation of p62 and its co-localization with cytoplasmic RNF168 in cells with
mutant FUS CI lead us to speculate that p62-dependent RNF168 sequestration from the
nucleus is one key event that damper DDR activation and DNA repair in these cells.
Thus, we tested if p62 inactivation by siRNA, prior to transfection with mutant FUS
expressing plasmid, could restore DDR functions in cells with FUS positive CI. Thus, we
knocked down p62 by a pool of siRNA, 48h prior the FUS-P525L transfection and then
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we stained for RNF168, to assay if p62 depletion could rescue of nuclear RNF168 levels
and thus, possibly, DDR functions. As a control, cells were transfected in parallel with a
set of 4 siRNAs with a scrambled sequences (siCTRL) and the efficiency of p62 depletion
has been evaluated by western blotting. (Fig. 4.30.D).

As previously showed, we observed that cells transfected with siCTRL and harbouring
mutant FUS CI show RNF168 cytoplasmic signal and a concomitant reduction of
RNF168 nuclear foci. Excitingly, p62 depletion restores RNF168 nuclear localization in
cells with mutant FUS CI in both damaged and undamaged conditions (Fig. 4.30.A-B-C).
This important observation strongly suggests that p62 accumulation induced by mutant
FUS CI is the event responsible for RNF168 nuclear depletions and sequestration into
the cytoplasm and that p62 inactivation might be beneficial to restore DDR functions.
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Figure 4.31. p62 depletion rescues RNF168 nuclear signal and DSB localization in cells with FUS CI.
A. Imaging of Hela cells expressing FUS-P525L immunostained for FUS, and RNF168 in basal
conditions or upon DNA damage induction in both siCTRL and sip62 transfection. Nuclei were
counter-stained with DAPI. Scale bar: 20um. B. Quantification of percentage of cells showing
RNF168 cytoplasmic signal measured in cells expressing FUS-P525L and separating cells with FUS
inclusions from cells without FUS inclusions, in each indicated condition. (C) Quantification of
number of RNF168 foci per nucleus in cells expressing FUS-P5251. by separating cells with FUS
inclusions from cells without, in each indicated condition. Error bars represent SEM from two
independent experiments. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value <
0.0001. D. Western blotting oh Hela cells treated with siCTRL and sip62 48h prior FUS-P525L

transfection.

Thus, we next investigated if p62 knockdown result also in 53BP1 partial foci restoration
in cells with mutant FUS CI. Importantly, we could confirm that damaged cells bearing
mutant FUS CI and transfected with siCTRL show the previously observed phenotype of
loss of 53BP1 foci but differently, cells depleted for p62 re-acquire the ability to mount
proper 53BP1 foci (Fig. 4.31.A-B). Thus, we can confirm that p62 knockdown rescuing
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RNF168 nuclear levels, is beneficial for the proper recruitment of 53BP1 at DSBs and a
proficient DDR activation ultimately allowing DNA repair (Fig. 4.31A-B).

Indeed, we noticed and measured that also the level of YH2AX accumulation was
significantly reduced in cells knocked down for p62 despite bearing mutant FUS ClI,
suggesting that DNA repair functionality has been restored (Fig. 4.28A-B). Intriguingly,
we could appreciate that upon p62 knock-down, YH2AX signal is not anymore pan-
nuclear but appears organized in clear detectable DDR foci similarly to the staining
observed in cells without CI (Fig. 4.31.A-C). This last information confirms that the pan
nuclear YH2AX observed indeed originate from DNA damage generation due to a defect
in DDR factor recruitment and DNA repair and not a spurious signal associated with

alteration of chromatin status, an event that can also activate ATM as previously
described (Burgess et al. 2014).

These data indicate that p62 knockdown is beneficial for proper DDR activation in cells

harbouring mutant FUS CI since it stimulates the rescue of 53BP1 recruitment at site of

damage and consequent reduction of redundant YH2AX accumulation.
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Figure 4.32. p62 depletion rescues DDR activation in cells with FUS CI. A. Imaging of HeLa cells
expressing FUS-P525L immunostained for FUS, 53BP1 and YH2AX in basal conditions or upon
DNA damage induction in both siCTRL and sip62 transfection. Nuclei were counter-stained with
DAPI. Scale bar: 20um. B. Counts of 53BP1 foci and YH2AX mean intensity (C) measured in
cells expressing FUS-P525L and separating cells with FUS inclusions from cells without FUS
inclusions, in each indicated condition. Error bars represent SEM from three independent
experiments. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, ¥**** P-value < 0.0001.

We previously observed that the YH2AX accumulation is ATM dependent and its
inhibition reduces the strong YH2AX nuclear signal in cells with mutant FUS CI. We
observed that p62 knockdown also restores proper YH2AX localization in clear detectable
DDR foci. Thus, we evaluated if p62 depletion could restore also pATM foci in cells with
mutant FUS CI. Accordingly, we stained cells knocked down for p62 and expressing
mutant FUS with an antibody able to recognized the phosphorylated form of ATM (Ser
1981) (Fig. 4.22A). Intriguingly, we observed that pATM mean intensity per nucleus is
significantly lower in cells knocked down for p62 respect to cells transfected with CTRL
siRNA, still in condition of presence of mutant FUS CI, suggesting that the aberrant
ATM autophosphorylation and activation is reduced (Fig. 4.32.A-B). Nevertheless, we
observed that the p62 inactivation does not significantly rescues the ability of cells to
form pATM foci (Fig. 4.32.A-C). Therefore we believe that p62 accumulation directly
impinge on the RNF168 nuclear levels with a strong effect on 53BP1 foci and ultimately
on DNA repair, thus reducing also ATM hyperactivation and YH2AX accumulation,
nevertheless do not significantly restore pATM localization at site of damage, a
recruitment which is upstream to RNF168 dependent signalling pathway.
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Figure 4.33. p62 depletion rescues DDR activation in cells with FUS CI. A. Imaging of HeLa cells
expressing FUS-P525L immunostained for FUS and pATM in basal conditions or upon DNA
damage induction in both siCTRL and sip62 transfection. Nuclei were counter-stained with
DAPI. Scale bar: 20um. B. Counts of pATM foci and pATM mean intensity (C) in cells
expressing FUS-P525L and separating cells with FUS inclusions from cells without FUS
inclusions, in each indicated condition. Error bars represent SEM from three independent
experiments. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.

4.11. P62 DOWN REGULATION RESCUES DROSHA NUCLEAR PROTEIN LEVELS IN
CELLS WITH MUTANT FUS CI

It has been observed that autophagy regulates DROSHA neuronal levels in Spinal
Muscular Atrophy (SMA) (Goncalves et al. 2018). Therefore, we asked if autophagy
deregulation in cells bearing mutant FUS CI could also control DROSHA protein level in
our cellular system mimicking ALS proteinopathies. With this in mind we investigated if
p62 depletion would restores DROSHA nuclear levels in cells bearing mutant FUS CI
and as a consequence accumulation of p62 in cytoplasmic bodies, indicative of autophagy
block. Thus we stained for DROSHA in cells expressing FUS P525L and knocked down
for p62. As previously observed, upon control transfection with siCTRL, cells harbouring
mutant FUS CI show significant reduction of DROSHA nuclear levels in both
undamaged and damaged condition (Fig. 4.33.A-B). Instead, we found that p62
inactivation by siRNA knockdown ameliorates DROSHA nuclear depletion in both
undamaged and upon NCS-mediated DNA damage induction (Fig. 4.33.A-B).
Intriguingly we observed that in damaged cells DROSHA level was better rescued by p62
knockdown, again supporting the idea that DNA damage also modulate DROSHA
protein level in a p62 dependent fashion. This set of data support the notion that
DROSHA protein level might be regulated by p62 accumulation and autophagy block
and that its down-regulation contribute to DDR impairment observed in cells with
mutant FUS CIL.
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Figure 4.34. p62 depletion rescues DROSHA nuclear levels in cells with with FUS CI. A. Imaging of
HelLa cells expressing FUS-P525L immunostained for FUS and DROSHA in basal conditions or
upon DNA damage induction in both siCTRL and sip62 transfection. Nuclei were counter-
stained with DAPI. Scale bar: 20um. B. Counts of DROSHA nuclear mean intensity in cells
expressing FUS-P525L and separating cells with FUS inclusions from cells without FUS
inclusions, in each indicated condition. Error bars represent SEM from three independent
experiments. * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001.

4.12. P62 DOWN REGULATION STIMULATES THE SURVIVAL OF CELLS HARBOURING
FUS P525L POSITIVE CI

As for all neurodegenerative diseases, ALS is characterized by the progressive death of
neuronal cells (Taylor, Brown, and Cleveland 2016). As mentioned above ALS patient
carrying FUS mutations show a significative increase of marker of DNA damage YH2AX
in neurons (Naumann et al. 2018). Above we show that importantly, p62 down
regulation can rescue 53BP1 foci, a DDR signalling reactivation, which reflects a
reduction of YH2AX. In this scenario we wondered if upon p62 inactivation, a better
DDR signalling could also stimulate the survival of cells with mutant FUS CI. This would
point to a potential strategy for intervention in ALS, at least at the level of proof of
concept. Thus we were very intrigued by the possibility that p62 inactivation might allow
the survival of cells with mutant FUS proteinopathies and we monitored the survival of
cells bearing mutant FUS CI after 24, 48 and 72 hours post transfection by counting the
percentage of these cells in the population upon p62 knockdown or control siRNA
transfected cells. Importantly, the percentage of cells bearing mutant FUS P525L CI is
significantly higher in condition of p62 silencing (Fig. 4.34.). This result enhances the
speculation that p62 could be directly involved in the formation of FUS CI since its
depletion significantly increases the percentage of cells with those CI. We believe that p62
has a dual effect: in one hand it mediates the proper clearance of misfolded proteins thus
its down regulation increases the amount of cells with FUS CI; on the other hand, the
fact that p62 inactivation allows proper DDR signalling and reduced DNA damage
accumulation in cells with FUS CI supports the survival of these cells. Both events
explain the increase percentage of cells tolerating mutant FUS CI.

We observed that at 72h cells with CI decreased in both siCTRL and sip62 conditions
and this could be due to the fact that cells devoid of CI can still proliferate until the end
of the experiment while we showed that cells bearing CI are arrested. As expected, we
indeed noticed that cells knocked down for p62 proliferate less than control cells. Thus to
avoid any misinterpretation of our data due to different cells confluence we seeded cells
differently (25% less in control condition respect to sip62 transfected cells). After 72h
cells transfected with siCTRL show a comparable confluence to cells transfected with
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sip62 allowing us to evaluate in a similar culture condition if sip62 stimulates the survival

of cells with FUS CI.

This result strongly supports the model that cells with mutant FUS CI accumulate p62
protein which sequesters in the cytoplasm RNF168 and negatively impact on DDR
signalling and DNA repair, ultimately causing cell death. Nevertheless, p62 inactivation is
sufficient to reduce cell lethality allowing the survival of cells with FUS positive CI at

different time points.
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Figure 4.35. p62 depletion stimulates the survival of cells with FUS CI. A. Quantification of percentage
of cells (calculated on the total population) harboring FUS CI at indicated time and treatments.
Error bars represent SEM from three independent experiments. B. Western blotting oh Hela
cells treated with siCTRL and sip62 at indicated time where the last 24h cells were transfected
with FUS-P525L and treated with NCS for 20 minutes.
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5. DISCUSSION

Protein aggregation results in toxic effects especially when it occurs in neuronal districts
and causes progressive cellular loss of function in a context were regeneration is limited
(Lee et al. 2011). In fact, protein aggregation is one of the predominant hallmark of
neurodegenerative diseases including AD, PD, HD and ALS (Ross and Poirier 2004).
Disease-causing mutations play a pivotal role in protein aggregation by stimulating the
alteration of protein stability or solubility, negatively impacting on the tendency of the
protein to behave in a prion-like fashion (Lee and Yu 2005).

Various RNA-binding proteins involved in ALS-neurodegeneration like FUS, hnRNPA1
and TDP43 show a pronounced propensity to self-assemble (Maharana et al. 2018).
Thanks to the interaction with RNA and component of stress granules (SG), these
factors can undergo LLPS into condensate which may eventually lead to the formation of
more solid amyloid like fibrils often very toxic for the cell (Aguzzi and Altmeyer 2016).
While in normal condition the equilibrium between liquid and amyloid-like state is thinly
regulated, disease-related mutations exacerbate the conversion in pathological amyloid
aggregation or reduce the ability of the cell to clear these structure, thus causing cell death
and neurodegeneration (Ramaswami, Taylor, and Parker 2013).

As discussed in the review I also contributed to write (Pessina et al. 2020), SGs are
cytoplasmic membrane-less organelles (MLOs) believed to exploit the main function of
slowing down mRNA translation and guarantee cell survival under stressful conditions
(Protter and Parker 2016). Beyond their physiological relevance, SGs are becoming object
of interest due to a proposed connection with the pathogenesis of various
neurodegenerative diseases, including ALS /FTD spectrum. Often, indeed, these diseases
harbour SG components co-localizing with TDP-43- and FUS-positive inclusions in
patients neurons (Alberti and Dormann 2019; Wolozin and Ivanov 2019).

FUS is one of the better characterized intrinsically disordered RBPs involved in
neurodegeneration. Mutations in both prion like domain and nuclear localization signal
enhance FUS conversion from liquid to solid deposits (Guerrero et al. 20106). Particularly,
the ALS- linked FUS P525L mutation strongly stimulates the recruitment into SGs in
different cell system (Lenzi et al. 2015; Lo Bello et al. 2017; Marrone et al. 2018). More
recently, also chaperone proteins have been associated with SGs dynamics (Liu et al.
2020) and interestingly, the phosphorylated form of Hsp27, present upon stress, is
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actively recruited in FUS P525L-positive CI and the overexpression of phospho-Hsp27
strongly mitigates the amount of cells with FUS positive CI (Liu et al. 2020).

When nuclear DNA is damaged, cells promptly activate a concerted signalling cascade of
DDR in order to recognize the damage and coordinate its repair. FUS has been
acknowledged as an important player in DNA damage repair. FUS is recruited to DNA
lesions by interacting with PAR chains (Mastrocola et al. 2013) and this interaction
facilitates the compartmentalization of damage DNA into liquid structures (Pessina et al.
2020; Naumann et al. 2018). Moreover, FUS was shown to play a direct role in DNA
repait since it promotes the recruitment of XRCC1/ligase III repair complex to damaged
chromatin and it is involved in chromatin changes since it interacts with HDACT at DSBs
(Pessina et al. 2020; Wang et al. 2013).

Recently our group and other showed that DDR foci are in fact LLPS compartment
driven by the interaction of 53BP1 with chromatin and RNA (Kilic et al. 2019; Pessina et
al. 2019) thus suggesting that altered FUS LLPS in ALS-linked mutation, might also
altered the formation of reversible and functional liquid DDR foci. Importantly, DNA
damage generation has been shown to change the interactomes of FUS (Kawaguchi et al.
2020). This may also imply that DNA damage generation could establish interaction of
mutant FUS with other key DDR components possibly leading to their sequestration into
more fibrillary-like solid condensate inactivating them. Many evidences have shown that
FUS-NLS mutations are associated with the significant increase of DNA damage both i
vitro (Naumann et al. 2018; Wang, Guo, et al. 2018) and i vivo (Qiu et al. 2014) suggesting
that DNA repair is strongly impaired in presence of FUS-NLS mutations, including FUS
P525L. Importantly, this occurs also in condition of heterozygosis, suggesting that more
than a loss of function this mutation causes a gain of toxic function as also described for
other ALS linked mutations (Farg et al. 2017). However, the mechanism by which cells
harbouring FUS P525L mutation and its cytoplasmic de-localization impact on DDR
signalling and DNA repair is poorly understood. In the present PhD thesis we used HelLa
cells transfected with a plasmid expressing FUS-P525L mutation, or WT as control to
tackle the molecular mechanism by which the formation of mutant FUS CI can lead to
loss of genome integrity. After testing different cell lines, we noticed that HeLa cells are
the best tool to investigate DDR in cells bearing mutant FUS CI since they have a good
transfection efficiency and grow in monolayer with a fairly flat morphology, thus allowing
good imaging quality of both nucleus and cytoplasm. Indeed, different groups before us
used Hela as a cellular model system to study the impact of mutant FUS CI on different
aspect of cellular metabolism, relevant for ALS (Baron et al. 2013; Dormann et al. 2010;
Liu et al. 2020). Importantly, the fact that Hel.a are tumour cell line allows a better
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tolerance of high amount of DNA damage, thus the possibility for us to study the
molecular mechanism behind its formation in living cells. We also generated a stable cell
line bearing an inducible FUS mutated gene under doxycycline control, however the
percentage of cells bearing CI observed in this inducible system for the expression of
mutant FUS, was even lower than the one obtained by transient transfection, thus
reducing the number of cells useful for our analyses. We are aware of using only one cell
system could represent a limitation of the present study however we could refer to a
strong literature supporting the validity of this approach (please see before) and we
worked on the establishment of motorneurons cell lines derived from human IPSc
although we are still managing rule out several technical issues in order to use them for
our purposes. Moreover, upon FUS P525L transfection only 20-30% of cells show
formation of FUS CI thus limiting the application of any biochemical (e.g. western blots)
or functional (e.g. reporter assays to measure DNA repair) approaches. In this regard, we
mainly used single cell imaging approaches in order to better characterize the impact of
FUS CI on DDR.

In line with previous literature, the ectopically expression by transient transfection of a
plasmid expressing FUS P525L in Hela cells, significantly enhances the formation of
FUS CI compared to FUS WT expressing cells and, most importantly, they co-localize
with two well established stress granule markers thus mimicking the behaviour of FUS CI
detected in tissues of ALS patients and giving us the chance to further investigate DDR-

related phenotypes in a cell system that reproduces some aspects of the pathology.

Firstly, we noticed that cells bearing mutant FUS CI present high level of nuclear DNA
damage marker YH2AX. Importantly, the presence of the mutant protein is not sufficient
to induce genotoxicity, while only the formation of CI induces it. After less than 24 hour
of FUS P525L expression, roughly 20-30% of cells present mutant FUS CI and
specifically these cells accumulate YH2AX in basal condition, meaning in the absence of
exogenous DNA damaging treatment. This suggests that an acute DNA damage is
generated endogenously. Importantly, FUS-P525L expressing cells present a
subpopulation with an higher tail moment respect to FUS WT expressing cells as
detected by comet assay in neutral condition in order to separate DNA fragments
induced by DSB independently from the presence of SSBs (Olive and Banath 2000),
demonstrating the presence of physical DNA damage in a fraction of nuclei, which nicely
reflects the amount of cells harbouring FUS positive CI. Moreover, YH2AX signal of cells
with FUS CI was drastically reduced after inhibiting ATM and DNA-PK, and not ATR,
indicating that kinases activated by DSB are indeed the ones responsible for H2AX
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phosphorylation in these cells. Consistently, the diffuse and nuclear wide activation of
ATM in cells with mutant FUS CI was also confirmed by directly analysing the
distribution of pATM. Others in the literature have reported that, in addition to be
required for YH2AX generation within discrete DDR foci around individual DSBs
(Harper and Elledge 2007; Lavin 2008; Meek, Dang, and Lees-Miller 2008), ATM and
DNA-PK kinases can be responsible for the generation of pan nuclear YH2AX signal
after the clustering of DNA lesions. Thus the observation that YH2AX is associated with
generation of physical DNA damage does not exclude the possibility that also chromatin
conformation changes could be responsible for diffused ATM activation and consequent
YH2AX spreading. Indeed ATM activation has been reported to occur also upon
chromatin compaction (Burgess et al. 2014). This aspect is under study in our laboratory
at the moment.

We spent some time trying to address the possibility that YH2AX signal was due to
replication stress or activation of the apoptotic programme, but our results described

above strongly indicate that this is not the case.
gly

Importantly, the treatment with the DNA damaging agent NCS, a radiomimetic drug
used to generate DNA DSBs (Banuelos et al. 2003; Kuo, Meyn, and Haidle 1984; Segal-
Raz et al. 2011) revealed that in cells with mutant FUS positive CI, DDR activation, as
detected by DDR foci formation, was compromised at different levels. Indeed, the
accumulation within DDR foci of both ATM and the downstream DDR mediator 53BP1
was selectively impaired in cells harbouring mutant FUS CI. By confocal analyses of a
single plane, we confirmed that the formation of mutant FUS CI do not result in
clearance of endogenous nuclear FUS, suggesting that the loss of DDR foci in these cells
is not due to the loss of function of endogenous FUS and is instead more likely explained
by a gain of toxic function, a model often formulated to explain other phenotypes
associated with ALS pathogenesis (An et al. 2019; Sharma et al. 2016). Indeed, the
incorporation of FUS into CI appear to cause genome toxicity related to impairment of
DDR signalling and DNA repair.

In recent year my group discovered a novel class of small ncRNA defined DDRNAs that
are directly involved in the first steps of DDR activation (Francia et al. 2012). Particularly,
DDRNAs are processed by DICER and DROSHA endonucleases, which are historically
involved in miRNAs biogenesis. Moreover, in one hand FUS is involved in DROSHA
complex (Gregory et al. 2004) and facilitates DROSHA loading at chromatin thus
stimulating miRNA biogenesis in neuronal cells (Morlando et al. 2012). On the other
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hand, defects in miRNAs generation were widely reported in ALS (Emde et al. 2015). In
this scenario, it would be interesting to address if both DROSHA and DICER are
compromised in terms of proteins levels, activity or localization in cells with FUS positive
CI. Indeed, a possible explanation is that the alteration of the expression level or activity
of both endonucleases affects DDRNA biogenesis and thus DDR activation and DDR
foci formation in cells with FUS positive CI. Previously in fact we observed that ATM
diffuse activation was induced upon acute treatment with DRB, a transcription inhibitor
that block DDRNA biogenesis (Michelini et al. 2017). Accordingly, a decrease in DICER
activity has been already associated to the generation of SGs including TDP-43 (Emde et
al. 2015). Thus we analysed DROSHA and DICER cellular level in cells bearing mutant
FUS CI. None of these factors nevertheless were recruited into mutant FUS positive CI
and DICER cytoplasmic levels were unaffected (data not shown). Instead, nuclear level
of DROSHA was strongly reduced in bearing mutant FUS positive Cl. The mechanism
by which DROSHA expression level is reduced still remains uncertain. One possible
explanation correlates DROSHA decrease with activation of the p38 MAPK and calpain
protease, or to proteasome-mediated degradation under stress (Ye et al. 2015). However
we didn’t observed any difference in terms of p38 MAPK activation thus ruling out the
possibility that DROSHA was degraded by calpain (data not shown). Moreover,
proteasome inhibition by MG-132 does not rescue nuclear DROSHA levels upon
transfection suggesting that DROSHA protein is not degraded in a proteasomal
dependent fashion. Treatment with MG132 is also known to inhibit 53BP1 formation
thus impeding us to use this approach for DDR studies (Hu et al. 2014). Possibly,
DROSHA could be degraded through the autophagy pathway, as reported for Spinal
Muscular Atrophy (SMA) motor neurons (Goncalves et al. 2018) and this could be
responsible also for the cell retention of SGs, since their resolution is mediated by
autophagy (Buchan et al. 2013) and indeed autophagy is impaired in ALS (Protter and
Parker 2016) and we showed that p62 inactivation can partially restore DROSHA nuclear
signal. Nevertheless, the reduction of DROSHA nuclear levels suggests that DDRNAs
biogenesis could be strongly dampened in cells harbouring FUS positive CI upon FUS
P525L overexpression. To address this question we set up a dedicated protocol able to
detect DDRNAs in cells transfected with FUS P525L taking advantage of specific cell
system where the site of damage is sequence specific (Lemaitre et al. 2014; Soutoglou et
al. 2007). By this tool, we observed a significant reduction of DDRNAs upon cut
induction in cells expressing FUS P525L compared with control cells, thus confirming
that indeed DROSHA nuclear levels reduction observed in cells with mutant FUS
positive CI negatively impact on DDRNAs synthesis that in turn impairs 53BP1
formation in those cells.
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The prompt activation of DSB repair mechanisms is extremely important to avoid
chromatin rearrangements, which are associated with tumorigenesis, aging and aberrant
development of the nervous and immune systems (Jeggo and Lobrich 2007; McKinnon
and Caldecott 2007). Among the DDR cascade signalling, the histone ubiquitination
mediated by RNF168 represents a crucial step and stimulates the recruitment of
downstream factors like 53BP1 and BRCAI, required for activation of DNA repair
pathways (Stewart et al. 2009). The pivotal role of histone ubiquitination-RNF168
mediated in DDR is represented by the RIDDLE syndrome, a severe disease
characterized by radio sensitivity, sysmorphic features, immunodeficiency and also
learning difficulties (Stewart et al. 2007). The RIDDLE syndrome shares few neurological
phenotypes with A-T although cells derived from patient affected by this syndrome show
predominantly reduction of 53BP1 and BRCAT1 at site of damage while MDC1 and NBS1
are still recruited (Stewart et al. 2007). Particularly, RNF168 nuclear depletion leads to a
significant reduction of nuclear FK2 foci and consequent impairment of 53BP1
recruitment to DSB upon IR (Stewart et al. 2009). In our study we observed that cells
harbouring mutant FUS CI show reduced capacity to mount distinguishable FK2 nuclear
foci and remarkable absence of 53BP1 foci that possibly suggests loss of the correct
chromatin ubiquitination, which in turn affects the activation of DNA repair mechanism.
Indeed, cells with FUS positive CI present a significant RNF168 nuclear depletion
compared to cells without CI and noteworthy, upon DSBs induction, cells do not show
detectable RNF168 foci likely leading to impairment of the DDR signalling. Moreover,
we did not observe a reduction in MDC1 foci in agreement with the fact that the DDR
defects are RNF168-mediated that occur downstream MDCI1.

Many evidences correlate neurodegeneration and autophagy pathway dysfunctions
(Fujikake, Shin, and Shimizu 2018; Nixon 2013). Particularly in ALS patients the
accumulation of autophagosomes in the cytoplasm of spinal cord neurons suggests that
the autophagy dysfunctions are involved in the pathophysiology of ALS (Sasaki 2011). In
this regards, the expression of FUS P525L mutation is associated with the inhibition of
autophagosome formation and the accumulation of p62 (Soo et al. 2015). Besides, the
accumulation of cytoplasmic protein aggregates or autophagy defects are associated with
p62 accumulation (Korolchuk, Menzies, and Rubinsztein 2009; Wang et al. 2016).
Interestingly our results clearly show that the p62 accumulation is an event strictly related
to the formation of FUS positive CIL.

A plethora of cellular events appears to be affected in ALS disease including defects in
misfolded protein clearance by macro-autophagy(Walker and El-Khamisy 2018). The
cargo protein p62 plays a crucial role in macro-autophagy by binding to misfolded
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proteins and targets them for final degradation (Bjorkoy et al. 2005). Recent evidences
indicate that in cancer an increased level of p62 negatively regulate DNA repair pathway
by depleting nuclear levels of RNF168 (Wang et al. 2016). The LIM-binding (LB) domain
of p62 regulates the role of this protein in inflammation response and through NF-kB
factor (Feng and Longmore 2005) and more recently Wang and colleagues show that the
p62-LB domain is able to bind to the MIU domain of RNF168 which is also essential for
its B3 ligase activity and this event result in RNF168 sequestration and DDR signalling
impairment (Wang et al. 2016). The overexpression of p62 leads to reduced RNF168
nuclear signal, 53BP1 foci reduction (Wang et al. 2016) and in this thesis we also show
that p62 overexpression leads to YH2AX accumulation. Intriguingly, we observed that
cells harbouring FUS positive CI upon FUS P525L expression show a significant
accumulation of p62 in the cytoplasm. Besides, RNF168 show a peculiar behaviour in
cells with FUS positive CI since it is distinctly detectable in cytoplasmic bodies instead of
being localized in the nucleus as occurs in the surrounding cells without CIL. In this
regards, our results indicate that the RNF168 cytoplasmic signal preferably co-localizes
with p62 bodies while remarkably it never co-localizes with FUS positive CI.

To address the key role of RNF168 in this model, we overexpressed RNF168 with FUS
P525L in the attempt to complement the lack of nuclear RNF168 in cells with FUS
positive CI. Indeed, the rescue of RNF168 nuclear level obtained by its overexpression in
cells with FUS CI showed a clear rescue of 53BP1 foci upon exogenous DNA damage
and as a consequence the re-activation of proper DNA repair significantly ameliorates
YH2AX accumulation. The significant reduction of pATM diffused signal suggests that
the restoration of functional DDR signalling and possibly DNA repair is sufficient to
block the chronic stimulation of the ATM activity. In addition, RNF168 overexpression
restores also DROSHA nuclear levels restoring also DDRNAs biogenesis in cells with
FUS positive CI. Similar results were obtained by overexpression of RNF8 suggesting
that also RNF8 might be affected in cells bearing mutant FUS CI

The functional link between DROSHA and RNF168 have been recently put forward by a
study from Martin Bushell laboratory which shows that DROSHA knockdown leads to a
reduction in RNF168 foci (Lu et al. 2018). This indicates that also in our cellular system
DROSHA depletion induced by formation of mutant FUS CI could co-operates in
reducing RNF168 foci formation. On the other hand, nobody has proposed yet if also
the reverse is real meaning if RNF168 level can regulate DROSHA nuclear localization.
Intriguingly it has been recently proposed that DGCRS, a co-factor of DROSHA is a
target of USP51, a de-ubiquitinase enzyme counteracting RNF168 activity in DDR
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(https:/ /www.tesearchsquare.com/atticle/rs-47767/v1). To address if DROSHA nuclear
depletion observed in cells with FUS CI could be responsible for RNF168 loss we tested
whether DROSHA-flag overexpression in cells with FUS CI could rescue RNF168,
53BP1 foci formation and reduce YH2AX. However, we observed that cells with FUS CI
that overexpress DROSHA-flagged version do not show rescue of RNF168 or 53BP1

foci with consequent detection of high level of YH2AX in those cells (data not shown).
These results suggested us that restoration of DROSHA level per se is not sufficient to
restore RNF168 nuclear level, possibly because the sequestration of RNF168 by p62
bodies is still active and stronger in these cells.

In the attempt of restoring RNF168 protein level in cells with mutant FUS CI, we
knocked down the p62 and excitingly we observed that p62 depletion indeed significantly
restores RNF168 nuclear foci consequent 53BP1 foci rescue and reduction of YH2AX
nuclear signal in cells with FUS positive CI. Moreover, p62 downregulation also
ameliorates pATM hyper activation in those cells possibly as a result of reduced DNA
damage accumulation. Instead, we couldn’t detect any rescue of pATM foci, a result in
line with the literature showing that RNF168 acts downstream to ATM (Stewart et al.
2009). Importantly, p62 knock down also restore DROSHA nuclear levels in cells with
FUS positive CI, particularly upon DNA damage induction supporting the model by
which DROSHA might be depleted in a autophagy-dependent fashion, especially in
damaged cells. We have already planned to measure DDRINAs levels in cells expressing
FUS P525L in the context of p62 depletion which might also stimulates DDRNAs
biogenesis.

Finally, we tested if the restoration of proper DDR signalling and reduction of YH2AX
upon p62 depletion could stimulate the survival of cells harbouring FUS CI. Importantly,
this evidence could indicate that p62 inactivation can reduce neuronal cell death in ALS
patient with FUS P525L mutations. Thus, we counted the amount of cells with FUS CI
at 24, 48, and 72h after p62 depletion, all receiving 24h of FUS P525L overexpression.
Excitingly, we observed that p62 downregulation significantly stimulates the survival of
cells with FUS CI at all three time points. Indeed, p62 depletion leads to an increase of
cells with FUS CI in the population, which are double in percentage compared to control
cells. These results strongly support the p62 inactivation could enhance survival of cells
affected by FUS CI.

Overall our data suggest that different aspects of ALS pathogenicity like protein
aggregation, autophagy defects and DNA damage accumulation are intrinsically
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connected and as a whole contribute to disease progression. Our conclusions are also in
line with what previously reported by Walker and colleagues in the context of C90rf72
repeats expansions which negatively impact on ATM signalling, a defect that can be
ameliorated by p62 depletion and RNF168 overexpression (Walker et al. 2017).
Apparently, autophagy defects leading to DNA repair inefficiency and DNA damage
accumulation can be considered as new common features of ALS pathology not only
restricted to familiar ALS cases bearing the mutations FUS P525L..

This novel point of view open to a wide spectrum of potential therapeutically approaches
also taking the advantage of the deeply knowledge of DDR signalling obtained in the
context of cancer. Indeed, recently drugs that act as specific autophagy activator have
been proposed as a promising therapeutically methodology for counteracting protein
aggregation in neurodegenerative diseases and our study suggests that targeting autophagy
could also enhance DNA repair efficiency leading to neuronal cell survival.



REFERENCES

Adamec, E., J. P. Vonsattel, and R. A. Nixon. 1999. 'DNA strand breaks in Alzheimer's
disease', Brain Res, 849: 67-77.

Aguado, J., A. Sola-Carvajal, V. Cancila, G. Revechon, P. F. Ong, C. W. Jones-Weinert,
E. Wallen Arzt, G. Lattanzi, O. Dreesen, C. Tripodo, F. Rossiello, M. Eriksson,
and F. d'Adda di Fagagna. 2019. 'Inhibition of DNA damage response at
telomeres improves the detrimental phenotypes of Hutchinson-Gilford Progeria
Syndrome', Nat Commnn, 10: 4990.

Aguilera, A., and T. Gatcia-Muse. 2012. 'R loops: from transcription byproducts to
threats to genome stability', Mo/ Cell, 46: 115-24.

Aguzzi, A., and M. Altmeyer. 2016. 'Phase Sepatation: Linking Cellular
Compartmentalization to Disease', Trends Cell Biol, 26: 547-58.

Aguzzi, A., and T. O'Connor. 2010. 'Protein aggregation diseases: pathogenicity and
therapeutic perspectives', Na# Rev Drug Discov, 9: 237-48.

Aizer, A., A. Kalo, P. Kafri, A. Shraga, R. Ben-Yishay, A. Jacob, N. Kinor, and Y. Shav-
Tal. 2014. 'Quantifying mRNA targeting to P-bodies in living human cells reveals
their dual role in mRNA decay and storage', | Cell S¢i, 127: 4443-56.

Al-Chalabi, A., and O. Hardiman. 2013. "The epidemiology of ALS: a conspiracy of
genes, environment and time', Na# Rev Neurol, 9: 617-28.

Alberti, S., and D. Dormann. 2019. 'Liquid-Liquid Phase Sepatation in Disease', Annu Rev
Genet, 53: 171-94.

Alberti, S., R. Halfmann, O. King, A. Kapila, and S. Lindquist. 2009. 'A systematic sutvey
identifies prions and illuminates sequence features of prionogenic proteins', Ce//,
137: 146-58.

Alexander, A., J. Kim, and C. L. Walker. 2010. '"ATM engages the TSC2/mTORCI1
signaling node to regulate autophagy', Autophagy, 6: 672-3.

An, H., L. Skelt, A. Notaro, J. R. Highley, A. H. Fox, V. La Bella, V. L. Buchman, and T.
A. Shelkovnikova. 2019. 'ALS-linked FUS mutations confer loss and gain of
function in the nucleus by promoting excessive formation of dysfunctional
pataspeckles', Acta Neuropatho! Commun, 7: 7.

Andersson, M. K., A. Stahlberg, Y. Arvidsson, A. Olofsson, H. Semb, G. Stenman, O.
Nilsson, and P. Aman. 2008. "The multifunctional FUS, EWS and TAF15 proto-
oncoproteins show cell type-specific expression patterns and involvement in cell
spreading and stress response', BMC Ce// Biol, 9: 37.

Aulas, A., S. Stabile, and C. Vande Velde. 2012. 'Endogenous TDP-43, but not FUS,
contributes to stress granule assembly via G3BP', Mo/ Neurodegener, 7: 54.



152 Stefania Farina

Aulas, A., and C. Vande Velde. 2015. 'Alterations in stress granule dynamics driven by
TDP-43 and FUS: a link to pathological inclusions in ALS?', Front Cell Nenrosci, 9:
423.

Baechtold, H., M. Kuroda, J. Sok, D. Ron, B. S. Lopez, and A. T. Akhmedov. 1999.
'Human 75-kDa DNA-pairing protein is identical to the pro-oncoprotein
TLS/FUS and is able to promote D-loop formation', | Bio/ Chem, 274: 34337-42.

Bakkenist, C. J., and M. B. Kastan. 2003. 'DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation', Nature, 421: 499-
500.

Balendra, R., and A. M. Isaacs. 2018. 'C9orf72-mediated ALS and FTD: multiple
pathways to disease', Na# Rev Newurol, 14: 544-58.

Banuelos, A., E. Reyes, R. Ocadiz, E. Alvarez, M. Moreno, A. Monroy, and P. Gariglio.
2003. 'Neocarzinostatin induces an effective p53-dependent response in human
papillomavirus-positive cervical cancet cells', | Pharmacol Exp Ther, 306: 671-80.

Baron, D. M., L. J. Kaushansky, C. L. Ward, R. R. Sama, R. J. Chian, K. ]J. Boggio, A. J.
Quaresma, ]. A. Nickerson, and D. A. Bosco. 2013. 'Amyotrophic lateral
sclerosis-linked FUS/TLS alters stress granule assembly and dynamics', Mo/
Nenrodegener, 8: 30.

Bassing, C. H., and F. W. Alt. 2004. 'The cellular response to general and programmed
DNA double strand breaks', DN.A Repair (Amst), 3: 781-96.

Baumer, D., D. Hilton, S. M. Paine, M. R. Turner, J. Lowe, K. Talbot, and O. Ansorge.
2010. "Juvenile ALS with basophilic inclusions is a FUS proteinopathy with FUS
mutations', Nexrology, 75: 611-8.

Bender, A., K. J. Krishnan, C. M. Mortis, G. A. Taylor, A. K. Reeve, R. H. Perry, E.
Jaros, J. S. Hersheson, J. Betts, T. Klopstock, R. W. Taylor, and D. M. Turnbull.
2006. 'High levels of mitochondrial DNA deletions in substantia nigra neurons in
aging and Parkinson disease', Na# Genet, 38: 515-7.

Bentmann, E., M. Neumann, S. Tahirovic, R. Rodde, D. Dormann, and C. Haass. 2012.
'Requirements for stress granule recruitment of fused in sarcoma (FUS) and TAR
DNA-binding protein of 43 kDa (TDP-43)', | Bio/ Chen, 287: 23079-94.

Bhargava, R., D. O. Onyango, and J. M. Stark. 2016. 'Regulation of Single-Strand
Annealing and its Role in Genome Maintenance', Trends Genet, 32: 566-75.

Biton, S., A. Barzilai, and Y. Shiloh. 2008. "The neurological phenotype of ataxia-
telangiectasia: solving a persistent puzzle', DN.A Repair (Amst), 7: 1028-38.
Bjorkoy, G., T. Lamark, A. Brech, H. Outzen, M. Perander, A. Overvatn, H. Stenmark,
and T. Johansen. 2005. 'p62/SQSTM1 forms protein aggregates degraded by
autophagy and has a protective effect on huntingtin-induced cell death', | Ce//

Biol, 171: 603-14.

Blackford, A. N., and S. P. Jackson. 2017. '"ATM, ATR, and DNA-PK: The Trinity at the
Heart of the DNA Damage Response', Mo/ Cell, 66: 801-17.

Bolte, S., and F. P. Cordelieres. 2006. 'A guided tour into subcellular colocalization
analysis in light microscopy', | Microse, 224: 213-32.

Borgesius, N. Z., M. C. de Waard, I. van der Pluijm, A. Omrani, G. C. Zondag, G. T. van
der Horst, D. W. Melton, J. H. Hoeijmakers, D. Jaarsma, and Y. Elgersma. 2011.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallirig3

impairment

'Accelerated age-related cognitive decline and neurodegeneration, caused by
deficient DNA repait', | Newurosci, 31: 12543-53.

Bosco, D. A., N. Lemay, H. K. Ko, H. Zhou, C. Burke, T. J. Kwiatkowski, Jr., P. Sapp,
D. McKenna-Yasek, R. H. Brown, Jr., and L. J. Hayward. 2010. 'Mutant FUS
proteins that cause amyotrophic lateral sclerosis incorporate into stress granules',
Hum Mol Genet, 19: 4160-75.

Brambati, A., A. Colosio, L. Zardoni, L. Galanti, and G. Liberi. 2015. 'Replication and
transcription on a collision course: eukaryotic regulation mechanisms and
implications for DNA stability', Front Genet, 6: 166.

Branzei, D., and M. Foiani. 2008. 'Regulation of DNA repair throughout the cell cycle',
Nat Rev Mol Cell Biol, 9: 297-308.

Bredemeyer, A. L., G. G. Sharma, C. Y. Huang, B. A. Helmink, L. M. Walker, K. C.
Khor, B. Nuskey, K. E. Sullivan, T. K. Pandita, C. H. Bassing, and B. P.
Sleckman. 2006. 'ATM stabilizes DNA double-strand-break complexes during
V(D)] recombination', Nature, 442: 466-70.

Bruijn, L. I., M. K. Houseweart, S. Kato, K. L. Anderson, S. D. Anderson, E. Ohama, A.
G. Reaume, R. W. Scott, and D. W. Cleveland. 1998. 'Aggregation and motor
neuron toxicity of an ALS-linked SOD1 mutant independent from wild-type
SOD1', Science, 281: 1851-4.

Buchan, J. R., R. M. Kolaitis, J. P. Taylot, and R. Patker. 2013. 'Eukatyotic stress granules
are cleared by autophagy and Cdc48/VCP function', Ce/, 153: 1461-74.

Buchan, J. R., and R. Parker. 2009. 'Eukaryotic stress granules: the ins and outs of
translation', Mo/ Cell, 36: 932-41.

Burberry, A., N. Suzuki, J. Y. Wang, R. Moccia, D. A. Mordes, M. H. Stewart, S. Suzuki-
Uematsu, S. Ghosh, A. Singh, F. T. Merkle, K. Koszka, Q. Z. Li, L. Zon, D. J.
Rossi, J. J. Trowbridge, L. D. Notarangelo, and K. Eggan. 2016. 'Loss-of-
function mutations in the COORF72 mouse ortholog cause fatal autoimmune
disease', S¢i Trans/ Med, 8: 3471a93.

Butgess, R. C., B. Burman, M. J. Kruhlak, and T. Misteli. 2014. 'Activation of DNA
damage response signaling by condensed chromatin', Ce// Rep, 9: 1703-17.

Burke, K. A., A. M. Janke, C. L. Rhine, and N. L. Fawzi. 2015. 'Residue-by-Residue View
of In Vitro FUS Granules that Bind the C-Terminal Domain of RNA
Polymerase II', Mo/ Cell, 60: 231-41.

Cabrini, M., M. Roncador, A. Galbiati, L. Cipolla, A. Maffia, F. lannelli, S. Sabbioneda, F.
d'Adda di Fagagna, and S. Francia. 2021. 'DROSHA is recruited to DNA damage
sites by the MRN complex to promote non-homologous end joining', | Cel/ Sci,

134.
Caldecott, K. W. 2008. 'Single-strand break repair and genetic disease', Na# Rev Genet, 9:
619-31.

Campisi, J., and F. d'Adda di Fagagna. 2007. 'Cellular senescence: when bad things
happen to good cells', Naz Rev Mol Cell Biol, 8: 729-40.

Canugovi, C., M. Misiak, L. K. Ferrarelli, D. L. Croteau, and V. A. Boht. 2013. "The role
of DNA repair in brain related disease pathology', DN.A Repair (Amst), 12: 578-
87.



154 Stefania Farina

Capozzo, I, F. Iannelli, S. Francia, and F. d'Adda di Fagagna. 2017. 'Exptess ot repress?
The transcriptional dilemma of damaged chromatin', Febs j, 284: 2133-47.
Carpenter, A. E., T. R. Jones, M. R. Lamprecht, C. Clarke, I. H. Kang, O. Friman, D. A.
Guertin, J. H. Chang, R. A. Lindquist, J. Moffat, P. Golland, and D. M. Sabatini.
2006. 'CellProfiler: image analysis software for identifying and quantifying cell

phenotypes', Genome Biol, 7: R100.

Celeste, A., O. Fernandez-Capetillo, M. J. Kruhlak, D. R. Pilch, D. W. Staudt, A. Lee, R.
F. Bonner, W. M. Bonner, and A. Nussenzweig. 2003. 'Histone H2AX
phosphorylation is dispensable for the initial recognition of DNA breaks', Na#
Cell Biol, 5: 675-9.

Chatterjee, N., and G. C. Walker. 2017. 'Mechanisms of DNA damage, repair, and
mutagenesis', Environ Mol Mutagen, 58: 235-63.

Chen, C., X. Ding, N. Akram, S. Xue, and S. Z. Luo. 2019. 'Fused in Sarcoma: Properties,
Self-Assembly and Cortelation with Neurodegenerative Diseases', Molecules, 24.

Chen, S., P. Sayana, X. Zhang, and W. Le. 2013. 'Genetics of amyotrophic lateral
sclerosis: an update', Mo/ Neurodegener, 8: 28.

Chen, Y., and T. J. Cohen. 2019. 'Aggregation of the nucleic acid-binding protein TDP-43
occurs via distinct routes that are coordinated with stress granule formation', |
Biol Chem, 294: 3696-706.

Chen, Y. Z., C. L. Bennett, H. M. Huynh, I. P. Blair, I. Puls, J. Irobi, I. Dierick, A. Abel,
M. L. Kennerson, B. A. Rabin, G. A. Nicholson, M. Auer-Grumbach, K.
Wagner, P. De Jonghe, J. W. Griffin, K. H. Fischbeck, V. Timmerman, D. R.
Cornblath, and P. F. Chance. 2004. 'DNA/RNA helicase gene mutations in a
form of juvenile amyotrophic lateral sclerosis (ALS4)', Am | Hum Genet, 74: 1128-
35.

Cherkasov, V., S. Hofmann, S. Druffel-Augustin, A. Mogk, J. Tyedmers, G. Stoecklin,
and B. Bukau. 2013. 'Coordination of translational control and protein
homeostasis duting severe heat stress', Curr Biol, 23: 2452-62.

Ciccia, A., and S. J. Elledge. 2010. "The DNA damage response: making it safe to play
with knives', Mo/ Cell, 40: 179-204.

Cimprich, K. A., and D. Cortez. 2008. 'ATR: an essential regulator of genome integrity',
Nat Rev Mol Cell Biol, 9: 616-27.

Conlon, E. G., D. Fagegaltier, P. Agius, J. Davis-Porada, J. Gregory, 1. Hubbard, K.
Kang, D. Kim, H. Phatnani, J. Kwan, D. Sareen, J. R. Broach, Z. Simmons, X.
Arcila-Londono, E. B. Lee, V. M. Van Deerlin, N. A. Shneider, E. Fraenkel, L.
W. Ostrow, F. Baas, N. Zaitlen, J. D. Berry, A. Malaspina, P. Fratta, G. A. Cox,
L. M. Thompson, S. Finkbeiner, E. Dardiotis, T. M. Miller, S. Chandran, S. Pal,
E. Hornstein, D. J. MacGowan, T. Heiman-Patterson, M. G. Hammell, N. A.
Patsopoulos, J. Dubnau, A. Nath, H. Phatnani, N. A. Shneider, and J. L. Manley.
2018. '"Unexpected similarities between CIORF72 and sporadic forms of
ALS/FTD suggest a common disease mechanism', E/fe, 7.

Conlon, E. G, L. Lu, A. Sharma, T. Yamazaki, T. Tang, N. A. Shneider, and J. L. Manley.
2016. 'The CI9ORF72 GGGGCC expansion forms RNA G-quadruplex
inclusions and sequesters hnRNP H to disrupt splicing in ALS brains', E/fe, 5.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallirig5

impairment

Conte, A., S. Lattante, M. Zollino, G. Marangi, M. Luigetti, A. Del Grande, S. Servidei, F.
Trombetta, and M. Sabatelli. 2012. 'P525I. FUS mutation is consistently
associated with a severe form of juvenile amyotrophic lateral sclerosis',
Neuromuscul Disord, 22: 73-5.

Coppede, F. 2011. '"An overview of DNA repair in amyotrophic lateral sclerosis',
ScientificWorldJonrnal, 11: 1679-91.

Crozat, A., P. Aman, N. Mandahl, and D. Ron. 1993. 'Fusion of CHOP to a novel RNA-
binding protein in human myxoid liposarcoma', Nazure, 363: 640-4.

Cruz, J. C, H. C. Tseng, J. A. Goldman, H. Shih, and L. H. Tsai. 2003. 'Abetrant Cdk5
activation by p25 triggers pathological events leading to neurodegeneration and
neurofibrillary tangles', Nexron, 40: 471-83.

Cuadrado, M., B. Martinez-Pastor, and O. Fernandez-Capetillo. 2006. ""ATR activation in
response to ionizing radiation: still ATM territory"', Cel/ Div, 1: 7.

d'Adda di Fagagna, F. 2008. 'Living on a break: cellular senescence as a DNA-damage

response', Nat Rev Cancer, 8: 512-22.

. 2014. 'A direct role for small non-coding RNAs in DNA damage response’,

Trends Cell Biol, 24: 171-8.

de Feraudy, S., I. Revet, V. Bezrookove, L. Feeney, and J. E. Cleaver. 2010. 'A minority of
foci or pan-nuclear apoptotic staining of gammaH2AX in the S phase after UV
damage contain DNA double-strand breaks', Proc Na# Acad Sci U S A, 107:
6870-5.

DeJesus-Hernandez, M., I. R. Mackenzie, B. F. Boeve, A. L. Boxer, M. Baker, N. J.
Rutherford, A. M. Nicholson, N. A. Finch, H. Flynn, J. Adamson, N. Kouri, A.
Woijtas, P. Sengdy, G. Y. Hsiung, A. Karydas, W. W. Seeley, K. A. Josephs, G.
Coppola, D. H. Geschwind, Z. K. Wszolek, H. Feldman, D. S. Knopman, R. C.
Petersen, B. L. Miller, D. W. Dickson, K. B. Boylan, N. R. Graff-Radford, and R.
Rademakers. 2011. 'Expanded GGGGCC hexanucleotide repeat in noncoding
region of COORF72 causes chromosome 9p-linked FID and ALS', Neuron, 72:
245-56.

Deng, H. X, H. Zhai, E. H. Bigio, J. Yan, F. Fecto, K. Ajroud, M. Mishra, S. Ajroud-
Driss, S. Heller, R. Sufit, N. Siddique, E. Mugnaini, and T. Siddique. 2010. 'FUS-
immunoreactive inclusions are a common feature in sporadic and non-SOD1
familial amyotrophic lateral sclerosis', Ann Neurol, 67: 739-48.

Deng, Q., C. J. Holler, G. Taylor, K. F. Hudson, W. Watkins, M. Gearing, D. Ito, M. E.
Mutray, D. W. Dickson, N. T. Seyfried, and T. Kukar. 2014. 'FUS is
phosphorylated by DNA-PK and accumulates in the cytoplasm after DNA
damage', | Neurosci, 34: 7802-13.

Dewey, C. M., B. Cenik, C. F. Sephton, B. A. Johnson, J. Herz, and G. Yu. 2012. "TDP-
43 aggregation in neurodegeneration: are stress granules the key?', Brain Res,
1462: 16-25.

Difilippantonio, S., and A. Nussenzweig. 2007. "The NBS1-ATM connection trevisited',
Cell Cycle, 6: 2366-70.




156 Stefania Farina

Digweed, M., and K. Sperling. 2004. 'Nijmegen breakage syndrome: clinical manifestation
of defective response to DNA double-strand breaks', DN.A Repair (Amst), 3:
1207-17.

Dobbin, M. M., R. Madabhushi, L. Pan, Y. Chen, D. Kim, J. Gao, B. Ahanonu, P. C. Pao,
Y. Qiu, Y. Zhao, and L. H. Tsai. 2013. 'SIRT1 collaborates with ATM and
HDAC1 to maintain genomic stability in neurons', Na# Newurosci, 16: 1008-15.

Doil, C., N. Mailand, S. Bekker-Jensen, P. Menard, D. H. Larsen, R. Pepperkok, J.
Ellenberg, S. Panier, D. Durocher, J. Bartek, J. Lukas, and C. Lukas. 2009.
'RNF168 binds and amplifies ubiquitin conjugates on damaged chromosomes to
allow accumulation of repair proteins', Ce//, 136: 435-46.

Dormann, D., R. Rodde, D. Edbauer, E. Bentmann, 1. Fischer, A. Hruscha, M. E. Than,
I. R. Mackenzie, A. Capell, B. Schmid, M. Neumann, and C. Haass. 2010. 'ALS-
associated fused in sarcoma (FUS) mutations disrupt Transportin-mediated
nuclear import', Embo j, 29: 2841-57.

Elden, A. C., H. J. Kim, M. P. Hart, A. S. Chen-Plotkin, B. S. Johnson, X. Fang, M.
Armakola, F. Geser, R. Greene, M. M. Lu, A. Padmanabhan, D. Clay-Falcone, L.
McCluskey, L. Elman, D. Juhr, P. J. Gruber, U. Rub, G. Auburger, J. Q.
Trojanowski, V. M. Lee, V. M. Van Deerlin, N. M. Bonini, and A. D. Gitler.
2010. 'Ataxin-2 intermediate-length polyglutamine expansions are associated with
increased risk for ALS', Nature, 466: 1069-75.

Eliopoulos, A. G., S. Havaki, and V. G. Gorgoulis. 2016. 'DNA Damage Response and
Autophagy: A Meaningful Partnership', Front Genet, 7: 204.

Emde, A., C. Eitan, L. L. Liou, R. T. Libby, N. Rivkin, I. Magen, 1. Reichenstein, H.
Oppenheim, R. Hilam, A. Silvestroni, B. Alajajian, I. Z. Ben-Dov, J. Aebischer,
A. Savidor, Y. Levin, R. Sons, S. M. Hammond, J. M. Ravits, T. Moller, and E.
Hornstein. 2015. 'Dystregulated miRNA biogenesis downstream of cellular stress
and ALS-causing mutations: a new mechanism for ALS', Embo j, 34: 2633-51.

Errichelli, L., S. Dini Modigliani, P. Laneve, A. Colantoni, I. Legnini, D. Capauto, A.
Rosa, R. De Santis, R. Scarfo, G. Peruzzi, L. Lu, E. Caffarelli, N. A. Shneider, M.
Motlando, and I. Bozzoni. 2017. 'FUS affects circular RNA expression in murine
embryonic stem cell-detived motor neurons', Nat Commnn, 8: 14741.

Eskelinen, E. L., and P. Saftig. 2009. 'Autophagy: a lysosomal degradation pathway with a
central role in health and disease', Biochinm Biophys Acta, 1793: 664-73.

Farg, M. A., A. Konopka, K. Y. Soo, D. Ito, and J. D. Atkin. 2017. "The DNA damage
response (DDR) is induced by the C9orf72 repeat expansion in amyotrophic
lateral sclerosis', Hum Mol Genet, 26: 2882-96.

Farg, M. A., K. Y. Soo, A. K. Walker, H. Pham, J. Orian, M. K. Horne, S. T. Warraich, K.
L. Williams, I. P. Blair, and J. D. Atkin. 2012. '"Mutant FUS induces endoplasmic
reticulum stress in amyotrophic lateral sclerosis and interacts with protein
disulfide-isomerase', Neurobiol Aging, 33: 2855-68.

Fecto, F., J. Yan, S. P. Vemula, E. Liu, Y. Yang, W. Chen, J. G. Zheng, Y. Shi, N.
Siddique, H. Arrat, S. Donkervoort, S. Ajroud-Driss, R. L. Sufit, S. L. Heller, H.
X. Deng, and T. Siddique. 2011. 'SQSTM1 mutations in familial and sporadic
amyotrophic lateral sclerosis', Arch Neurol, 68: 1440-6.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallirig7

impairment

Feng, Y., and G. D. Longmore. 2005. "The LIM protein Ajuba influences interleukin-1-
induced NF-kappaB activation by affecting the assembly and activity of the
protein kinase Czeta/p62/TRAFG signaling complex', Mo/ Cell Biol, 25: 4010-22.

Feng, Z., W. Hu, E. de Stanchina, A. K. Teresky, S. Jin, S. Lowe, and A. J. Levine. 2007.
"The regulation of AMPK betal, TSC2, and PTEN expression by p53: stress, cell
and tissue specificity, and the role of these gene products in modulating the IGF-
1-AKT-mTOR pathways', Cancer Res, 67: 3043-53.

Forman, M. S., J. Q. Trojanowski, and V. M. Lee. 2004. 'Neurodegenerative diseases: a
decade of discoveties paves the way for therapeutic breakthroughs', Naz Med, 10:
1055-63.

Francia, S. 2015. 'Non-Coding RNA: Sequence-Specific Guide for Chromatin
Modification and DNA Damage Signaling', Front Genet, 6: 320.

Francia, S., M. Cabrini, V. Matti, A. Oldani, and F. d'Adda di Fagagna. 2016. 'DICER,
DROSHA and DNA damage response RNAs are necessary for the secondary
recruitment of DNA damage response factors', | Cel/ Sei, 129: 1468-76.

Francia, S., F. Michelini, A. Saxena, D. Tang, M. de Hoon, V. Anelli, M. Mione, P.
Carninci, and F. d'Adda di Fagagna. 2012. 'Site-specific DICER and DROSHA
RNA products control the DNA-damage response’, Nature, 488: 231-5.

Fujikake, N., M. Shin, and S. Shimizu. 2018. 'Association Between Autophagy and
Neurodegenerative Diseases', Front Neurosci, 12: 255.

Galbiati, A., C. Beausejour, and F. d'Adda di Fagagna. 2017. 'A novel single-cell method
provides direct evidence of persistent DNA damage in senescent cells and aged
mammalian tissues', Aging Cell, 16: 422-27.

Galluzzi, L., E. H. Bachrecke, A. Ballabio, P. Boya, ]. M. Bravo-San Pedro, F. Cecconi, A.
M. Choi, C. T. Chu, P. Codogno, M. 1. Colombo, A. M. Cuervo, J. Debnath, V.
Deretic, 1. Dikic, E. L. Eskelinen, G. M. Fimia, S. Fulda, D. A. Gewirtz, D. R.
Green, M. Hansen, J. W. Harper, M. Jaattela, T. Johansen, G. Juhasz, A. C.
Kimmelman, C. Kraft, N. T. Ktistakis, S. Kumar, B. Levine, C. Lopez-Otin, F.
Madeo, S. Martens, J. Martinez, A. Melendez, N. Mizushima, C. Munz, L. O.
Murphy, J. M. Penninger, M. Piacentini, FF. Reggiori, D. C. Rubinsztein, K. M.
Ryan, L. Santambrogio, L. Scorrano, A. K. Simon, H. U. Simon, A. Simonsen, N.
Tavernarakis, S. A. Tooze, T. Yoshimori, J. Yuan, Z. Yue, Q. Zhong, and G.
Kroemer. 2017. 'Molecular definitions of autophagy and related processes', Embo
J, 36: 1811-306.

Gao, M., W. Wei, M. M. Li, Y. S. Wu, Z. Ba, K. X. Jin, M. M. Li, Y. Q. Liao, S. Adhikati,
Z. Chong, T. Zhang, C. X. Guo, T. S. Tang, B. T. Zhu, X. Z. Xu, N. Mailand, Y.
G. Yang, Y. Qi, and J. M. Rendtlew Danielsen. 2014. 'Ago2 facilitates Rad51
recruitment and DNA double-strand break repair by homologous
recombination', Ce// Res, 24: 532-41.

Gardiner, M., R. Toth, F. Vandermoere, N. A. Mottice, and J. Rouse. 2008. Tdentification
and characterization of FUS/TLS as a new target of ATM', Biochem |, 415: 297-
307.



158 Stefania Farina

Gatti, M., S. Pinato, E. Maspero, P. Soffientini, S. Polo, and L. Penengo. 2012. 'A novel
ubiquitin mark at the N-terminal tail of histone H2As targeted by RNF168
ubiquitin ligase', Ce// Cycle, 11: 2538-44.

Gendron, T. F., K. F. Bieniek, Y. J. Zhang, K. Jansen-West, P. E. Ash, T. Caulfield, L.
Daughrity, J. H. Dunmore, M. Castanedes-Casey, J. Chew, D. M. Cosio, M. van
Blitterswijk, W. C. Lee, R. Rademakers, K. B. Boylan, D. W. Dickson, and L.
Petrucelli. 2013. 'Antisense transcripts of the expanded CY9ORE72
hexanucleotide repeat form nuclear RNA foci and undergo repeat-associated
non-ATG translation in ¢OFTD/ALS', Acta Neuropathol, 126: 829-44.

Gioia, U., S. Francia, M. Cabrini, S. Brambillasca, F. Michelini, C. W. Jones-Weinert, and
F. d'Adda di Fagagna. 2019. 'Pharmacological boost of DNA damage tesponse
and repair by enhanced biogenesis of DNA damage response RNAs', S¢ Rep, 9:
6460.

Goncalves, Idcg, J. Brecht, M. P. Thelen, W. A. Rehorst, M. Peters, H. J. Lee, S.
Motameny, L. Torres-Benito, D. Ebrahimi-Fakhari, N. L. Kononenko, ]J.
Altmuller, D. Vilchez, M. Sahin, B. Wirth, and M. J. Kye. 2018. 'Neuronal activity
regulates DROSHA via autophagy in spinal muscular atrophy', S¢/ Rep, 8: 7907,

Grad, L. I, G. A. Rouleau, J. Ravits, and N. R. Cashman. 2017. 'Clinical Specttum of
Amyotrophic Lateral Sclerosis (ALS)", Cold Spring Harb Perspect Med, 7.

Gregory, R. 1., K. P. Yan, G. Amuthan, T. Chendrimada, B. Doratotaj, N. Cooch, and R.
Shiekhattar. 2004. "The Microprocessor complex mediates the genesis of
microRNAS', Nature, 432: 235-40.

Guerrero, E. N., H. Wang, J. Mitra, P. M. Hegde, S. E. Stowell, N. F. Liachko, B. C.
Kraemer, R. M. Garruto, K. S. Rao, and M. L. Hegde. 2016. "TDP-43/FUS in
motor neuron disease: Complexity and challenges', Prog Neurobiol, 145-146: 78-97.

Gyorti, B. M., G. Venkatachalam, P. S. Thiagarajan, D. Hsu, and M. V. Clement. 2014.
'OpenComet: an automated tool for comet assay image analysis', Redox Biol, 2:
457-65.

Haeusler, A. R., C. J. Donnelly, G. Periz, E. A. Simko, P. G. Shaw, M. S. Kim, N. J.
Maragakis, J. C. Troncoso, A. Pandey, R. Sattler, J. D. Rothstein, and J. Wang.
2014. 'C90tf72 nucleotide repeat structures initiate molecular cascades of
disease', Nature, 507: 195-200.

Harper, J. W., and S. J. Elledge. 2007. "The DNA damage response: ten years aftet', Mo/
Cell, 28: 739-45.

Harraz, M. M., J. J. Marden, W. Zhou, Y. Zhang, A. Williams, V. S. Sharov, K. Nelson,
M. Luo, H. Paulson, C. Schoneich, and J. F. Engelhardt. 2008. 'SOD1 mutations
disrupt redox-sensitive Rac regulation of NADPH oxidase in a familial ALS
model', ] Clin Invest, 118: 659-70.

Henglein, B., X. Chenivesse, J. Wang, D. Eick, and C. Brechot. 1994. 'Structure and cell
cycle-regulated transcription of the human cyclin A gene', Proc Nat#l Acad S¢i U S
A, 91: 5490-4.

Hoeijmakers, J. H. 2009. 'DNA damage, aging, and cancet', N Eng/ | Med, 361: 1475-85.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallirig9

impairment

Hofweber, M., and D. Dormann. 2019. 'Friend or foe-Post-translational modifications as
regulators of phase separation and RNP granule dynamics', | Bio/ Chens, 294:
7137-50.

Hu, H., L. Du, G. Nagabayashi, R. C. Seeger, and R. A. Gatti. 2010. 'ATM is down-
regulated by N-Myc-regulated mictoRNA-421", Proc Nat#l Acad Sci U § A, 107:
1506-11.

Hu, Y., C. Wang, K. Huang, F. Xia, J. D. Parvin, and N. Mondal. 2014. 'Regulation of
53BP1 protein stability by RNF8 and RNF168 is important for efficient DNA
double-strand break repait', PLoS One, 9: ¢110522.

Hughes, M. P., M. R. Sawaya, D. R. Boyer, L. Goldschmidt, J. A. Rodriguez, D. Cascio,
L. Chong, T. Gonen, and D. S. Eisenberg. 2018. 'Atomic structures of low-
complexity protein segments reveal kinked beta sheets that assemble networks',
Science, 359: 698-701.

Hung, T., Y. Wang, M. F. Lin, A. K. Koegel, Y. Kotake, G. D. Grant, H. M. Horlings, N.
Shah, C. Umbricht, P. Wang, Y. Wang, B. Kong, A. Langerod, A. L. Borresen-
Dale, S. K. Kim, M. van de Vijver, S. Sukumar, M. L. Whitfield, M. Kellis, Y.
Xiong, D. J. Wong, and H. Y. Chang. 2011. 'Extensive and coordinated
transcription of noncoding RNAs within cell-cycle promoters', Nat Genet, 43:
621-9.

Ikenaka, K., S. Ishigaki, Y. Iguchi, K. Kawai, Y. Fujioka, S. Yokoi, R. F. Abdelhamid, S.
Nagano, H. Mochizuki, M. Katsuno, and G. Sobue. 2020. 'Characteristic
Features of FUS Inclusions in Spinal Motor Neurons of Sporadic Amyotrophic
Lateral Sclerosis', | Neuropathol Exp Neurol, 79: 370-77.

Itakura, A. K., R. A. Futia, and D. F. Jarosz. 2018. 'It Pays To Be in Phase', Biochemistry,
57: 2520-29.

Ito, D., M. Seki, Y. Tsunoda, H. Uchiyama, and N. Suzuki. 2011. 'Nuclear transport
impairment of amyotrophic lateral sclerosis-linked mutations in FUS/TLS', Ann
Neurol, 69: 152-62.

Jackson, S. P., and J. Bartek. 2009. "The DNA-damage response in human biology and
disease', Nature, 461: 1071-8.

Jain, S., J. R. Wheeler, R. W. Walters, A. Agrawal, A. Barsic, and R. Parker. 2016.
'ATPase-Modulated Stress Granules Contain a Diverse Proteome and
Substructure', Cel/, 164: 487-98.

Jakobi, A. J., S. T. Huber, S. A. Mortensen, S. W. Schultz, A. Palara, T. Kuhm, B. K.
Shrestha, T. Lamark, W. J. H. Hagen, M. Wilmanns, T. Johansen, A. Brech, and
C. Sachse. 2020. 'Structural basis of p62/SQSTM1 helical filaments and their role
in cellular cargo uptake', Nat Commun, 11: 440.

Jeggo, P. A., and M. Lobrich. 2007. 'DNA double-strand breaks: their cellular and clinical
impact?', Oncogene, 26: 7717-9.

Jonkman, J., C. M. Brown, G. D. Wright, K. I. Anderson, and A. J. North. 2020.
"Tutotial: guidance for quantitative confocal microscopy', Na# Protoc, 15: 1585-
611.



160 Stefania Farina

Jowsey, P., N. A. Morrice, C. J. Hastie, H. McLauchlan, R. Toth, and J. Rouse. 2007.
'Characterisation of the sites of DNA damage-induced 53BP1 phosphorylation
catalysed by ATM and ATR', DN.A Repair (Amst), 6: 1536-44.

Jung, C. H.,, S. H. Ro, J. Cao, N. M. Otto, and D. H. Kim. 2010. 'mTOR regulation of
autophagy', FEBS Lert, 584: 1287-95.

Jungmichel, S., J. A. Clapperton, J. Lloyd, F. J. Hari, C. Spycher, L. Pavic, J. Li, L. F.
Haire, M. Bonalli, D. H. Larsen, C. Lukas, J. Lukas, D. MacMillan, M. L. Nielsen,
M. Stucki, and S. J. Smerdon. 2012. "The molecular basis of ATM-dependent
dimerization of the Mdcl DNA damage checkpoint mediatot', Nucleic Acids Res,
40: 3913-28.

Kadowaki, M., M. R. Karim, A. Carpi, and G. Miotto. 2006. 'Nuttient control of
macroautophagy in mammalian cells', Mo/ Aspects Med, 277: 426-43.

Kadyk, L. C., and L. H. Hartwell. 1992. 'Sister chromatids ate preferred over homologs as
substrates for recombinational repair in Saccharomyces cerevisiae', Genetics, 132:
387-402.

Kamada, Y., T. Funakoshi, T. Shintani, K. Nagano, M. Ohsumi, and Y. Ohsumi. 2000.
"Tor-mediated induction of autophagy via an Apgl protein kinase complex', | Ce//
Bio/, 150: 1507-13.

Kang, J., L. Lim, Y. Lu, and J. Song. 2019. 'A unified mechanism for LLPS of
ALS/FTLD-causing FUS as well as its modulation by ATP and oligonucleic
acids', PLoS Biol, 17: €3000327.

Kang, M. A, E. Y. So, A. L. Simons, D. R. Spitz, and T. Ouchi. 2012. 'DNA damage
induces reactive oxygen species generation through the H2AX-Nox1/Racl
pathway', Ce// Death Dis, 3: €249.

Karpenshif, Y., and K. A. Bernstein. 2012. 'From yeast to mammals: recent advances in
genetic control of homologous tecombination', DN.A Repair (Amst), 11: 781-8.

Kato, K., K. Nakajima, A. Ui, Y. Muto-Terao, H. Ogiwara, and S. Nakada. 2014. 'Fine-
tuning of DNA damage-dependent ubiquitination by OTUB2 supports the DNA
repair pathway choice', Mo/ Cell, 53: 617-30.

Kawaguchi, T., M. G. Rollins, M. Moinpour, A. A. Morera, C. C. Ebmeier, W. M. Old,
and J. C. Schwartz. 2020. 'Changes to the TDP-43 and FUS Interactomes
Induced by DNA Damage', | Proteome Res, 19: 360-70.

Kawale, A. S., K. Akopiants, K. Valerie, B. Ruis, E. A. Hendrickson, S. N. Huang, Y.
Pommier, and L. F. Povirk. 2018. "TDP1 suppresses mis-joining of radiomimetic
DNA double-strand breaks and cooperates with Artemis to promote optimal
nonhomologous end joining', Nuclic Acids Res, 46: 8926-39.

Kedersha, N., and P. Anderson. 2002. 'Stress granules: sites of mRNA triage that regulate
mRNA stability and translatability', Biochen Soc Trans, 30: 963-9.

Kedersha, N., G. Stoecklin, M. Ayodele, P. Yacono, J. Lykke-Andersen, M. J. Fritzler, D.
Scheuner, R. J. Kaufman, D. E. Golan, and P. Anderson. 2005. 'Stress granules
and processing bodies are dynamically linked sites of mRNP remodeling', | Ce//
Bio/, 169: 871-84.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallinkp1

impairment

Kilic, S., A. Lezaja, M. Gatti, E. Bianco, J. Michelena, R. Imhof, and M. Altmeyer. 2019.
'Phase separation of 53BP1 determines liquid-like behavior of DNA repair
compartments', Embo j, 38: €101379.

Kim, B. W., Y. E. Jeong, M. Wong, and L. J. Martin. 2020. 'DNA damage accumulates
and responses are engaged in human ALS brain and spinal motor neurons and
DNA repair is activatable in iPSC-derived motor neurons with SOD1 mutations',
Acta Neuropatho! Commun, 8: 7.

Kirkin, V., T. Lamark, T. Johansen, and I. Dikic. 2009. 'NBR1 cooperates with p62 in
selective autophagy of ubiquitinated targets', Autgphagy, 5: 732-3.

Klionsky, D. J., A. M. Cuervo, W. A. Dunn, Jr., B. Levine, I. van der Klei, and P. O.
Seglen. 2007. 'How shall I eat thee?', Autophagy, 3: 413-6.

Klionsky, D. J., E. L. Eskelinen, and V. Detetic. 2014. 'Autophagosomes, phagosomes,
autolysosomes, phagolysosomes, autophagolysosomes... wait, I'm confused',
Autophagy, 10: 549-51.

Kogoma, T. 1997. 'Stable DNA replication: interplay between DNA replication,
homologous recombination, and transctiption', Microbio/ Mol Bio! Rev, 61: 212-38.

Kolas, N. K., J. R. Chapman, S. Nakada, J. Ylanko, R. Chahwan, F. D. Sweeney, S.
Panier, M. Mendez, J. Wildenhain, T. M. Thomson, L. Pelletier, S. P. Jackson,
and D. Durocher. 2007. 'Orchestration of the DNA-damage response by the
RNF8 ubiquitin ligase', Science, 318: 1637-40.

Korolchuk, V. 1., F. M. Menzies, and D. C. Rubinsztein. 2009. 'A novel link between
autophagy and the ubiquitin-proteasome system', Aufophagy, 5: 862-3.

Kozlov, S. V., M. E. Graham, B. Jakob, F. Tobias, A. W. Kijas, M. Tanuji, P. Chen, P. J.
Robinson, G. Taucher-Scholz, K. Suzuki, S. So, D. Chen, and M. F. Lavin. 2011.
'Autophosphorylation and ATM activation: additional sites add to the
complexity', | Bio/ Chem, 286: 9107-19.

Kuang, L., M. Kamelgarn, A. Arenas, J. Gal, D. Taylor, W. Gong, M. Brown, D. St Clair,
E. J. Kasarskis, and H. Zhu. 2017. 'Clinical and experimental studies of a novel
P525R FUS mutation in amyotrophic lateral sclerosis', Newro/ Genet, 3: e172.

Kulkarni, A., and D. M. Wilson, 3rd. 2008. "The involvement of DNA-damage and -
repair defects in neurological dysfunction', A | Hum Genet, 82: 539-60.

Kumar, A., M. Mazzanti, M. Mistrik, M. Kosar, G. V. Beznoussenko, A. A. Mironov, M.
Garre, D. Parazzoli, G. V. Shivashankar, G. Scita, J. Bartek, and M. Foiani. 2014.
'ATR mediates a checkpoint at the nuclear envelope in response to mechanical
stress', Cell, 158: 633-46.

Kuo, W. L., R. E. Meyn, and C. W. Haidle. 1984. 'Neocarzinostatin-mediated DNA
damage and repair in wild-type and repair-deficient Chinese hamster ovary cells',
Cancer Res, 44: 1748-51.

Kwon, L, S. Xiang, M. Kato, L. Wu, P. Theodoropoulos, T. Wang, J. Kim, J. Yun, Y. Xie,
and S. L. McKnight. 2014. "Poly-dipeptides encoded by the C9orf72 repeats bind
nucleoli, impede RNA biogenesis, and kill cells', Science, 345: 1139-45.

Lavin, M. F. 2008. 'Ataxia-telangiectasia: from a rare disorder to a paradigm for cell
signalling and cancet', Na# Rev Mo/ Cell Bio/, 9: 759-69.



162 Stefania Farina

Leblond, C. S., A. Webber, Z. Gan-Or, F. Moore, A. Dagher, P. A. Dion, and G. A.
Rouleau. 2016. 'De novo FUS P525L mutation in Juvenile amyotrophic lateral
sclerosis with dysphonia and diplopia', Neuro/ Genet, 2: ¢63.

Lee, C., and M. H. Yu. 2005. 'Protein folding and diseases', | Biochern Mol Bio/, 38: 275-80.

Lee, J. H., H. M. Cheong, M. Y. Kang, S. Y. Kim, and Y. Kang. 2009. 'Ser1778 of 53BP1
Plays a Role in DNA Double-strand Break Repairs', Korean | Physiol Pharmacol, 13:
343-8.

Lee, K. H., P. Zhang, H. J. Kim, D. M. Mitrea, M. Sarkar, B. D. Freibaum, |]. Cika, M.
Coughlin, J. Messing, A. Molliex, B. A. Maxwell, N. C. Kim, J. Temirov, J.
Moore, R. M. Kolaitis, T. 1. Shaw, B. Bai, J. Peng, R. W. Kriwacki, and J. P.
Taylot. 2016. 'C90rf72 Dipeptide Repeats Impair the Assembly, Dynamics, and
Function of Membrane-Less Otganelles', Ce/, 167: 774-88 e17.

Lee, S. J., H. S. Lim, E. Masliah, and H. J. Lee. 2011. 'Protein aggregate spreading in
neurodegenerative diseases: problems and petspectives', Nexrosci Res, 70: 339-48.

Lee, Y. B., H. J. Chen, J. N. Peres, J. Gomez-Deza, ]. Attig, M. Stalekar, C. Troakes, A. L.
Nishimura, E. L. Scotter, C. Vance, Y. Adachi, V. Sardone, J. W. Miller, B. N.
Smith, J. M. Gallo, J. Ule, F. Hirth, B. Rogelj, C. Houart, and C. E. Shaw. 2013.
'Hexanucleotide repeats in ALS/FTID form length-dependent RNA fodi,
sequester RNA binding proteins, and are neurotoxic', Ce// Rep, 5: 1178-86.

Lee, Y., M. J. Chong, and P. J. McKinnon. 2001. 'Ataxia telangiectasia mutated-dependent
apoptosis after genotoxic stress in the developing nervous system is determined
by cellular differentiation status', | Newrosci, 21: 6687-93.

Lee, Y., B. M. Morrison, Y. Li, S. Lengacher, M. H. Farah, P. N. Hoffman, Y. Liu, A.
Tsingalia, L. Jin, P. W. Zhang, L. Pellerin, P. J. Magistretti, and J. D. Rothstein.
2012. 'Oligodendroglia metabolically support axons and contribute to
neurodegeneration', Nature, 487: 443-8.

Lemaitre, C., A. Grabarz, K. Tsouroula, L. Andronov, A. Furst, T. Pankotai, V. Heyer,
M. Rogier, K. M. Attwood, P. Kessler, G. Dellaire, B. Klaholz, B. Reina-San-
Martin, and E. Soutoglou. 2014. 'Nuclear position dictates DNA repair pathway
choice', Genes Dev, 28: 2450-63.

Lenzi, J., R. De Santis, V. de Turris, M. Morlando, P. Laneve, A. Calvo, V. Caliendo, A.
Chio, A. Rosa, and I. Bozzoni. 2015. 'ALS mutant FUS proteins are recruited
into stress granules in induced pluripotent stem cell-derived motoneurons', Dis
Model Mech, 8: 755-66.

Li, P, S. Banjade, H. C. Cheng, S. Kim, B. Chen, L. Guo, M. Llaguno, J. V.
Hollingsworth, D. S. King, S. F. Banani, P. S. Russo, Q. X. Jiang, B. T. Nixon,
and M. K. Rosen. 2012. Phase transitions in the assembly of multivalent
signalling proteins', Nature, 483: 336-40.

Lindahl, T., and D. E. Batnes. 2000. 'Repait of endogenous DNA damage', Cold Spring
Harb Symp Qnant Biol, 65: 127-33.

Ling, S. C., M. Polymenidou, and D. W. Cleveland. 2013. 'Converging mechanisms in
ALS and FTD: distrupted RNA and protein homeostasis', Neuron, 79: 416-38.

Liu, E. Y, N. Xu, J. O'Prey, L. Y. Lao, S. Joshi, J. S. Long, M. O'Ptey, D. R. Croft, F.
Beaumatin, A. D. Baudot, M. Mrschtik, M. Rosenfeldt, Y. Zhang, D. A.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signalliri$3

impairment

Gillespie, and K. M. Ryan. 2015. 'Loss of autophagy causes a synthetic lethal
deficiency in DNA repait', Proc Natl Acad S¢ci U §' A, 112: 773-8.

Liu, Z., S. Zhang, J. Gu, Y. Tong, Y. Li, X. Gui, H. Long, C. Wang, C. Zhao, J. Lu, L. He,
Y. Li, Z. Liu, D. Li, and C. Liu. 2020. 'Hsp27 chaperones FUS phase separation
under the modulation of stress-induced phosphorylation', Nat Struct Mol Biol, 27:
363-72.

Lo Bello, M., F. Di Fini, A. Notaro, R. Spataro, F. L. Conforti, and V. La Bella. 2017.
'ALS-Related Mutant FUS Protein Is Mislocalized to Cytoplasm and Is Recruited
into Stress Granules of Fibroblasts from Asymptomatic FUS P525L Mutation
Cattiers', Neurodegener Dis, 17: 292-303.

Lopez-Erauskin, J., T. Tadokoro, M. W. Baughn, B. Myers, M. McAlonis-Downes, C.
Chillon-Marinas, J. N. Asiaban, J. Artates, A. T. Bui, A. P. Vetto, S. K. Lee, A. V.
Le, Y. Sun, M. Jambeau, J. Boubaker, D. Swing, J. Qiu, G. G. Hicks, Z. Ouyang,
X. D. Fu, L. Tessarollo, S. C. Ling, P. A. Parone, C. E. Shaw, M. Marsala, C.
Lagier-Toutenne, D. W. Cleveland, and S. Da Cruz. 2018. 'ALS/FTD-Linked
Mutation in FUS Suppresses Intra-axonal Protein Synthesis and Drives Disease
Without Nuclear Loss-of-Function of FUS', Nexron, 100: 816-30 7.

Lou, Z., K. Minter-Dykhouse, S. Franco, M. Gostissa, M. A. Rivera, A. Celeste, J. P.
Manis, J. van Deursen, A. Nussenzweig, T. T. Paull, F. W. Alt, and J. Chen. 2006.
'MDC1 maintains genomic stability by patticipating in the amplification of ATM-
dependent DNA damage signals', Mo/ Cell, 21: 187-200.

Lu, T., Y. Pan, S. Y. Kao, C. Li, I. Kohane, J. Chan, and B. A. Yankner. 2004. 'Gene
regulation and DNA damage in the ageing human brain', Nazure, 429: 883-91.

Lu, W. T, B. R. Hawley, G. L. Skalka, R. A. Baldock, E. M. Smith, A. S. Bader, M.
Malewicz, F. Z. Watts, A. Wilczynska, and M. Bushell. 2018. 'Drosha drives the
formation of DNA:RNA hybrids around DNA break sites to facilitate DNA
repait', Nat Commnn, 9: 532.

Lukas, J., C. Lukas, and J. Bartek. 2011. 'More than just a focus: The chromatin response
to DNA damage and its role in genome integrity maintenance', Naz Ce// Bio/, 13:
1161-9.

Mackenzie, 1. R., O. Ansorge, M. Strong, . Bilbao, L. Zinman, L. C. Ang, M. Baker, H.
Stewart, A. Eisen, R. Rademakers, and M. Neumann. 2011. "Pathological
heterogeneity in amyotrophic lateral sclerosis with FUS mutations: two distinct
pattetns cotrelating with disease severity and mutation', Acta Neuropathol, 122: 87-
98.

Mackenzie, I. R., E. H. Bigio, P. G. Ince, F. Geser, M. Neumann, N. J. Cairns, L. K.
Kwong, M. S. Forman, J. Ravits, H. Stewart, A. Eisen, L. McClusky, H. A.
Kretzschmar, C. M. Monoranu, J. R. Highley, J. Kirby, T. Siddique, P. J. Shaw, V.
M. Lee, and J. Q. Trojanowski. 2007. "Pathological TDP-43 distinguishes
sporadic amyotrophic lateral sclerosis from amyotrophic lateral sclerosis with
SOD1 mutations', .Ann Neurol, 61: 427-34.

Madabhushi, R., L. Pan, and L. H. Tsai. 2014. 'DNA damage and its links to
neurodegeneration', Newron, 83: 266-82.



164 Stefania Farina

Maharana, S., J. Wang, D. K. Papadopoulos, D. Richter, A. Pozniakovsky, 1. Poser, M.
Bickle, S. Rizk, J. Guillen-Boixet, T. M. Franzmann, M. Jahnel, L. Marrone, Y. T.
Chang, J. Sterneckert, P. Tomancak, A. A. Hyman, and S. Alberti. 2018. '/RNA
buffers the phase separation behavior of prion-like RNA binding proteins',
Science, 360: 918-21.

Mahboubi, H., and U. Stochaj. 2017. 'Cytoplasmic stress granules: Dynamic modulators
of cell signaling and disease', Biochim Biophys Acta Mo/ Basis Dis, 1863: 884-95.

Mailand, N., S. Bekker-Jensen, H. Faustrup, F. Melander, ]. Bartek, C. Lukas, and J.
Lukas. 2007. 'RNF8 ubiquitylates histones at DNA double-strand breaks and
promotes assembly of repair proteins', Ce/, 131: 887-900.

Markmiller, S., S. Soltanieh, K. L. Server, R. Mak, W. Jin, M. Y. Fang, E. C. Luo, F.
Krach, D. Yang, A. Sen, A. Fulzele, J. M. Wozniak, D. J. Gonzalez, M. W.
Kankel, F. B. Gao, E. J. Bennett, E. Lecuyer, and G. W. Yeo. 2018. 'Context-
Dependent and Disease-Specific Diversity in Protein Interactions within Stress
Granules', Cell, 172: 590-604 e13.

Marrone, L., H. C. A. Drexler, J. Wang, P. Tripathi, T. Distler, P. Heisterkamp, E. N.
Anderson, S. Kour, A. Moraiti, S. Maharana, R. Bhatnagar, T. G. Belgard, V.
Tripathy, N. Kalmbach, Z. Hosseinzadeh, V. Crippa, M. Abo-Rady, F. Wegner,
A. Poletti, D. Troost, E. Aronica, V. Busskamp, J. Weis, U. B. Pandey, A. A.
Hyman, S. Alberti, A. Goswami, and J. Sterneckert. 2019. 'FUS pathology in ALS
is linked to alterations in multiple ALS-associated proteins and rescued by drugs
stimulating autophagy', Acta Neuropathol, 138: 67-84.

Marrone, L., I. Poser, 1. Casci, J. Japtok, P. Reinhardt, A. Janosch, C. Andree, H. O. Lee,
C. Moebius, E. Koerner, L. Reinhardt, M. E. Cicardi, K. Hackmann, B. Klink, A.
Poletti, S. Alberti, M. Bickle, A. Hermann, U. B. Pandey, A. A. Hyman, and J. L.
Sterneckert.  2018. 'Isogenic FUS-eGFP iPSC Reporter Lines Enable
Quantification of FUS Stress Granule Pathology that Is Rescued by Drugs
Inducing Autophagy', Stem Cell Reports, 10: 375-89.

Martin, L. J. 1999. 'Neuronal death in amyotrophic lateral sclerosis is apoptosis: possible

contribution of a programmed cell death mechanism', | Neuropatho! Exp Neurol,

58: 459-71.

. 2001. 'Neuronal cell death in nervous system development, disease, and injury

(Review)', Int | Mol Med, 7: 455-78.

Martin, L. J., Z. Liu, K. Chen, A. C. Price, Y. Pan, J. A. Swaby, and W. C. Golden. 2007.
'Motor neuron degeneration in amyotrophic lateral sclerosis mutant superoxide
dismutase-1 transgenic mice: mechanisms of mitochondriopathy and cell death’, |
Comp Nenrol, 500: 20-46.

Mastrocola, A. S., S. H. Kim, A. T. Trinh, L. A. Rodenkirch, and R. S. Tibbetts. 2013.
"The RNA-binding protein fused in sarcoma (FUS) functions downstream of
poly(ADP-tibose) polymerase (PARP) in response to DNA damage', | Bio/ Cher,
288: 24731-41.

Mathew, R., C. M. Karp, B. Beaudoin, N. Vuong, G. Chen, H. Y. Chen, K. Bray, A.
Reddy, G. Bhanot, C. Gelinas, R. S. Dipaola, V. Karantza-Wadsworth, and E.




ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signalliri$5

impairment

White. 2009. 'Autophagy suppresses tumorigenesis through elimination of p62',
Cell, 137: 1062-75.

Mattiroli, F., J. H. Vissers, W. J. van Dijk, P. Ikpa, E. Citterio, W. Vermeulen, J. A.
Marteijn, and T. K. Sixma. 2012. 'RNF168 ubiquitinates K13-15 on H2A/H2AX
to drive DNA damage signaling', Ce//, 150: 1182-95.

McDonald, K. K., A. Aulas, L. Destroismaisons, S. Pickles, E. Beleac, W. Camu, G. A.
Rouleau, and C. Vande Velde. 2011. "TAR DNA-binding protein 43 (TDP-43)
regulates stress granule dynamics via differential regulation of G3BP and TIA-1,
Hum Mol Genet, 20: 1400-10.

McKinnon, P. J. 2013. 'Maintaining genome stability in the nervous system', Na# Neurosci,
16: 1523-9.

McKinnon, P. J., and K. W. Caldecott. 2007. 'DNA strand break repair and human
genetic disease', Annu Rev Genomics Hum Genet, 8: 37-55.

Meek, K., V. Dang, and S. P. Lees-Miller. 2008. 'DNA-PK: the means to justify the
ends?', Ady Immunol, 99: 33-58.

Meyer, B., K. O. Voss, F. Tobias, B. Jakob, M. Durante, and G. Taucher-Scholz. 2013.
'Clustered DNA damage induces pan-nuclear H2AX phosphorylation mediated
by ATM and DNA-PK', Nucleic Acids Res, 41: 6109-18.

Michelini, F., S. Pitchiaya, V. Vitelli, S. Sharma, U. Gioia, F. Pessina, M. Cabrini, Y.
Wang, 1. Capozzo, F. lannelli, V. Matti, S. Francia, G. V. Shivashankar, N. G.
Walter, and F. d'Adda di Fagagna. 2017. 'Damage-induced IncRNAs control the
DNA damage response through interaction with DDRNAs at individual double-
strand breaks', Na# Cell Bio/, 19: 1400-11.

Mizuno, Y., M. Amari, M. Takatama, H. Aizawa, B. Mihara, and K. Okamoto. 2006.
'Immunoreactivities of p62, an ubiqutin-binding protein, in the spinal anterior
horn cells of patients with amyotrophic lateral sclerosis', | Neuro/ Sci, 249: 13-8.

Mizushima, N., B. Levine, A. M. Cuetvo, and D. J. Klionsky. 2008. 'Autophagy fights
disease through cellular self-digestion', Natare, 451: 1069-75.

Mladenov, E., and G. Iliakis. 2011. 'Induction and repair of DNA double strand breaks:
the increasing spectrum of non-homologous end joining pathways', Mutat Res,
711: 61-72.

Moeglin, E., D. Desplancq, S. Conic, M. Oulad-Abdelghani, A. Stoessel, M. Chiper, M.
Vigneron, P. Didier, L. Tora, and E. Weiss. 2019. 'Uniform Widespread Nuclear
Phosphorylation of Histone H2AX Is an Indicator of Lethal DNA Replication
Stress', Cancers (Basel), 11.

Monahan, Z., V. H. Ryan, A. M. Janke, K. A. Burke, S. N. Rhoads, G. H. Zerze, R.
O'Meally, G. L. Dignon, A. E. Conicella, W. Zheng, R. B. Best, R. N. Cole, J.
Mittal, F. Shewmaker, and N. L. Fawzi. 2017. "Phosphorylation of the FUS low-
complexity domain disrupts phase separation, aggregation, and toxicity', Ewzbo j,
36: 2951-67.

Moreira, M. C., S. Klur, M. Watanabe, A. H. Nemeth, I. Le Ber, J. C. Moniz, C.
Tranchant, P. Aubourg, M. Tazir, L. Schols, M. Pandolfo, J. B. Schulz, J. Pouget,
P. Calvas, M. Shizuka-Ikeda, M. Shoji, M. Tanaka, L. Izatt, C. E. Shaw, A.
M'Zahem, E. Dunne, P. Bomont, T. Benhassine, N. Bouslam, G. Stevanin, A.



166 Stefania Farina

Brice, J. Guimaraes, P. Mendonca, C. Barbot, P. Coutinho, J. Sequeiros, A. Durr,
J. M. Warter, and M. Koenig. 2004. 'Senataxin, the ortholog of a yeast RNA
helicase, is mutant in ataxia-ocular apraxia 2', Naz Genet, 36: 225-7.

Moteno-Garcia, A., A. Kun, O. Calero, M. Medina, and M. Calero. 2018. 'An Overview
of the Role of Lipofuscin in Age-Related Neurodegeneration', Front Neurosci, 12:
464.

Mori, K., T. Arzberger, F. A. Grasser, 1. Gijselinck, S. May, K. Rentzsch, S. M. Weng, M.
H. Schludi, J. van der Zee, M. Cruts, C. Van Broeckhoven, E. Kremmer, H. A.
Kretzschmar, C. Haass, and D. Edbauer. 2013. 'Bidirectional transcripts of the
expanded CY9orf72 hexanucleotide repeat are translated into aggregating
dipeptide repeat proteins', Acta Neuropathol, 126: 881-93.

Morlando, M., S. Dini Modigliani, G. Torrelli, A. Rosa, V. Di Catlo, E. Caffarelli, and 1.
Bozzoni. 2012. 'FUS stimulates mictoRNA biogenesis by facilitating co-
transcriptional Drosha recruitment', Embo j, 31: 4502-10.

Moskwa, P., F. M. Buffa, Y. Pan, R. Panchakshari, P. Gottipati, R. J. Muschel, J. Beech,
R. Kulshrestha, K. Abdelmohsen, D. M. Weinstock, M. Gorospe, A. L. Harris,
T. Helleday, and D. Chowdhury. 2011. 'miR-182-mediated downtegulation of
BRCA1 impacts DNA repair and sensitivity to PARP inhibitors', Mo/ Cell, 41:
210-20.

Mullaart, E., M. E. Boetrigter, R. Ravid, D. F. Swaab, and J. Vijg. 1990. 'Increased levels
of DNA breaks in cerebral cortex of Alzheimer's disease patients', Neurobiol
Aging, 11: 169-73.

Nakaya, T., P. Alexiou, M. Maragkakis, A. Chang, and Z. Moutrelatos. 2013. 'FUS
regulates genes coding for RNA-binding proteins in neurons by binding to their
highly consetved introns', Rza, 19: 498-509.

Naumann, M., A. Pal, A. Goswami, X. Lojewski, J. Japtok, A. Vehlow, M. Naujock, R.
Gunther, M. Jin, N. Stanslowsky, P. Reinhardt, J. Sterneckert, M. Frickenhaus, F.
Pan-Montojo, E. Storkebaum, I. Poser, A. Freischmidt, J. H. Weishaupt, K.
Holzmann, D. Troost, A. C. Ludolph, T. M. Boeckers, S. Liebau, S. Petri, N.
Cordes, A. A. Hyman, F. Wegner, S. W. Grill, J. Weis, A. Storch, and A.
Hermann. 2018. 'Impaited DNA damage response signaling by FUS-NLS
mutations leads to neurodegeneration and FUS aggregate formation', Nas
Commmun, 9: 335.

Njjholt, D. A., L. De Kimpe, H. L. Elfrink, J. J. Hoozemans, and W. Scheper. 2011.
'Removing protein aggregates: the role of proteolysis in neurodegeneration', Curr
Med Chem, 18: 2459-76.

Nixon, R. A. 2013. '"The role of autophagy in neurodegenerative disease', Nat Med, 19:
983-97.

Nowsheen, S., K. Aziz, A. Aziz, M. Deng, B. Qin, K. Luo, K. B. Jeganathan, H. Zhang,
T. Liu, J. Yu, Y. Deng, J. Yuan, W. Ding, J. M. van Deursen, and Z. Lou. 2018.
'L3MBTL2 orchestrates ubiquitin  signalling by dictating the sequential
recruitment of RNF8 and RNF168 after DNA damage', Naz Cell Biol, 20: 455-64.

O'Routke, J. G., L. Bogdanik, A. Yanez, D. Lall, A. J. Wolf, A. K. Muhammad, R. Ho, S.
Carmona, J. P. Vit, J. Zarrow, K. J. Kim, S. Bell, M. B. Harms, T. M. Miller, C. A.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallirig7

impairment

Dangler, D. M. Underhill, H. S. Goodridge, C. M. Lutz, and R. H. Baloh. 2016.
'C0otf72 is required for proper macrophage and microglial function in mice',
Science, 351: 1324-9.

Oberdoerffer, P., S. Michan, M. McVay, R. Mostoslavsky, J. Vann, S. K. Park, A.
Hartlerode, J. Stegmuller, A. Hafner, P. Loerch, S. M. Wright, K. D. Mills, A.
Bonni, B. A. Yankner, R. Scully, T. A. Prolla, F. W. Alt, and D. A. Sinclair. 2008.
'SIRT1 redistribution on chromatin promotes genomic stability but alters gene
expression during aging', Ce//, 135: 907-18.

Oberdoetffer, P., and D. A. Sinclair. 2007. "The role of nuclear architecture in genomic
instability and ageing', Na# Rev Mo/ Cell Biol, 8: 692-702.

Olive, P. L., and J. P. Banath. 2006. "The comet assay: a method to measute DNA
damage in individual cells', Na# Protoc, 1: 23-9.

Owen, 1., and F. Shewmaker. 2019. 'The Role of Post-Translational Modifications in the
Phase Transitions of Intrinsically Disordered Proteins', In¢ | Mol Sci, 20.

Pagano, M., R. Pepperkok, F. Verde, W. Ansorge, and G. Draetta. 1992. 'Cyclin A is
required at two points in the human cell cycle', Ewbo j, 11: 961-71.

Patel, A, H. O. Lee, L. Jawerth, S. Maharana, M. Jahnel, M. Y. Hein, S. Stoynov, J.
Mahamid, S. Saha, T. M. Franzmann, A. Pozniakovski, I. Poser, N. Maghelli, L.
A. Royer, M. Weigert, E. W. Myers, S. Grill, D. Drechsel, A. A. Hyman, and S.
Alberti. 2015. 'A Liquid-to-Solid Phase Transition of the ALS Protein FUS
Accelerated by Disease Mutation', Ce//, 162: 1066-77.

Pessina, F., F. Giavazzi, Y. Yin, U. Gioia, V. Vitelli, A. Galbiati, S. Barozzi, M. Garre, A.
Oldani, A. Flaus, R. Cetbino, D. Parazzoli, E. Rothenberg, and F. d'Adda di
Fagagna. 2019. 'Functional transcription promoters at DNA double-strand
breaks mediate RNA-driven phase separation of damage-response factors', Naz
Cell Biol, 21: 1286-99.

Pessina, F., U. Gioia, O. Brandi, S. Farina, M. Ceccon, S. Francia, and F. d'Adda di
Fagagna. 2020. 'DNA Damage Triggers a New Phase in Neurodegeneration',
Trends Genet.

Pignataro, D., S. Francia, F. Zanetta, G. Brenna, S. Brandini, A. Olivieri, A. Torroni, G.
Biamonti, and A. Montecucco. 2017. 'A missense MT-ND5 mutation in
differentiated Parkinson Disease cytoplasmic hybrid induces ROS-dependent
DNA Damage Response amplified by DROSHA', S« Rep, 7: 9528.

Pinato, S., C. Scandiuzzi, N. Arnaudo, E. Citterio, G. Gaudino, and L. Penengo. 2009.
'RNF168, a new RING finger, MIU-containing protein that modifies chromatin
by ubiquitination of histones H2A and H2AX', BMC Mo/ Bio/, 10: 55.

Protter, D. S. W., and R. Parker. 2016. 'Principles and Properties of Stress Granules',
Trends Cell Biol, 26: 668-79.

Pryde, F., S. Khaliliy K. Robertson, J. Selfridge, A. M. Ritchie, D. W. Melton, D. Jullien,
and Y. Adachi. 2005. '53BP1 exchanges slowly at the sites of DNA damage and
appears to require RNA for its association with chromatin', | Ce// Sci, 118: 2043-
55.



168 Stefania Farina

Puls, 1., C. Jonnakuty, B. H. LaMonte, E. L. Holzbaur, M. Tokito, E. Mann, M. K.
Floeter, K. Bidus, D. Drayna, S. J. Oh, R. H. Brown, Jr., C. L. Ludlow, and K. H.
Fischbeck. 2003. 'Mutant dynactin in motor neuron disease', Nat Genet, 33: 455-0.

Qamar, S., G. Wang, S. J. Randle, F. S. Ruggeri, J. A. Varela, J. Q. Lin, E. C. Phillips, A.
Miyashita, D. Williams, F. Strohl, W. Meadows, R. Ferry, V. J. Dardov, G. G.
Tartaglia, L. A. Farrer, G. S. Kaminski Schierle, C. F. Kaminski, C. E. Holt, P. E.
Fraser, G. Schmitt-Ulms, D. Klenerman, T. Knowles, M. Vendruscolo, and P. St
George-Hyslop. 2018. 'FUS Phase Separation Is Modulated by a Molecular
Chaperone and Methylation of Arginine Cation-pi Interactions', Ce/, 173: 720-
34.e15.

Qi, Y., Y. Zhang, J. A. Baller, and D. F. Voytas. 2016. 'Histone H2AX and the small
RNA pathway modulate both non-homologous end-joining and homologous
recombination in plants', Mutat Res, 783: 9-14.

Qiu, H., S. Lee, Y. Shang, W. Y. Wang, K. F. Au, S. Kamiya, S. J. Barmada, S. Finkbeiner,
H. Lui, C. E. Carlton, A. A. Tang, M. C. Oldham, H. Wang, J. Shorter, A. J.
Filiano, E. D. Roberson, W. G. Tourtellotte, B. Chen, L. H. Tsai, and E. J.
Huang. 2014. 'ALS-associated mutation FUS-R521C causes DNA damage and
RNA splicing defects', ] Clin Invest, 124: 981-99.

Ramaswami, M., J. P. Taylor, and R. Parker. 2013. 'Altered ribostasis: RNA-protein
granules in degenerative disorders', Ce//, 154: 727-30.

Ratti, A., V. Gumina, P. Lenzi, P. Bossolasco, F. Fulceri, C. Volpe, D. Bardelli, F.
Pregnolato, A. Maraschi, F. Fornai, V. Silani, and C. Colombrita. 2020. 'Chronic
stress induces formation of stress granules and pathological TDP-43 aggregates
in human ALS fibroblasts and iPSC-motoneurons', Newurobio/ Dis, 145: 105051.

Ravits, J. M., and A. R. La Spada. 2009. 'ALS motor phenotype heterogeneity, focality,
and spread: deconstructing motor neuron degeneration', Nexrology, 73: 805-11.

Renton, A. E., E. Majounie, A. Waite, J. Simon-Sanchez, S. Rollinson, J. R. Gibbs, J. C.
Schymick, H. Laaksovirta, J. C. van Swieten, L. Myllykangas, H. Kalimo, A.
Paetau, Y. Abramzon, A. M. Remes, A. Kaganovich, S. W. Scholz, ]. Duckworth,
J. Ding, D. W. Harmer, D. G. Hernandez, J. O. Johnson, K. Mok, M. Ryten, D.
Trabzuni, R. J. Guerreiro, R. W. Otrell, J. Neal, A. Murray, ]. Pearson, 1. E.
Jansen, D. Sondervan, H. Seelaar, D. Blake, K. Young, N. Halliwell, ]J. B.
Callister, G. Toulson, A. Richardson, A. Gerhard, J. Snowden, D. Mann, D.
Neary, M. A. Nalls, T. Peuralinna, L. Jansson, V. M. Isoviita, A. L. Kaivorinne,
M. Holtta-Vuori, E. Ikonen, R. Sulkava, M. Benatar, J. Wuu, A. Chio, G.
Restagno, G. Borghero, M. Sabatelli, Italsgen Consortium, D. Heckerman, E.
Rogaeva, L. Zinman, J. D. Rothstein, M. Sendtner, C. Drepper, E. E. Eichler, C.
Alkan, Z. Abdullaev, S. D. Pack, A. Dutra, E. Pak, J. Hardy, A. Singleton, N. M.
Williams, P. Heutink, S. Pickering-Brown, H. R. Mortis, P. J. Tienari, and B. .
Traynor. 2011. 'A hexanucleotide repeat expansion in COORF72 is the cause of

chromosome 9p21-linked ALS-FTD', Neuron, 72: 257-68.

Riley, T., E. Sontag, P. Chen, and A. Levine. 2008. "Transctiptional control of human
p53-regulated genes', Na# Rev Mo/ Cell Biol, 9: 402-12.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signalliri®9

impairment

Rodriguez-Vargas, J. M., M. J. Ruiz-Magana, C. Ruiz-Ruiz, ]. Majuelos-Melguizo, A.
Peralta-Leal, M. 1. Rodriguez, J. A. Munoz-Gamez, M. R. de Almodovar, E. Siles,
A. L. Rivas, M. Jaattela, and F. J. Oliver. 2012. '/ROS-induced DNA damage and
PARP-1 ate requited for optimal induction of starvation-induced autophagy', Ce//
Res, 22: 1181-98.

Rogakou, E. P., W. Nieves-Neira, C. Boon, Y. Pommier, and W. M. Bonner. 2000.
'Initiation of DNA fragmentation during apoptosis induces phosphorylation of
H2AX histone at serine 139', | Bio/ Chenz, 275: 9390-5.

Rosen, D. R., T. Siddique, D. Patterson, D. A. Figlewicz, P. Sapp, A. Hentati, D.
Donaldson, J. Goto, J. P. O'Regan, H. X. Deng, and et al. 1993. 'Mutations in
Cu/Zn superoxide dismutase gene are associated with familial amyotrophic
lateral sclerosis', Nature, 362: 59-62.

Ross, C. A., and M. A. Poirier. 2004. 'Protein aggregation and neurodegenerative disease',
Nat Med, 10 Suppl: S10-7.

Rossiello, F., J. Aguado, S. Sepe, F. lannelli, Q. Nguyen, S. Pitchiaya, P. Carninci, and F.
d'Adda di Fagagna. 2017. 'DNA damage response inhibition at dysfunctional
telomeres by modulation of telomeric DNA damage response RNAs', Naz
Commun, 8: 13980.

Rothstein, J. D., M. Van Kammen, A. I. Levey, L. J. Martin, and R. W. Kuncl. 1995.
'Selective loss of glial glutamate transporter GLT-1 in amyotrophic lateral
sclerosis', .Ann Neurol, 38: 73-84.

Rubinsztein, D. C., T. Shpilka, and Z. Elazar. 2012. 'Mechanisms of autophagosome
biogenesis', Curr Biol, 22: R29-34.

Ruiz, S., A. J. Lopez-Contreras, M. Gabut, R. M. Marion, P. Gutierrez-Martinez, S. Bua,
O. Ramirez, I. Olalde, S. Rodrigo-Perez, H. Li, T. Marques-Bonet, M. Serrano,
M. A. Blasco, N. N. Batada, and O. Fernandez-Capetillo. 2015. 'Limiting
replication stress during somatic cell reprogramming reduces genomic instability
in induced plutipotent stem cells', Na# Commnn, 6: 8036.

Rulten, S. L., A. Rotheray, R. L. Green, G. J. Grundy, D. A. Moore, F. Gomez-Herreros,
M. Hafezparast, and K. W. Caldecott. 2014. 'PARP-1 dependent rectruitment of
the amyotrophic lateral sclerosis-associated protein FUS/TLS to sites of
oxidative DNA damage', Naucleic Acids Res, 42: 307-14.

San Filippo, J., P. Sung, and H. Klein. 2008. 'Mechanism of eukaryotic homologous
recombination', Annu Rev Biochen, 77: 229-57.

Santos-Pereira, J. M., and A. Aguilera. 2015. 'R loops: new modulators of genome
dynamics and function', Na# Rev Genet, 16: 583-97.

Sasaki, S. 2011. 'Autophagy in spinal cord motor neurons in sporadic amyotrophic lateral
sclerosis', | Neuropathol Exp Neurol, 70: 349-59.

Sathasivam, S., P. G. Ince, and P. J. Shaw. 2001. 'Apoptosis in amyotrophic lateral
sclerosis: a review of the evidence', Newropathol Appl Neurobiol, 27: 257-74.
Schindelin, J., I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S.
Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J. Y. Tinevez, D. J. White, V.
Hartenstein, K. Eliceiti, P. Tomancak, and A. Cardona. 2012. 'Fiji: an open-

source platform for biological-image analysis', Na# Methods, 9: 676-82.



170 Stefania Farina

Schlissel, M. S., C. R. Kaffer, and J. D. Curry. 2000. 'Leukemia and lymphoma: a cost of
doing business for adaptive immunity', Genes Dev, 20: 1539-44.

Schreiber, V., F. Dantzer, J. C. Ame, and G. de Mutrcia. 2006. "Poly(ADP-ribose): novel
functions for an old molecule', Na# Rev Mo/ Cell Biol, 7: 517-28.

Schwartz, J. C., C. C. Ebmeier, E. R. Podell, J. Heimiller, D. J. Taatjes, and T. R. Cech.
2012. 'FUS binds the CID of RNA polymerase II and regulates its
phosphorylation at Ser2', Genes Den, 26: 2690-5.

Schwertman, P., S. Bekker-Jensen, and N. Mailand. 2016. 'Regulation of DNA double-
strand break repair by ubiquitin and ubiquitin-like modifiers', Naz Rev Mol Cell
Biol, 17: 379-94.

Seelaar, H., J. D. Rohrer, Y. A. Pijnenburg, N. C. Fox, and J. C. van Swieten. 2011.
'Clinical, genetic and pathological heterogeneity of frontotemporal dementia: a
review', | Neurol Neurosurg Psychiatry, 82: 476-86.

Segal-Raz, H., G. Mass, K. Baranes-Bachar, Y. Lerenthal, S. Y. Wang, Y. M. Chung, S.
Ziv-Lehrman, C. E. Strom, T. Helleday, M. C. Hu, D. J. Chen, and Y. Shiloh.
2011. "ATM-mediated phosphorylation of polynucleotide kinase/phosphatase is
required for effective DNA double-strand break repait', EMBO Rep, 12: 713-9.

Sfeir, A., and L. S. Symington. 2015. 'Microhomology-Mediated End Joining: A Back-up
Survival Mechanism or Dedicated Pathway?', Trends Biochen Sci, 40: 701-14.

Shanbhag, N. M., I. U. Rafalska-Metcalf, C. Balane-Bolivar, S. M. Janicki, and R. A.
Greenberg. 2010. 'ATM-dependent chromatin changes silence transcription in cis
to DNA double-strand breaks', Ce//, 141: 970-81.

Sharma, A., A. K. Lyashchenko, L. Lu, S. E. Nasrabady, M. Elmaleh, M. Mendelsohn, A.
Nemes, J. C. Tapia, G. Z. Mentis, and N. A. Shneider. 2016. "ALS-associated
mutant FUS induces selective motor neuron degeneration through toxic gain of
function', Nat Commun, 7: 10465.

Shelkovnikova, T. A., H. K. Robinson, N. Connor-Robson, and V. L. Buchman. 2013.
'Recruitment into stress granules prevents itreversible aggregation of FUS
protein mislocalized to the cytoplasm', Ce// Cycle, 12: 3194-202.

Shen, Y., P. Nandi, M. B. Taylor, S. Stuckey, H. P. Bhadsavle, B. Weiss, and F. Storici.
2011. 'RNA-driven genetic changes in bactetia and in human cells', Mutat Res,
717: 91-8.

Shiloh, Y., and Y. Ziv. 2013. "'The ATM protein kinase: regulating the cellular response to
genotoxic stress, and more', Nat Rev Mol Cell Biol, 14: 197-210.

Shorter, J. 2017. 'Liquidizing FUS via prion-like domain phosphotylation', Ewbo j, 36:
2925-27.

Shull, E. R., Y. Lee, H. Nakane, T. H. Stracker, J. Zhao, H. R. Russell, J. H. Petrini, and
P. J. McKinnon. 2009. 'Differential DNA damage signaling accounts for distinct
neural apoptotic responses in ATLD and NBS', Genes Dev, 23: 171-80.

Sitbu, B. M., and D. Cortez. 2013. 'DNA damage response: three levels of DNA repair
regulation', Co/d Spring Harb Perspect Biol, 5: 2012724,

Soliet, S., and Y. Pommier. 2014. "The nuclear gamma-H2AX apoptotic ring: implications
for cancers and autoimmune diseases', Cel/ Mo/ Life Sei, 71: 2289-97.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallinig1

impairment

Soo, K. Y., J. Sultana, A. E. King, R. Atkinson, S. T. Warraich, V. Sundaramoorthy, I.
Blair, M. A. Farg, and ]. D. Atkin. 2015. "ALS-associated mutant FUS inhibits
macroautophagy which is restored by ovetrexpression of Rab1', Ce// Death Discov,
1: 15030.

Soto, C., and S. Pritzkow. 2018. 'Protein misfolding, aggregation, and conformational
strains in neurodegenerative diseases', Na# Neurosci, 21: 1332-40.

Soutoglou, E., J. F. Dorn, K. Sengupta, M. Jasin, A. Nussenzweig, T. Ried, G. Danuser,
and T. Misteli. 2007. "Positional stability of single double-strand breaks in
mammalian cells', Na# Cell Biol, 9: 675-82.

Starke, S., 1. Jost, O. Rossbach, T. Schneider, S. Schreiner, L. H. Hung, and A. Bindereif.
2015. 'Exon circularization requitres canonical splice signals', Ce// Rep, 10: 103-11.

Stewart, G. S., S. Panier, K. Townsend, A. K. Al-Hakim, N. K. Kolas, E. S. Miller, S.
Nakada, J. Ylanko, S. Olivarius, M. Mendez, C. Oldreive, J. Wildenhain, A.
Tagliaferro, L. Pelletier, N. Taubenheim, A. Durandy, P. J. Byrd, T. Stankovic, A.
M. Taylor, and D. Durocher. 2009. 'The RIDDLE syndrome protein mediates a
ubiquitin-dependent signaling cascade at sites of DNA damage', Ce//, 136: 420-34.

Stewart, G. S., T. Stankovic, P. J. Byrd, T. Wechsler, E. S. Miller, A. Huissoon, M. T.
Drayson, S. C. West, S. J. Elledge, and A. M. Taylor. 2007. 'RIDDLE
immunodeficiency syndrome is linked to defects in 53BP1-mediated DNA
damage signaling', Proc Nat/ Acad S¢i U S A, 104: 16910-5.

Storici, F., K. Bebenek, T. A. Kunkel, D. A. Gordenin, and M. A. Resnick. 2007. 'RNA-
templated DNA repait', Nature, 447: 338-41.

Stuckey, R., N. Garcia-Rodriguez, A. Aguilera, and R. E. Wellinger. 2015. 'Role for
RNA:DNA hybrids in origin-independent replication priming in a eukaryotic
system', Proc Natl Acad S¢i U S A, 112: 5779-84.

Stucki, M., J. A. Clapperton, D. Mohammad, M. B. Yaffe, S. J. Smerdon, and S. P.
Jackson. 2005. 'MDC1 directly binds phosphorylated histone H2AX to regulate
cellular responses to DNA double-strand breaks', Ce/, 123: 1213-26.

Suarez-Calvet, M., M. Neumann, T. Arzberger, C. Abou-Ajram, E. Funk, H. Hartmann,
D. Edbauer, E. Kremmer, C. Gobl, M. Resch, B. Bourgeois, T. Madl, S. Reber,
D. Jutzi, M. D. Ruepp, L. R. Mackenzie, O. Ansorge, D. Dormann, and C. Haass.
2016. 'Monomethylated and unmethylated FUS exhibit increased binding to
Transportin and distinguish FTLD-FUS from ALS-FUS', Acta Neuropathol, 131:
587-604.

Suberbielle, E., P. E. Sanchez, A. V. Kravitz, X. Wang, K. Ho, K. Eilertson, N. Devidze,
A. C. Kreitzer, and L. Mucke. 2013. '"Physiologic brain activity causes DNA
double-strand breaks in neurons, with exacerbation by amyloid-beta', Na#
Neurosci, 16: 613-21.

Sun, Y., Y. Xu, K. Roy, and B. D. Price. 2007. 'DNA damage-induced acetylation of
lysine 3016 of ATM activates ATM kinase activity', Mo/ Ce/l Bio/, 27: 8502-9.

Sun, Z., Z. Diaz, X. Fang, M. P. Hart, A. Chesi, J. Shorter, and A. D. Gitler. 2011.
'Molecular determinants and genetic modifiers of aggregation and toxicity for the
ALS disease protein FUS/TLS', PLaS Bio/, 9: €1000614.



172 Stefania Farina

Sweeney, P., H. Park, M. Baumann, J. Dunlop, J. Frydman, R. Kopito, A. McCampbell,
G. Leblanc, A. Venkateswaran, A. Nurmi, and R. Hodgson. 2017. 'Protein
misfolding in neurodegenerative diseases: implications and strategies', Trans/
Neunrodegener, 6: 6.

Symington, L. S. 2016. 'Mechanism and regulation of DNA end resection in eukatyotes',
Crit Rev Biochem Mol Biol, 51: 195-212.

Tan, A. Y., and J. L. Manley. 2009. "The TET family of proteins: functions and roles in
disease', | Mo/ Cell Biol, 1: 82-92.

Taylor, A. M., A. Groom, and P. J. Byrd. 2004. 'Ataxia-telangiectasia-like disorder
(ATLD)-its clinical presentation and molecular basis', DN.A Repair (Amst), 3:
1219-25.

Taylor, J. P. 2014. 'Neurodegenerative diseases: G-quadruplex poses quadruple threat
Nature, 507: 175-7.

Taylot, J. P., R. H. Brown, Jt., and D. W. Cleveland. 2016. 'Decoding ALS: from genes to
mechanism', Nature, 539: 197-206.

Taylot, J. P., J. Hardy, and K. H. Fischbeck. 2002. "Toxic proteins in neurodegenerative
disease', Science, 296: 1991-5.

Teyssou, E., T. Takeda, V. Lebon, S. Boillee, B. Doukoure, G. Bataillon, V. Sazdovitch,
C. Cazeneuve, V. Meininger, E. LeGuern, F. Salachas, D. Seilhean, and S.
Millecamps. 2013. 'Mutations in SQSTM1 encoding p62 in amyotrophic lateral
sclerosis: genetics and neuropathology', Acta Neuropathol, 125: 511-22.

Thorslund, T., A. Ripplinger, S. Hoffmann, T. Wild, M. Uckelmann, B. Villumsen, T.
Narita, T. K. Sixma, C. Choudhary, S. Bekker-Jensen, and N. Mailand. 2015.
'Histone H1 couples initiation and amplification of ubiquitin signalling after
DNA damage', Nature, 527: 389-93.

Toretsky, J. A., and P. E. Wright. 2014. 'Assemblages: functional units formed by cellular
phase separation', | Ce// Bio/, 206: 579-88.

Tsai, W. C., S. Gayatri, L. C. Reineke, G. Sbardella, M. T. Bedford, and R. E. Lloyd. 2016.
'Arginine Demethylation of G3BP1 Promotes Stress Granule Assembly', | Bio/
Chem, 291: 22671-85.

Van Hoecke, A., L. Schoonaert, R. Lemmens, M. Timmers, K. A. Staats, A. S. Laird, E.
Peeters, T. Philips, A. Goris, B. Dubois, P. M. Andersen, A. Al-Chalabi, V. Thijs,
A. M. Turnley, P. W. van Vught, J. H. Veldink, O. Hardiman, L.. Van Den Bosch,
P. Gonzalez-Perez, P. Van Damme, R. H. Brown, Jr., L. H. van den Berg, and
W. Robberecht. 2012. 'EPHA4 is a disease modifier of amyotrophic lateral
sclerosis in animal models and in humans', Naz Med, 18: 1418-22.

Vance, C., E. L. Scotter, A. L. Nishimura, C. Troakes, J. C. Mitchell, C. Kathe, H. Urwin,
C. Manser, C. C. Miller, T. Hortobagyi, M. Dragunow, B. Rogelj, and C. E. Shaw.
2013. 'ALS mutant FUS disrupts nuclear localization and sequesters wild-type
FUS within cytoplasmic stress granules', Hum Mol Genet, 22: 2676-88.

Vanderweyde, T., D. J. Apicco, K. Youmans-Kidder, P. E. A. Ash, C. Cook, E.
Lummertz da Rocha, K. Jansen-West, A. A. Frame, A. Citro, J. D. Leszyk, P.
Ivanov, J. F. Abisambra, M. Steffen, H. Li, L. Petrucelli, and B. Wolozin. 2016.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallirig3

impairment

'Interaction of tau with the RNA-Binding Protein TIA1 Regulates tau
Pathophysiology and Toxicity', Ce// Rep, 15: 1455-606.

Vijg, J., and Y. Suh. 2013. 'Genome instability and aging', Annu Rev Physiol, 75: 645-68.

Waite, A. J., D. Baumer, S. East, ]. Neal, H. R. Mortis, O. Ansorge, and D. J. Blake. 2014.
'Reduced C901f72 protein levels in frontal cortex of amyotrophic lateral sclerosis
and frontotemporal degeneration brain with the COORF72 hexanucleotide repeat
expansion', Newurobiol Aging, 35: 1779 €5-79 e13.

Walker, C., and S. F. El-Khamisy. 2018. 'Perturbed autophagy and DNA repair converge
to promote neurodegeneration in amyotrophic lateral sclerosis and dementia’,
Brain, 141: 1247-62.

Walker, C., S. Herranz-Martin, E. Karyka, C. Liao, K. Lewis, W. Elsayed, V. Lukashchuk,
S. C. Chiang, S. Ray, P. J. Mulcahy, M. Jurga, I. Tsagakis, T. Iannitti, |. Chandran,
I. Coldicott, K. J. De Vos, M. K. Hassan, A. Higginbottom, P. J. Shaw, G. M.
Hautbergue, M. Azzouz, and S. F. El-Khamisy. 2017. 'C9orf72 expansion
disrupts ATM-mediated chromosomal break repait', Nat Neurosci, 20: 1225-35.

Wang, A., A. E. Conicella, H. B. Schmidt, E. W. Martin, S. N. Rhoads, A. N. Reeb, A.
Nourse, D. Ramirez Montero, V. H. Ryan, R. Rohatgi, F. Shewmaker, M. T.
Naik, T. Mittag, Y. M. Ayala, and N. L. Fawzi. 2018. 'A single N-terminal
phosphomimic disrupts TDP-43 polymerization, phase separation, and RNA
splicing', Ewmbo j, 37.

Wang, H., W. Guo, J. Mitra, P. M. Hegde, T. Vandoorne, B. J. Eckelmann, S. Mitra, A. E.
Tomkinson, L. Van Den Bosch, and M. L. Hegde. 2018. 'Mutant FUS causes
DNA ligation defects to inhibit oxidative damage repair in Amyotrophic Lateral
Sclerosis', Nat Commun, 9: 3683.

Wang, W. Y., L. Pan, S. C. Su, E. J. Quinn, M. Sasaki, J. C. Jimenez, I. R. Mackenzie, E. J.
Huang, and L. H. Tsai. 2013. 'Interaction of FUS and HDAC1 regulates DNA
damage response and repair in neurons', Na# Neurosci, 16: 1383-91.

Wang, X., and J. E. Haber. 2004. 'Role of Saccharomyces single-sttanded DNA-binding
protein RPA in the strand invasion step of double-strand break repait’, PLoS B/,
2: E21.

Wang, X., D. Wang, J. Zhao, M. Qu, X. Zhou, H. He, and R. He. 2006. "The proline-rich
domain and the microtubule binding domain of protein tau acting as RNA
binding domains', Protein Pept L ett, 13: 679-85.

Wang, Y., J. W. Huang, P. Calses, C. J. Kemp, and T. Taniguchi. 2012. 'MiR-96
downregulates REV1 and RAD51 to promote cellular sensitivity to cisplatin and
PARP inhibition', Cancer Res, 72: 4037-46.

Wang, Y., N. Zhang, I.. Zhang, R. Li, W. Fu, K. Ma, X. Li, L. Wang, J. Wang, H. Zhang,
W. Gu, W. G. Zhu, and Y. Zhao. 2016. 'Autophagy Regulates Chromatin
Ubiquitination in  DNA Damage Response through Elimination of
SQSTM1/p62', Mol Cell, 63: 34-48.

Watanabe, S., H. Inami, K. Oiwa, Y. Murata, S. Sakai, O. Komine, A. Sobue, Y. Iguchi,
M. Katsuno, and K. Yamanaka. 2020. 'Aggresome formation and liquid-liquid
phase separation independently induce cytoplasmic aggregation of TAR DNA-
binding protein 43', Ce// Death Dis, 11: 909.



174 Stefania Farina

Webster, C. P., E. F. Smith, C. S. Bauer, A. Moller, G. M. Hautbergue, L. Ferraiuolo, M.
A. Myszczynska, A. Higginbottom, M. J. Walsh, A. J. Whitworth, B. K. Kaspar,
K. Meyer, P. J. Shaw, A. J. Grierson, and K. J. De Vos. 2016. "The C9otf72
protein interacts with Rabla and the ULKI complex to regulate initiation of
autophagy', Embo j, 35: 1656-76.

Wei, W., Z. Ba, M. Gao, Y. Wu, Y. Ma, S. Amiard, C. I. White, J. M. Rendtlew Danielsen,
Y. G. Yang, and Y. Qi. 2012. 'A role for small RNAs in DNA double-strand
break repait’, Ce//, 149: 101-12.

Weissman, L., N. C. de Souza-Pinto, T. Stevnsner, and V. A. Boht. 2007. 'DNA repair,
mitochondria, and neurodegeneration', Newuroscience, 145: 1318-29.

West, S. C., M. G. Blanco, Y. W. Chan, J. Matos, S. Sarbajna, and H. D. Wyatt. 2015.
'Resolution of Recombination Intermediates: Mechanisms and Regulation', Co/d
Spring Harb Symp Quant Biol, 80: 103-9.

White, E., and R. S. DiPaola. 2009. "The double-edged sword of autophagy modulation in
cancet', Clin Cancer Res, 15: 5308-16.

Wightman, G., V. E. Anderson, J. Martin, M. Swash, B. H. Anderton, D. Neary, D.
Mann, P. Luthert, and P. N. Leigh. 1992. 'Hippocampal and neocortical
ubiquitin-immunoreactive inclusions in amyotrophic lateral sclerosis with
dementia', Neurosci Lett, 139: 269-74.

Williamson, T. L., and D. W. Cleveland. 1999. 'Slowing of axonal transpott is a very eatly
event in the toxicity of ALS-linked SOD1 mutants to motor neurons', Na#
Neurosci, 2: 50-6.

Wolf, B. B., M. Schuler, F. Echeverti, and D. R. Green. 1999. 'Caspase-3 is the primary
activator of apoptotic DNA fragmentation via DNA fragmentation factor-
45 /inhibitor of caspase-activated DNase inactivation', | Bio/ Chenz, 274: 30651-6.

Wolozin, B., and P. Ivanov. 2019. 'Stress granules and neurodegeneration', Na# Rev
Neurosci, 20: 649-606.

Xie, A., A. Hartlerode, M. Stucki, S. Odate, N. Puget, A. Kwok, G. Nagaraju, C. Yan, F.
W. Alg, J. Chen, S. P. Jackson, and R. Scully. 2007. 'Distinct roles of chromatin-
associated proteins MDC1 and 53BP1 in mammalian double-strand break repait’,
Mol Cell, 28: 1045-57.

Yang, X., Y. Shen, E. Garre, X. Hao, D. Krumlinde, M. Cvijovic, C. Arens, T. Nystrom,
B. Liu, and P. Sunnerhagen. 2014. 'Stress granule-defective mutants deregulate
stress responsive transcripts', PLoS Genet, 10: ¢1004763.

Ye, P, Y. Liu, C. Chen, F. Tang, Q. Wu, X. Wang, C. G. Liu, X. Liu, R. Liu, Y. Liu, and
P. Zheng. 2015. 'An mTORC1-Mdm2-Drosha axis for miRNA biogenesis in
response to glucose- and amino acid-deprivation', Mo/ Cell, 57: 708-20.

Zannini, L., D. Delia, and G. Buscemi. 2014. 'CHK2 kinase in the DNA damage
response and beyond', | Mo/ Cell Biol, 6: 442-57.

Zhang, X., F. Wang, Y. Hu, R. Chen, D. Meng, L. Guo, H. Lv, J. Guan, and Y. Jia. 2020.
'In vivo stress granule misprocessing evidenced in a FUS knock-in ALS mouse
model', Brain.



ALS-linked FUS mutation reduces DNA Damage Response activation through RNF168 signallirilg5

impairment

Zoppino, F. C, R. D. Militello, 1. Slavin, C. Alvarez, and M. 1. Colombo. 2010.
'Autophagosome formation depends on the small GTPase Rabl and functional
ER exit sites', Traffic, 11: 1246-61.

Zu, T., B. Gibbens, N. S. Doty, M. Gomes-Pereira, A. Huguet, M. D. Stone, J. Margolis,
M. Peterson, T. W. Markowski, M. A. Ingram, Z. Nan, C. Forster, W. C. Low, B.
Schoser, N. V. Somia, H. B. Clark, S. Schmechel, P. B. Bitterman, G. Gourdon,
M. S. Swanson, M. Moseley, and L. P. Ranum. 2011. 'Non-ATG-initiated
translation directed by microsatellite expansions', Proc Nat/ Acad S¢i U S A, 108:
260-5.

Zu, T., Y. Liu, M. Banez-Coronel, T. Reid, O. Pletnikova, J. Lewis, T. M. Miller, M. B.
Harms, A. E. Falchook, S. H. Subramony, L. W. Ostrow, J. D. Rothstein, J. C.
Troncoso, and L. P. Ranum. 2013. '/RAN proteins and RNA foci from antisense

transcripts in COORF72 ALS and frontotemporal dementia', Proc Nat/ Acad Sci U
S A, 110: E4968-77.



ABBREVIATIONS

53BP1: p53-binding protein 1

A-T: Ataxia Telangiectasia

AD: Alzheimer’s disease

ALS: Amyotrophic Lateral Sclerosis

alt-NHE]: Alternative non-Homologous end Joining mechanism
AOA2: Ataxia-ocular Apraxia Type 2

ARS: Sodium Arsenite

ASOs: Antisense Oligonucleotides

ATLD: rare A-T like disease

ATM: Ataxia Telangiectasia-mutated

ATR: ATM and Rad3-related

BER: Base Excision Repair

BRCAL: Breast Cancer Type 1 Susceptibility protein
C90rf72: Chromosome 9 open-reading frame 72
Cdk5: Cyclin-dependent kinase

CDKN1A: Cyclin-Dependent Kinase Inhibitor 1A
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CHKI1/CHK2: checkpoint kinases

CMA: chaperone mediated autophagy

CtlIP: C-terminal binding protein

D-loop: Displacement-loop

DAPI: 4-6’-Diamidino-2-phenylindole
DDR: DNA Damage Response

DDRNAs: DNA Damage Response RNAs
diRNAs: DSB-induced RNAs

dlincRNAs: Damage-induced long non-coding RNAs
dNTP: Deoxynucleotide Triphosphates
DPR: Dipeptide Repeats Protein

DSBs: Double-Strand Breaks

dsDNA: Double Strand DNA

fALS: Familiar ALS

FTD: Frontotemporal Dementia

FUS: Fused in Sarcoma

GEF: Guanine-Nucleotide Exchange Factor:
HR: Homologous Recombination

IDR: Intrinsically Disorder Regions

IR: Irradiation

L3MBTL2: Lethal(3)malignant brain tumor-like 2 protein
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LCDs: Low Complexity Domains

LLPS: Liquid-liquid phase separation

MDC1: Mediator of DNA damage checkpoint protein
miRNA: micro-RNA

MME]: Microhomology-mediated end-joining
MMR: Mismatch Repair

MRN: MRE11-RAD50-NBS1 complex

NCI: Neuronal CI

ncRNA: non-coding RNAs

NER: Nucleotide excision repair

NHE]: Non Homologous End Joining mechanism
PAR: Poly ADP-ribose

PARP1/2: Poly(ADP)tibose Polymerase 1/2

PD: Parkinson’s disease

PIKXKs: phosphatidylinositol 3-kinase-like protein kinases
PTMs: Post Translational Modifications

RBPs: RNA Binding Proteins

RINAPII: RNA Polymerase 11

RNFS8: Ring Finger Protein 8

RINF168: Ring Finger Protein 168, E3 Ubiquitin Protein Ligase
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RNP: Ribonucleoprotein

ROS: Reactive Oxygen Species

RPA: Replication protein A

sALS: Sporadic ALS

SGs: Stress Granules

SSA: Single-Strand Annealing

SSBR: Single-Strand Break Repair

SSBs: Single-Strand Breaks Double-Strand Breaks
ssDNA: Single Stranded DNA

tASOs: Telomeric Antisense Oligonucleotides
TCR: T-cell Receptor

TDP-43: Tar DNA Binding protein 43
TIAR: TIA-1 related protein

tDDRNAs: Telomeric DDRNAs

tncRNAs: Telomeric Non-Coding RNA

UYV: Ultraviolet



APPENDIX

Some parts of this thesis are contained in the Future Review “DNA Damage triggers a
new phase in neurodegeneration” published in Trends in Genetics, 2020.

I have performed most of the experiments presented in this thesis although few results
were generated by other colleagues in my group. Particularly, Comet assay and DDRNAs
detection (Fig. 4.4 and 4.26) were performed by Dr Ubaldo Gioia (IFOM, Milan).
Confocal acquisition and post-imaging analysis of co-localizations (Fig. 4.2 and Fig. 4.18)
were generated by Dr. Anna Garbelli IGM-CNR, Pavia). Western blot analysis and
quantification showed in Fig. 4.5 (E-F)) and Fig 4.34. were carried out by Francesca
Esposito (IGM-CNR). Martina Battistoni (IGM-CNR, Pavia) performed BrdU assay
showed in Fig. 4.6 (C). Finally, Claudia D’Urso (IFOM, Milan) performed MDC1 staining
presented in Fig. 4.12.
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the C-terming tandem BRCT domains, besides mediating S38P1-p53 interaction [45], were
A0 shown 10 positvely contitute 10 S3EP1 lquid domidng [35] see Fgure 2 for schematic
represortation.

In summary, mmamnmu}smnmwm-mo-d
ubiquitin, and methyl groups on chroma-
m_maummmm*umwu
mwmwmmmnwmmuw
through PTMs 10 modulate viscosty of 538P1 and
Indond, the 538P1 cmummwmmmmun
form pi-pl and cation-pi interactions and to reguiate S38P1 olgomerization and binding o

Mmmm eged iguingly. tyrosire residues and their nterac-
tiors with asge be of FETp (FUS,
EWSA1, TAF15) [45) O. FUS, an RBP ivoved i o and RNA

metaboksm, was the first reported example of 8 protain undeegoing LLPS at DSBs [47].
does 50 In a8 PAR-dependent manner [4 7]: PAR chains are deposted quickdy in proximity 1o
DS8s by polyfADP-ribose) polymerases (PARPs), and, given heir similarity with polymeric
RNA structure and shared negative charge, 1t is templing 1o imagine that they also favor
LLPS. Indeed, PARS have 50 Deen shown 10 promote & chromatin environmant pomissive

for nd RNAPY (48). 0 Nmo'mmwlm)on
D583 s Baly with g that it v

wuch Por o “

and 1.1 {49 Thus, itis possbie to imagine
nmmﬁmudmmunmmmummhn
LLPS events

mmﬂmnnmmamm«-mmw
reduoes surounding gane transcriplion.

T Orwtien, Marth 2000 Vot oy 0x T
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DDR nactive
nucleosomes

Figure 2. C!mﬂWNW!MhDMIWmMFmMW*m oNA

oecneaton (LR Mwﬁmn—'nnm Ctormrus comttum 10 8 tetavor; Inwmmummm
(GAF) mott, the Tuder dorma, ard

recnment .—.m ™ JFCT domain, oo o v
LLPS by erharang 1s sty 1 foen Grophm 200

(g, Corutem 10 TONE ! ICARTEN? v nencion Wi e Tudy doman

Although the roke of S3E8P1 in DNA repelr xfes [50),

contrbution of 5381 LLPS 10 DNA ropalr woukd benoft rom a spedfic rhiblor. However, noh
LLPS inhibltors are faldy biunt tools, unable 10 target events specificaly, and thus ona can only
speculate that the DNA mpar defects, nonhomologous end joining (NHEJ) I particular,
mmmmmumbm mmmmwmm
w ot DNA

also undergoing demiking cannct be excuded.

Rhougt Y

Ovornll, the g DNA damago, RNA, of REPy provides o bt of
2 thy oot mary oy

Phase Sop D A DNA Damage Connoction
Awummuucmmuwmvmnm.wuhhnn
sobd-b Qorogates I tho col |10}
Accumulation of such sberant structures is a halmark of soveral neurodogenerativo disceden,
‘s dooose Intornd sclorosis (ALS), Huntington's disoase
mmw.mmy 2,51}, The potentiel contritution of DOR activation 1o the

roguintion of this tranaiton and the Impact that formation of soid aggregates has on the mainte-
nance of genomo stabity are dscussad i the bilowing portion of this reviow.

B T i urmticn, Marth 2000, Vol ua, N 20
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Accurmuation of DNA lesions and defects in DNA damage mpar fave boen observed in the

NErvVOuUs Byston of Inch Y oOer Over the kst two docadies, mounting
has potonsal of genome o the

o 12 22] Spocficaly
duposing 10 ALS wern thown 10 ater DOR Impa repak, DNA damage
n patiorts nAced stom cols and in spiral

cord teaues [50-55]. Athaugh a causative ok of DS8 inthe etiopathology of AD and PO remains
10 be conclusively demorstated, multipls lnes of evidence cisary ndcate thet Increased levels of
mmmmunwwmmm Indeed, pamary colls

10 dforert ONA
M.mwmm—“ choger Qs 10 Ofen
ko Involved in COR.
Altored LLPS Is n dog
AS
ASisa o y 8 1053 of motor 1othe
o AS
mummmmmwmnmmz od
NPAT (55 nngungly
asby [16,50-£0]. Athough roles

mainly within the ruciens, they also take part n the assembly of SGs (Box 1) [63,64].

FUS s one of the better 'mmnn-m
m-mnmbwhm they
mmmmnnm«mmmmmm
munwmmuwmmummmm
FNA 0 7] For 1 has boen
mlmmmmwmmmm Bosidos
FNA biclogy. FUS has boan asoin
DNA camage 196,70}, Indeed, FUS Is readily recruted 1o DNA
osions by interacting with PAR chaing, g ot a0 {71} FUS-PAR
naged DNA nto iquic- ke stuctures. This
PrOcess n vivo B thought 10 favor DNA damage resohation [47,72]. indesd, FUS was shown 1o
mnmuhwmwmnmdnmu—lum
DDNA iigation defects and accumuation
awwwm The roke of FUS in DNA mepair may also invohe chromatin
changes because FUS was reported 1o nferact with HDACT at DS84 [74]. The liquid state of
FUS, in tumn, seams 10 be drectly DOR kinases becay ylation of FUS
by DNA-PK. a protein deectly ivolved In DNA repalr, prevents s lquid- 1o-sclid state transition
and of fork e 0 wiro and In cels [75]. However, the protective eflect of
DNA-P-madated phosphonyaion of FUS on its LLPS and nuciesr functions is controversial
Dacase other mpors showed Tat DNA-PK stimulated nuclesr desmnce of FUS by inducing

'™ o g, sokd-ta ansition (70,77} Most

mnm—mmmnmmw“m

(L% | efective DOR and DNA damage accumutation in ALS motor
[7377). Tre suggest FUB aggregates.

N patients with ALS, may be ascrbed 10 their detrimental Impact on gencme maintenances.

Arnough with FUS, TDP-43 has been impi-
mﬂhmuuq-ym TOP-43 colocalzes with DOR factors at DSBs and

@ CePress .
OPEN ACCESS
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Accumuation of DNA lesions and dofects In DNA damago repair have boen oboonved in the
nervous system Over the kst two decades, mourting
ovidonon has e potential dw\cmo : 10 e
52-54),

wnummnmmmmm and increase DNA damage

from patients indy stem cols and in pired
cordtissues [56-55). Athough a causative role of DSB in the etiopathology of AD and PD remains
to b conchusively demorstrated, multiple Ines of evidance dearly indicate that increased levels of
mmmmwnmmmmmmmu

different ONA
54. mm factors found 10 bo altered in nourodegenarative pathologios o oo
ako volved in DDA

Altered LLPS s Involved in Neurodegenoration

ALS

ALSisa @ loss of motor whe

mnaummmmwmuuumuumm
encoding for protens involved in RNA matabolsm, induding TDP-43, FUS, Ataxin-2, and
WM ISB‘.M dlithese proteins contain IDRs the abilty

(16.60-62), theirroles
mmmmmmuemhnwds&m 1) [ea64).

FUS & one of the better
tion. lsm.umbwolwmmdm mnmmwm
domain' (PrLD) [55), Mutations in its PrLD or nuciear sgral enhance FUS

from quid 1o sokd deposits [56]. FUS controls many aspects of ANA biogenesks, ranging from
transcription 1o ANA prooessing [17], For example, R has been implicated in mNA maturation
mnymmvawmwmmvmm Beosas

biclogy, FUS has boen P dsoin
DNA da 70}, Incksed, FUS i A DNA
losions by with PAR chains, jating at [71). FUS-PAR

Bcitates the of damagad DNA into iquid-ike structures. This

PrOcoss in vivo & thought to faver DNA damage resolution [47,72]. Indeed, FUS was shown 10
play a direct role in DNA repair by promoting the recrutment of the XROC1/igase il ropair com-
plex o and its n. ssad DNA igation defects and accumuation
of singlo-stranded DNA damage [73]. The role of FUS in DNA mpair may also invohe clyomatin
changes because FUS was reported 10 interact with HDAC1 at DSBs [74). The liquid state of
FUS, in turn, seems 1o be drectly controlisd by DDR kinases because phosphonation of FUS
by DNA-PK, a protain directly involved in DINA repalr, prevents Bs Squid-10-sold state trarsition
and formation of fork e structures i Wro and In colis [75). Mowever, the protoctive offect of
DNA-Pr-madiated phosphongation of FUS on its LLPS and ruckar unctions is controversial
because other reports showed that DNA-PK stimulated nudear dearance of FUS by inducing
its transbocation 10 e cytopiasm and initiating a pathological, sold-tke transiion [76,77). Most
the very sar turning bquid-tke FUS Into pathological frilar deposits
678 defoctive DOR and DNA damage accumulation in ALS motor
neurons [73,77]. These results therefore IS aggregat
hmmﬂ&mumwm impacton

Alhough sharing many functional and structural similadities with FUS, TDP-43 has been impl-
catod in DNA ropair only vory rocently. TDP-43 colocalzes with DOR factors at DSBs and

T e Garwtcn, Mocth X000 Vol . Mo 1§
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in the presance of RNA 137,96, 100] capacty 9 LLPS oy
10 exert its jons in 1954, N or their
mwmmmmmmmnouuwm thought to
contribute to AD pathogenesis [#7]. The nuclear functions of tau have only recently boen
@xplored, A Protoctive ol against DNA damage has baen proposad for tau because its ioss
was found 10 sensitee neurcnal cells to different kinds of DNA-damaging events [101,102]
Interestingly, mmmmmwnpmammmm
phonyation of tau, suggesting that DDA sigr

of m[lm 1031mmlmtob-um
UMWW.. and thus DDR may act differently,
possibly negatively, on the physiciogy of cells and i the formation of tau tangles found in AD
is the cause or the consequence of impaired DOR and damage accumulation.

Amr-pﬁuammm DNA damage, and neurodegeneration involves
DNA- and RNA-binding protein that & the main compo-
mdmm-mkdmnmnm;wmmu
abity to condensate into lquid-ike droplets both in vitro and in calis [105]. Importantly, a tamilal
mutation associeted with early PO onset, s wel a5 Oxidative Sess. Seems to tavor a-syruciein
wwmmmmmwmmmmumuw
colocalzes with DOR foc and that its loss ikads to DSB n

[106], together with the fact that dok ropar is suff 10 elcit s¥ress [107),
suggest an intriguing Ink between 7y and defective DNA damage repalr.

HD
InHD o role. ly, the extent of
C# L of gin gene (MTT).
mwwmnmu“awuoq A wiolk by of this S
of & mutant ntingtin proten (MHTT) that contains a
wmadwmwncmkmmammmuﬁsmw
0 to mHTT [110). The propensity of mHTT to undergo
mmmummmummmmuwm
associated with HD such that the liquid-Ike assemblies of mHTT are imeversibly corverted into
ordered fibrllar structures i vitro and in celis [110}. Intriguingly, abemart DOR and
DNA repair dotects nHD elato with the of poyQ- mHTT
[111-113). Mechanisticaly, mHTT, but not its wild-type form, was shown to directly interact
nmmm‘m.uﬂmnu] and hamper DNA-PK activity, mwu:gwm
and causing DSB n {111 Th the ofthe
mdwpmmammnmmo.n-ummmm
Boddumrﬂ'l' uninterruptod ampifcation of CAG repeats in HTT can encode for additional
of the same residue, an extrame exampi of w-
complaxty protoins |1 14), mnmmwmmwbmmm
denso 6gQrogates In the brin of patients with HD [115). Nevirtholess, CAG ropeats per s
could contribute 10 the onsat of HD, possibly more than polyQ-rch peptides (116], Whether
such repeats and/or polypeptides could affect DNA damage repar s yet to be investigated.

A Role of RNA Phase in DDR in Ni o i

Although protein-caly LLPS everts are most thas lately Adent
that RNA notonly s and sev-
eral caluar MLOs [117, "awmummmmumwhwﬂm
absence of proten (2. 1 has been shown that repetitive G/C-rich RNA

T in Garwticn, Morh 2000, Vol o, o o 11
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maokecuen, such as those transcrbod fom HIT and CRORF72 genes, are por se prone tofom  Outstarding Questions
auid ke condensates. Strikingly, this 1ondency 0OOS Only When the NUMDG! Of TEPORTS b doss LLPE st 0O sgrasng
excends the Bveshokd that comesponds 10 the onset of the dsease [10,110], Furthormone,  snd seucdegerentor

of iNAs ga pcal of G4Cs repeats was sutficent 1o
m%m of their coding (114, pointing 10 the possbity ::,::_,mm
Ad bo for he of thair Seposton dunng LLPS & stws of
m‘ s ion for th ity of #e G.C; repeat QRNAsin  Gemage?

ALS has recenty bren attrituted 10 ther harmi eflects on genome integrty [56]. Suchabertant o o o0 0 o
RNAS indeed have 0 1endency 10 1orm R400ps [120]. which 26 chsenved SCCUMUSING 3 16 seamant igsd-soid anarion o
CS0RF72 locus in ALS moter neurons, uimately driving DS8

neurodagenaraion |54 Pt
Can svelt soRcuen Do dertfed
Cmdwmﬁ-nwls 15 sgmcficaly inbe sslected LLPS
hat colls explof i oty Guspte oRen FwONTQ
Howover, ther o

wm«wmwmmmdum posing i potortinl
threat 10 the e of cefls and the organism s a whols, Why, then, dd evolution select such
systoms? it may be ancther vl a0 mvokad 10 explen

oh Qe 1121,122); thus, MLOs may heve
o complox set of Lrctions and consequoncns, Liquid e orgarolins am particularly sbundart in
the nudieus |1 27 In this context, the phase separation of S38P1 at DSBs & intiguingly emirgng

asanewMLO. thes DSBs trigger 124,125 ang
retation [126], burst [24,33,127), and wranscription inhibition {125,

Becausa multiple comparntments with dfferent surface tensions may comdet, fransoription burst
different tes therole o LLPS

m-nuuau-p' 810 orchestrato the 0caurence of thase diirert biochermical resctions,
m-n--m-uuunmmmuwmm
the dynamic and i
mm-nmmnmmmammumm
phaso separsto |19 and acounulate at DNA keions |4,

25 P D&t L DOR fod may aso
contritute to sclating ndhidual DNA lesions and preverting dangerous transiocations and
events by a of derert DOR foci g
from different ANA sequences. Only when damage persists may heterochromatin-associated
PTMs be owng DOR d 1o
merga | 130}, ¥taguing! LAF-1 (26, FNA nfi Viscosty,
mmmmtmmmmuuwwbmmm
DORNAS, their shorter

perhaps over time.

Dyshncsona phase transtion of key MLO9, proteins, and FiNAs has beon acknowldged as a
magx daving force dsoasen |10} Thorotoro, mokeoulsr
Bpproachon smed o reverting foxds Iguid10-s0kd conveesion of factors Involed i such pathol-
Ok o row being axploned ae potertil thampeusos. INagungly. some of the drugs found o be
oflocthve ot mstodng physiciogical LLPS aeo target cruckd iactors in DDR and DNA repal. For
oample, DNAPK rhibiion was shown 1o fus and recover
proper FUS bcalization at damaged DNA [76,77). Boosting PARylation by adminktrating PAR
ycohyarolase ihbions 10 PSO-derved motor neurons carying FUS cytopliemic

Ao reacund FUS rucker bcazation and rostonod DNA repor, Utimatoly couromating motor

T2 Tt e G, Wi 2000, Vel a0
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[77). Howewr, 0 PARYtior - 9
TOP-43LLPS catls 9 (137} Recerty,
LPS por 50 haw of
and some have been shown
ha oot n models |152,135. Enceach, & srell

moisculo recently found 1 stimulte DOR acthation and NHEJ moediated ropar by incressing
FNA-assisted S38P1 nucieation a1 DS8s (134, has aiso been shown 1o amelicrate defects in

oALS models {135, Finally, the use of ASCs dienpting iovic
condensation of G/C-aich RINAs associstad with repest exension dsorders, such as CSORFT2
and HTT' [SRE ]

oy gy o ara ""r‘““" .
approach mirrors that cbserved for S38P1 ool dsnupion by ASO against dincFNADDANA
12433,34,137.

Th ay o e, Liquid-40-s0id Yanss-
tion and and DNA damage o pathoio
@es. Hore, wo hay DOR and ULPS conrol each ofher. However,
whether S oo

1on remains 10 be frmiy establishod. Neurodegenention s Sghtly intedained wih agng ond
generslly maniiests & e stages during the human Mespan [155]. 1 i well documented that
Imeparable DNA damage and DOR engag play oles In coluer
sensscence and agng [139. This sugpests hat discrders in DOR may acosiente the fomation
of touic aggregates and DNA damage mtertion, ulimately acosleraing neuronal ool death.
Theretore, futurs efions are neudsd 10 shed gt on the mochanisms ading 10 DNA damage
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delle tue piante, e quanto eri meticoloso nella ricerca delle rose per il tuo vialetto. Quei
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apprensione e gioia allo stesso momento ma siete soprattutto parte indispensabile della
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“And I need you now tonight, and I need you more than ever, and if you only hold me tight we'll be
holding on _forever and we'll only be making it right "cause we'll never be wrong. Together we can take it to

the end of the line...”



