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Abstract

Nucleotide excision repair (NER) is one of the repair processes, involved

in DNA damage response (DDR), which is able to remove DNA damages
caused by UV radiation.
DNA damage binding protein 2 (DDB2) is involved in the recognition step of
Global Genome-NER (GG-NER), a subpathway of this mechanism. It was
previously demonstrated that cells expressing DDB2P™NA protein, unable to
directly interact with PCNA, showed a delay in DDR.

Starting from this evidence, in the first part of my PhD thesis, it was
demonstrated that DDB2 mutated protein has an inefficient DNA binding
affinity to UV photolesions, highlighting that the loss of DDB2-PCNA
association affects the GG-NER mechanism.

Hereafter, mutated DDB2 protein confers to cells an unexpected proliferation
advantage and an increased UV resistance, suggesting that these cells are
more prone to proliferate. Interestingly, analyzing the morphological features
of mitoses, a significant presence of atypical mitoses was found in cells stably
expressing DDB2PNA- protein, leading to speculate that these cells could be
more prone to acquire a tumour-like phenotype. Moreover, | demonstrated,
using different approaches, that DDB2PNA protein is able to interact with
Polymerase n, an enzyme involved in the Translesion DNA Synthesis (TLS),
after UV-C exposure.

Next, wound healing experiment and Boyden chamber assay have highlighted
marked migration ability in the presence of mutated protein, suggesting a
possible correlation to an aggressive cell phenotype.

Besides, the modified expression levels of E-cadherin and Vimentin proteins
together with an increased activity of two metalloproteinases (MMP-2 and
MMP-9), in the presence of mutated protein, leaving to speculate a possible
DDB2PNA- protein involvement in the epithelial to mesenchymal transition
(EMT) process.

Finally, in the last section of my PhD project, | have investigated whether
DDB2 protein may be involved in other steps of DDR, suggesting a possible
cooperation between GG-NER and Transcription Coupled-NER (TC-NER).




In conclusion, it was demonstrated that:

the loss of DDB2-PCNA interaction affects the mainly steps of GG-NER
mechanism;

the presence of a DDB2PN* protein confers to cells not only an
increased UV resistance, but also proliferation and motility
advantages characterizing an aggressive behaviour and suggesting
that mutated cells could be more prone to acquire a tumour-like
phenotype;

the Polymerase n-DDB2 mutated protein interaction leads to consider
a possible correlation between DDB2P“N* positive cells and genomic
instability;

the inability of DDB2 to directly interact with PCNA also affects the
repair process of actively transcribed genes, speculating a possible
cooperation between GG-NER and TC-NER processes.
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6-4 Photoproducts (6-4 PPs)
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EMT Epithelial to mesenchymal transition
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GFP Green Fluorescent Protein

GG-NER Global Genome-Nucleotide Excision Repair
HCR Host cell reactivation

HR Homologous recombination




IGM-CNR Istituto di Genetica Molecolare-Centro Nazionale delle Ricerche
MEFs Mouse embryonic fibroblasts

MFI Mean fluorescence intensity

MMPs Metalloproteinases

MMR Mismatch repair

MnSOD Manganese superoxide dismutase
NER Nucleotide excision repair

NHEJ Non-homologous end joining

PBS Phosphate-buffered saline

PBST PBS and 0.2% Tween 20

PCNA Proliferating cell nuclear antigen
PFA Paraformaldehyde

PIP-box PCNA-protein interacting box

PLA Proximity Ligation Assay

PMSF Phenylmethane sulfonyl fluoride

Pol n-GFP Polymerase n-GFP

RFC Replication factor C

RFP Red Fluorescent Protein

RIR REV1-interacting region

ROC1 Regulator of Cullin 1

RT Room Temperature

S Soluble

SDS Sodium Dodecyl Sulfate

TBE Tris-borate-EDTA

TC-NER Transcription-Coupled Nucleotide Excision Repair
TEMED Tetramethylethylenediamine
TFIIH Transcription factor Il H

TLS Translesion DNA synthesis

TTD Trichothiodystrophy

UBD Ubiquitin-binding domain

UBM Ubiquitin-binding motif

UBZ Ubiquitin-binding zinc domain

USP7 Ubiquitin-specific peptidase 7
UV-DDB Ultraviolet DNA damage binding protein
UVSSA UV-sensitive scaffold protein A

XP Xeroderma pigmentosum

XP-V Xeroderma pigmentosum variant
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1.Introduction

1. Introduction

1.1 DNA damage and DNA damage response

Several DNA damaging agents constantly threaten our genetic heritage.
Alkylating chemicals and metabolically-derived aldehydes or reactive oxygen
species produced by cellular metabolism and spontaneous replication errors
are endogenous damaging factors; whereas, the ultraviolet radiation (UV),
ionizing rays, environmental chemicals and chemotherapeutic agents are
considered the exogenous mutagens.

When a DNA lesion has occurred, cells carry out several strategies to preserve
the integrity of genetic information and to overcome the accumulation of
mutations that can leads to genome instability (Gillet LC and Schéarer OD
2006; Roos WP et al. 2016).

Following a DNA lesion, mammalian cells activate checkpoint control systems
that arrest cell cycle progression to repair DNA damage or, if the lesion is too
severe, to induce cell death program (Plesca D et al. 2008).

When the lesion is repairable, the DNA damage response (DDR) is activated
to remove DNA adducts, which are toxic for cells causing the arrest of
polymerases during the replication or transcription phases (Hoeijmakers JH
2001; Roos WP et al. 2016).

Depending on the type of DNA lesion and on the type of activated signalling
pathway, the mainly mechanisms which are involved in the DDR are the DNA
repair by non-homologous end joining (NHEJ), homologous recombination
(HR), mismatch repair (MMR), base excision repair (BER) and nucleotide
excision repair (NER) (Figure 1) (Ashour ME et al. 2015; Stingele J et al. 2015,
Chatterjee N and Walker GC 2017).

Furthermore, when the replication fork is stalled, there is a mechanism of
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DNA damage tolerance, known as translesion DNA synthesis (TLS), that can
bypass the DNA lesion but it is not error free (Figure 1) (Roos WP et al. 2009;
Waters LS et al. 2009; Sale JE 2012; Goodman MF and Woodgate R 2013).

Type of damage: Single-strand Double-strand breaks Bulky adducts Nucleotide
breaks (SSBs) (DSBs) e.g. from platinum mutations,
substitutions,

Repair targets: APE1 ERCC1 MLH, MSH,
PARP ATR I ATWER EUL R XP proteins MTH1", etc
Polymerases
Repair pathway: Base Excision Homologous Non-t logous N i MisMatch Repair
Repair Recombination End Joining Excision Repair
Repair and Translesion
Synthesis
Damaging agent(s): RTx RTx RTx UV light Replication errors
Alkylating agents  Topo | inhibitors Topo Il inhibitors Platinum agents Alkylating agents
Nucleoside analogue
Platinum
Rationale for targeting: The most The most cytotoxic lesion P DA dNTP sanitation*

safety concern over
UV sensitization

common lesion

Figure 1 DNA damage response pathways (O’ Connor MJ 2015)

1.2 Nucleotide excision repair

In eukaryotic organisms the NER mechanism is a highly conserved
versatile pathway, which is able to remove a broad variety of DNA damages
(e.g. modifications of one or more nucleotides in purine or pyrimidine bases,
chemically induced bulky adducts); this process is particularly specialised in
UV-lesion removal caused by UV irradiation (Paul D et al. 2019).

UV rays, originated from sunlight, are severe DNA mutagens and the most
frequent UV-lesions on chromatin are cyclobutane pyrimidine dimers (CPDs)
and 6-4 photoproducts (6-4 PPs) which are constituted by covalent linkages
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between two adjacent pyrimidines (Friedberg EC et al. 2006; Ganesan A and
Hanawalt P 2017; Mao P et al. 2017; Cadet J and Douki T 2018) and cause
DNA helix distortion (Figure 2).
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/! \
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N0 ‘N’L - OJ\N N/L
R —
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0" 0-»2 'DNA 0" 0
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Oxetane Intermediate N TpT 6-4PP

Figure 2 CPD and 6-4 PP chemical structures and formation (Gillet LC and Schéarer
0D 2006)

The frequency of CPD or 6-4 PP formation depends on the type of UV
wavelength, the dose and the region of DNA damaged (Friedberg EC et al.
2006; Besaratinia A et al. 2011). Generally, if unrepaired, the mainly mutagen
and cancerous photolesions are CPDs molecules, which occur 3-4 fold more
than 6-4 PPs upon UV-C or UV-B rays with a A <296 nm (You YH et al. 2001);
however, a DNA containing 6-4 PPs damages exhibits a structural distortion
more pronounced than a DNA-harbouring CPDs lesions (Park H et al. 2002;
Dehez F et al. 2017).

Depending on the early recognition step of DNA lesions, NER process is
divided in two subpathways: the global genome-NER (GG-NER) and the
transcription-coupled NER (TC-NER) (Scharer OD 2013; Spivak G 2015).
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The GG-NER process operates and eliminates photolesions in the entire
genome, included the untranscribed and silent regions (Petruseva IO et al.
2014); whereas, the TC-NER removes DNA damage in actively transcribed
genes followed the RNA polymerases stalling (Figure 3) (Brueckner F et al.
2007; LiW etal. 2014; Xu J et al. 2017; Sanz-Murillo M et al. 2018).

GG-NER TC-NER
uv uv
& uv-DDB / CSA CsB / _RNApol2
) TR
z
o
o
3
4 RAD23B
XPC
[
-
®
L
s
>
ERCC1/XPF
c
2
(]
Q
i
l DNA polymerases
o
£ @
E
a
3 PCNA

Figure 3 NER subpathways: GG-NER and TC-NER (Lans H et al. 2012)
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1.2.1 Global genome-nucleotide excision repair

GG-NER, a “cut and patch” process, in eukaryotic cells is orchestrated
by 30 proteins which are sequentially involved in damage recognition, dual
incision and excision of damaged fragment, gap-filling new DNA synthesis and
ligation steps (Figure 4) (Aboussekhra A et al. 1995; Mu D et al. 1995; Araujo
SJ et al. 2000).

helix distorting lesion

A complex assembly 3) XPG
M damage verification R:;\
X

distortion recognition 1) XPC-HR23B
DNA bending
Uv-DDB PC
238
B
TFIH recruitmemk] 2) TFIH XPF entry 4) ERCC1-XPF
dual incision

damage verification

DNA repair PCNA

Figure 4 Molecular mechanism of GG-NER. (A) DNA containing lesion; (B) recognition
of damage; (C) TFIIH complex recruitment; (D) DNA helix unwinding; (E) “preincision
complex” assembling; (F) dual incision; (G) synthesis of a new DNA fragment and
ligation steps (Gillet LC and Schéarer OD 2006, modified)

The heterotrimeric complex formed by XPC-hHR23B-Centrin-2 (XPC complex)
detects the DNA damage in a multistep manner (Sugasawa K et al. 1998; Araki
M et al. 2001; Sugasawa K et al. 2001; Sugasawa K et al. 2002). It directly
interacts with the damaged DNA producing a well-defined DNA conformation
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to enhance the recruitment of the next NER factor TFIIH (Transcription factor
[l H) (Yokoi M et al. 2000; Volker M et al. 2001; Janicijevic A et al. 2003).
It was demonstrated that hH23B stabilizes and protects XPC from
proteasome 26S degradation, inhibiting its polyubiquitination (Ortolan TG et
al. 2000; Ng JM et al. 2003).
Interestingly, the XPC complex poorly recognizes CPDs lesions (Kusumoto R
et al. 2001; Sugasawa K et al. 2001; Reardon JT and Sancar A 2003), thus, this
function is carried out by UV-DDB (Ultraviolet DNA damage binding protein)
complex (Figure 5) (Wakasugi M et al. 2002; Fitch ME et al. 2003) that
facilitates the following recruitment of XPC (Sugasawa K et al. 2005).

112 356 392 708 1043 140

DDB1 CTD
101 137 454

DDB2 =] Wom-— ]
Figure 5 Molecular structure of UV-DBB complex (Scrima A et al. 2008)
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This complex is composed by DDB1 (DNA damage-binding protein 1) and
DDB2 (DNA damage-binding protein 2) proteins (Wittschieben B@ et al. 2005;
Feltes BC and Bonatto D 2015; Sugasawa K 2016); DDB1 protein forms a
complex with CUL4 (Cullin 4) and ROC1 (Regulator of Cullin 1) E3 ubiquitin
ligase (Groisman R et al. 2003); thus, the complex transfers ubiquitin
molecules to target protein, such as DDB2, XPC or histones for chromatin
relaxation (Kapetanaki MG et al. 2006; Jackson S and Xiong Y 2009; Zhu Q et
al. 2009).
Upon UV stimuli, DDB2 translocates DDB1 into the nucleus and all together
form the UV-DDB complex. Then, DDB2 directly interacts with CPDs
photolesions with its suitable binding pocket (Scharer OD and Campbell Al
2009); it seems that the presence of DDB1 protein allows the stabilization of
the complex to photolesions (Wittschieben B@ et al. 2005; Feltes BC and
Bonatto D 2015; Sugasawa K 2016). After damage recognition, DDB2 is
ubiquitinated by DDB1-CUL4-ROC1 complex, causing the loss of its DNA
binding affinity and its proteasomal-mediated degradation. It was “in vivo”
demonstrated that DDB2 degradation not only facilitates but also is necessary
for XPC recruitment to damaged sites (Sugasawa K et al. 2005; Wang QE et
al. 2005; EI-Mahdy MA et al. 2006).
Moreover, several studies have demonstrated that UV-DDB complex is able
to interact with chromatin remodelling factors or histone modification
enzymes to promote chromatin accessibility to the following NER factors
(Groisman R et al. 2003; Sugasawa K et al. 2005; Kapetanaki MG et al. 2006;
Wang H et al. 2006; Fischer ES et al. 2011; Luijsterburg MS et al. 2012;
Osakabe A et al. 2015).

TFIIH factor is composed by ten subunits which are assemble in a ring-like
structure, the “core” complex, constituted by XPB, XPD, p62, p44, p34, p52,
p8 and a cdk activating kinase (CAK) subunit (Mat1, Cdk7, CyclinH).
Together with XPC, TFIIH verifies the damage by a so-called bipartite selection
system (Hess MT et al. 1997):

1) XPC detects DNA distortion (“base pairing disruption”);

2) TFIIH complex confirms the presence of a “chemical modification”.
Specifically, as first step TFIIH is loaded at the 5" damaged strand through a
direct interaction with XPC in an ATP-independent manner (Araujo SJ et al.
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2001; Uchida A et al. 2002; Riedl T et al. 2003; Tapias A et al. 2004); then,
thanks to XPB and XPD motor components, TFIIH translocates along the
chromatin; when a DNA lesion is detected, XPB and XPD helicases stall in the
area of the lesion and begin to unwind the chromatin in ATP-dependent
manner to allow the DNA helix opening and the recruitment of subsequent
NER proteins (Drapkin R et al. 1994).

After the preliminary proofreading activity of TFIIH, the “pre-incision
complex” composed by RPA, XPA and XPG protein, is recruited to damaged
DNA. At the arrival of XPG, it was demonstrated that XPC loses its damage
DNA binding activity (Wakasugi M and Sancar A. 1998; RiedI T et al. 2003).
RPA, through its recruitment to undamaged strand close to DNA bubble,
allows the accurate positioning of XPG and ERCC1-XPF (de Laat WL et al.
1998).

XPA is a small protein and it appears to have a key role in probing the proper
assemble of the “pre-incision complex”; furthermore, XPA interacts with
several NER proteins (RPA, ERCC1-XPF, TFIIH, XPC) (Gillet LC and Scharer OD
2006).

Next, to remove 24-32 nucleotides containing DNA photolesion, a dual
incision is performed by two endonucleases: XPG, which is already recruited
with “pre-incision complex” and XPF-ERCC1. The second one cuts on 5’ side
of DNA, followed by the incision on 3’ end carried out by the nucleases XPG
that leaves a free 3’ OH terminus (Sijbers AM et al. 1996; Evans E et al. 1997;
Gillet LC and Scharer OD 2006; Tsodikov OV et al. 2007; Staresincic L et al.
2009).

Then, the gap-filling occurs with the synthesis of a new DNA fragment by
polymerases. In particular, this step is divided in two separated pathways. In
the first one, polymerases & and k are recruited by RFC (Replication factor C)
complex or ubiquitinated PCNA (Proliferating cell nuclear antigen) with
XRCC1 molecules, respectively. Both polymerases intervene when the repair
synthesis is difficult, due to damaged chromatin structure: for example, it was
supposed that polymerases k, that is involved in TLS process, is recruited
when two lesions are closely spaced.
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In the second pathway, which occurs in 50% of human cells, polymerase €
operates quickly with CTF18-RFC complex when the damaged site is in
accessible conformation (Ogi T et al. 2010).

Finally, the nick is sealed by specific DNA ligases (Araujo SJ et al. 2000; Moser
Jetal. 2007).

1.2.2 Transcription-coupled nucleotide excision repair

The TC-NER is the other subpathway involved in NER that differs from

GG-NER in the early step of the repair process, during the recognition of the
lesion. Conversely to GG-NER, this pathway removes CPDs and 6-4 PPs with
an equal and efficient repair ability (van Hoffen A et al. 1995).
Following a UV photolesion formation, the RNA polymerase Il blocked at the
damaged site of actively transcribed strand, is the signal that triggers a
cascade of events that leads to the assembling of an efficient repair
machinery (Figure 6) (Vermeulen W and Fousteri M 2013).

CSA complex

M
\—7

mRNA

Figure 6 DNA damage recognition factors in TC-NER (Auclair Y et al. 2009, modified)

Importantly, the accessibility to damaged chromatin is a critical step in this
repair process, thus, several TC-NER factors coordinate their activity and
recruit some enzyme which are involved in histone modifications and
chromatin remodelling (Lans H et al. 2012).
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The principal factors involved in TC-NER in mammalian cells are: CSB
(Cockayne Syndrome group B protein), CSA (Cockayne Syndrome group A
protein), UVSSA (UV-sensitive scaffold protein A) and USP7 (Ubiquitin-specific
peptidase 7), XAB2 and HMGN1.

CSB factor dynamically interacts with RNA polymerase Il with a great binding
affinity; upon UV damage, this interaction is stabilized (van den Boom V et al.
2004). CSB, defined as the master coordinator of TC-NER, remodels the
chromatin in an ATP-dependent manner (Citterio E et al. 2000) to allow the
following recruitment of CSA, p300 and the other NER factors (TFIIH, XPG,
XPA, RPA, and XPF/ERCC1) (Groisman R et al. 2003; Beerens N et al. 2005;
Fousteri M et al. 2006). In the structure of this protein there is the ubiquitin-
binding domain, which is essential for the regulation and the activity of CSB
(Anindya R et al. 2010): its binding to an ubiquitylated factor allows the
release of CSB from damaged sites at late phase of TC-NER enhancing the
repair activity (Vermeulen W and Fousteri M 2013).

CSA protein, recruited by CSB, is the dedicated substrate receptor (DCAF) of
the complex DDB1-CUL4-RX1 (CRL4) E3-ubiquitin ligase associated with COP9
(Constitutive photomorphogenesis 9) signalosome (CNS). The complex is
involved in the regulation of TC-NER process through the ubiquitination of
some NER factors. At early time upon UV damage, CNS inhibits the
ubiquitination activity of CRL4 complex (Groisman R et al., 2003; Fousteri M
et al. 2006); when CNS is dissociated from CSA, the latter is activated.
Consequently, CSB, the substrate for the CRL4 complex, is ubiquitylated and
degraded by proteasome to permit the subsequent steps of repair process
(Groisman R et al. 2006; Li JM and Jin J 2012).

The recently identified UVSSA forms a complex with USP7 and all together
stabilize and protect CSB and RNA polymerase Il complex, preventing their
polyubiquitination and, consequently, degradation (Fei J and Chen J 2012;
Schwertman P et al. 2012; Zhang X et al. 2012).

XAB2 protein binds to RNA polymerase Il stalled via CSA- and UV-dependent
manner (Fousteri M et al. 2006); it is considered as a scaffold protein for the
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proper TC-NER complex formation (Nakatsu Y et al. 2000) and also for the
restoration of RNA synthesis upon UV-damage induction (Kuraoka | et al.
2008).

Another important factor for TC-NER is HMGN1. The protein interacts with
UV-blocked RNAPII through CSA-dependent manner (Fousteri M et al. 2006).
This protein is not essential for the incision complex assembly, but it is
supposed that HMGN1 might enhances the dual incision helping p300 to
remodel the chromatin (Trieschmann L et al. 1998; Lim JH et al. 2005).

Both “in vitro” and “in vivo” experiments have demonstrated that the stalled
RNA polymerase IlI, after the damage sensing, is dislocated to allow the
accessibility and the correct assembly of the following factors involved in the
repair pathway (Donahue BA et al. 1994; Sigurdsson S et al. 2010; Cheung AC
and Cramer P 2011). The “backtracking” of the polymerase is related to a
transcription cleavage of the nascent RNA: any mismatch between RNA and
DNA hybrid stimulates the backtracking elongation to allow the removal of
RNA-containing the error (Vermeulen W and Fousteri M 2013).

Finally, after the recognition of the lesion, the following steps and factors are
the same of the GG-NER (Figure 4 from step C).

1.3 Nucleotide excision repair-related human diseases

Three rare autosomal recessive diseases, Xeroderma pigmentosum
(XP), Trichothiodystrophy (TTD) and Cockayne syndrome (CS), are associated
with mutations in NER genes (Bukowska B and Karwowski T 2018).

Xeroderma pigmentosum (from the Greek words xero — dry and derma — skin)
is characterized by extreme sunlight sensitiveness (Hebra F and Kaposi M
1874) and a significantly increased frequency to develop skin cancer (Tofuku
Y et al. 2015). It has been reported that XP patients are more prone to
carcinogenesis; in fact, they shown deficient antioxidant enzyme activity and,
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moreover, several mutations in tumour suppressor genes were identified
(Vuillaume M et al. 1986; Giglia G et al. 1998; Hayashi M et al. 2005). In two
third of patients, clinical manifestations occurred in the early months of life,
and the main symptom is hypersensitivity to sunlight which is characterized
by the manifestations of freckling, redness and blistering. In the other
patients, the first clinical evidence is an increased number of lentigines in the
UV-exposed skin areas (Lehmann AR et al. 2011). Moreover, sun exposure
leads to premature skin ageing.
Depending on which gene is impaired in NER process, the syndrome is
classified in seven complementation groups (from XP-A to XP-G) (Cleaver JE
1968); additionally, XP-V variant was described by Lehmann and colleagues
(Lehmann AR et al. 1975). The severity of symptoms and the main organs that
are affected depend on the type of gene alterations. All XP patients are
predisposed to skin abnormalities; indeed, 30% of them develops
neurological impairments and 40% of XP patients are related to
ophthalmologic diseases (Kraemer KH et al. 2007; Karass M et al. 2015).
Among the seven complementation groups, XP-E is characterized by
mutations in DDB2 gene; it is the least severe type of disease with mild skin
symptoms, but the risk to develop skin cancer at later age is high.
Neurological pathologies have not been diagnosed in these patients
(Lehmann AR et al. 2011).

Trichothiodystrophy (TTD) (from Latin tricho-thio-dys-trophe means
hairsulphur-faulty-nourishment) is a very rare disease with a prevalence of
1:1000000, to date about only 100 patients are diagnosed (Faghri S et al.
2008). Principal clinical manifestations are photosensitivity, ichthyosis, brittle
hair, intellectual disability, decreased fertility and short stature (Crovato F et
al. 1983). Brittle and fragile hair, caused by a lack of sulphure, is the typical
diagnostic hallmark of this syndrome (Stefanini M et al. 2010). Moreover,
several TTD patients are affected by neurological pathologies such as
developmental retardation, altered motor control, hearing impairment and
growth retardation (Faghri S et al. 2008).

The main mutated genes, XPB, XPD, TTDA, which are normally involved in
TFIIH formation, are responsible for developmental retardation as
consequence of transcription impairment (Fois A et al. 1988; Botta E et al.

12



1.Introduction

1998; Bergmann E and Egly JM 2001).
A distinct small group of TTD patients, who carried mutations in TTDN1 gene,
is characterized by non-photosensitive type of disease with a proper
formation and expression of TFIIH factor (Fois A et al. 1988; Botta E et al.
1998; Bergmann E and Egly JM 2001).

Cockayne syndrome (CS) is identified by a huge variety and severity of clinical
manifestations, such as neurological impairment, growth failure,
microcephaly and mental retardation; for this reason, it is divided in three
groups. The type 1 is the classical form and it is diagnosed in one year
newborn child. Mutations in CSA gene are responsible for the phenotype of
this group (Karikkineth AC et al. 2017). Type 2 is more severe than type 1,
with an early-onset of symptoms. It is related to CSB gene mutations which
cause a grave retarded neurological development. Type 3 is the mildest form
with a late onset of the disease (Karikkineth AC et al. 2017).

CS patients also manifested a premature accelerated ageing. Among the
complicated mechanisms underlying ageing, the authors suggested an
impairment in the activity of mitochondrial RNA polymerase, involving CSB
protein in the proper function of this organelle (Scheibye-Knudsen M et al.
2012).

Despite its severe outcome, it is difficult to detect CS disease and, contrary to
XP and TTD syndromes, a prenatal diagnosis test is not available (Wilson BT
et al. 2016).

1.4 Translesion DNA synthesis

As mentioned in Paragraph 1.1, translesion DNA synthesis (TLS) is a
conserved DNA damage tolerance process, which occurs after replicative
DNA polymerases blocking following a DNA lesion (Quinet A et al. 2018).
The mechanism is activated to overcome the prolonged stalling of
polymerases to avoid fork collapse and DNA strand breaks (both double and
single) (Waters LS et al. 2009; Goodman MF and Woodgate R 2013).
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Currently, 11 TLS polymerases are known: REV1, Pol n, Pol {, Pol k, Pol ¢, Pol
W, Pol A, Pol B, Pol v, Pol 6 which are distributed in four families (Y, B, X and A)
and PrimPol (Chatterjee N and Walker GC 2017).

These polymerases are able to displace replicative polymerases from
damaged sites, insert new nucleotides in the opposite strand and past the
lesions; then, DNA is displaced from TLS enzyme to allow the replacement of
a high fidelity DNA polymerases (Sale JE 2013).

These enzymes are characterized by a more spacious and malleable active
site compared to replicative polymerases; this characteristic allows to better
fit several DNA damaged templates, although they have a lower DNA binding
affinity (Rothwell PJ and Waksman G 2005; Waters LS and Walker GC 2006;
Silverstein TD et al. 2010; Zhao Y et al. 2012; Sale JE 2013). However, TLS
polymerases are generally related to mutagenesis because of their low
fidelity activity to incorporate nucleotides, without a 3’-5’ exonuclease
proofreading ability (Kunkel TA 2003).

Two models have been proposed to explain the TLS polymerases activity:
“two steps” and “central step”.

In the first mechanism, which is both error-free and error prone, two
polymerases are involved: the inserter and the extender (Shachar S et al.
2009). The earlier, generally Pol n, Lor K, is able to add a single nucleotide in
the DNA strand opposite to the lesion, then, the extender enzyme, usually Pol
{, takes place of the inserter and extends the primer template (Washington
MT et al. 2002; Korzhnev DM and Hadden MK 2016).

In the “central or multistep model”, REV1 acts as a scaffold protein to unify
both inserter and extender activity. One inserter TLS polymerase (n, L or k)
interacts with the REV1 interface through the RIR (REV1-interacting region)
sequence, simultaneously Pol 4 binds to the other REV1 interface to extend
the DNA strand (Wojtaszek J et al. 2012a; Wojtaszek J et al. 2012b;
Pustovalova Y et al. 2016).

Pol n, which belong to Y family, is the best known specialized polymerase to
bypass the two main UV-lesions, CPDs and 6-4 PPs (Yoon JH et al. 2015;
Quinet A et al. 2016). This family is characterized by the presence of PIP-boxes
(PCNA-protein interacting) and several ubiquitin-binding domains (UBDs) in
the C-terminal region, known as UBZ (ubiquitin-binding zinc domain) and
UBM (ubiquitin-binding motif) (Yang W and Woodgate R 2007).
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TLS polymerases are able to bind to PCNA through their PIP-box sequence,
even though these interactions are weak. Thus, to strengthen this binding,
the protein Rad18, an E3 ubiquitin ligase, ubiquitinates PCNA on Lysine 164
after UV damage, promoting the binding of TLS polymerases to
monoubiquitinated PCNA, by their UBD domains (Watanabe K et al. 2004; Bi
X et al. 2006).

Conversely, to inhibit and block this interplay in undamaged cells, it was
demonstrated by “in vivo” experiments, that polymerases are ubiquitinated
themselves (Bienko M et al. 2005; Guo C et al. 2006; Plosky BS et al. 2006;
Bienko M et al. 2010; Jung YS et al. 2011).

Regarding CPDs, Pol n directly interact, through its PIP-box, with stalled
monoubiquitinated-PCNA (Kannouche PL et al. 2004) and acts both as
inserter and extender enzyme by adding three nucleotides past the lesion
(Johnson RE et al. 1999b) with a very efficient and quite accurate ability
(Biertimpfel C et al. 2010; Su Y et al. 2015). For this reason, this polymerase
is considered as a protector of mammal cells from UV-induced carcinogenesis
(Stary A et al. 2003).

Indeed, patients who carried mutations in POLH gene, which encodes for
polymerase n, are characterized with an extremely sensitivity to sunburn and
a higher risk to develop skin cancers compared to normal populations. This
very rare, recessive genetic disease is the eighth form of XP, also known as
Xeroderma pigmentosum variant (XP-V) (Johnson RE et al. 1999a; Masutani C
et al. 1999).

Conversely, when a 6-4 PP lesion occurs, the “two steps” model is triggered:
REV1 acts as a scaffold protein for pol n, which inserts a nucleotide in the
opposite strand, and pol C that promotes the gap-filling across the damage
(Johnson RE et al. 2001; Bresson A and Fuchs RP 2002; Yoon JH and Prakash
L 2010). In this model, “in vivo” and “in vitro” studies have demonstrated that
pol n acts in an error-prone manner (Johnson RE et al. 2001; Bresson A and
Fuchs RP 2002; Yoon JH and Prakash L 2010; Quinet A et al. 2016).
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1.5 DDB2 and its multiple facets

DDB2 is a protein composed by 427 amino acid residues (48 kDa) that
is encoded by the XPE gene located to 11p12-p11 (Takao M et al. 1993;
Dualan R et al. 1995). Structurally, DDB2 is characterized by seven WD-40
repeats, which are associated to a family of proteins involved in chromatin
remodelling (Neuwald A and Poleksic A 2000).

The expression of this protein depends on p53, thanks to the presence, in the
5 untranslated sequence of DDB2 gene, of a consensus binding site for p53
(Tan D and Chu G 2002). It was demonstrated that, in the absence of p53,
basal expression levels of DDB2 are dramatically reduced, and the expression
does not increase even after the exposure to UV or IR irradiation (Hwang BJ
et al. 1999).

DDB2 is mainly localized into the nucleus, both in undamaged and damaged
cells; whereas DDB1, in normal conditions, is located both in the nucleus and
cytoplasm and, after UV stimuli, DDB1 is mainly recruited into the nucleus by
DDB2 translocation (Otrin V et al. 1997; Shiyanov P et al. 1999; Liu W et al.
2000).

As reported in the Paragraph 1.2.1, DDB2 is directly involved in the GG-NER
pathway, recognizing UV photolesions.

However, DDB?2 is also indirectly implicated in DDR pathway, in particular in
chromatin remodelling.

For instance, Kapetanaki and colleagues have demonstrated that DDB2,
together with Cul4A-DDB1 ligase complex, promotes the monoubiquitination
of the H2A histone, speculating the possible DDB2 role as an adaptor
molecule in NER mechanism (Kapetanaki MG et al. 2006). Indeed, another
study has demonstrated the same role of DDB2 for the ubiquitination of H3
and H4 histones, suggesting a possible support for XPC recruitment upon UV
irradiation (Wang H et al. 2006).

Moreover, DDB2 also interacts, both “in vivo” and “in vitro”, with the histone
acetyltransferase p300/CBP proteins (Datta A et al. 2001; Rapic-Otrin V et al.
2002).
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DDB2 plays also an important role in the modulation of p53 and p21
expression. p53 protein is a crucial molecule for cell cycle arresting upon UV
damage: it ensures that damaged cells do not proceed into cell cycle until the
repair of lesions, preventing the accumulation and propagation of DNA
mutations.

p53 is phosphorylated by Ataxia telangiectasia mutated kinase (ATM) and
Ataxia telangiectasia RAD3-related kinase (ATR) after UV damage (on serine
15 or 18 in humans or mice, respectively) to stimulate its stability (Chao C et
al. 2003). When mouse embryonic fibroblasts (MEFs) were exposed to low
UV dose, DDB2 favoured p53°'8 ubiquitin proteasome-mediated
degradation (Stoyanova T et al. 2008) through Cul4a-DDB1 ligase complex,
enhancing the nuclear accumulation of DDB1 protein that is responsible for
p53 proteolysis (Stoyanova T et al. 2009). Moreover, its proteolysis is
fundamental to maintain p21 expression at low levels to promote the NER
process activation (Stoyanova T et al. 2008).

Conversely, the exposure at high UV-dose causes unrepairable cell damages
and inhibits the DDB2 ubiquitination activity on p53, allowing the activation
of the apoptotic pathway inducing the expression of specific pro-apoptotic
factors such as Bax, PUMA and NOXA (Nakano K and Vousden KH 2001). In
this case, the cell death program is protected from p21 inhibition because
DDB2 stimulates the proteasome-mediated degradation of the protein
through its ubiquitination.

DDB2 is also implicated in cell cycle regulation thanks to its interaction with
E2F1 transcription factor, an important regulator of the expression of
molecules that are implicated in DNA replication or S-phase onset (Hayes S et
al. 1998). This interaction was demonstrated only in undamaged cells; after
UV damage, the UV-DDB complex is not able to bind and activate E2F1 since
the complex is sequestered by damaged DNA, causing a delay in cell cycle
progression (Shiyanov P et al. 1999). In addition, the presence of a DDB2
mutated protein (DDB2PNA), unable to interact with PCNA, determines DDB2
accumulation in cells (Cazzalini O et al. 2014) and influences cell cycle
progression promoting cell proliferation (Perucca P et al. 2015); furthermore,
DDB2PNA-also confers an increase UV-resistance and proliferation advantage
to irradiated cells (Perucca P et al. 2018).
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DDB2 protein is not only correlated to UV damage or DDR pathways; in the
last 15 years, several studies have demonstrated that it also plays an
important role in cancer biology, although its contribution is still debated.
Interestingly, it was found that DDB2-deficient mice were not only prone to
UV-induced carcinogenesis, but they also frequently developed spontaneous
malignant tumour in internal organs in the absence of damaging agents,
suggesting, for the first time, a hypothetical DDB2 role as tumour suppressor
(Yoon T et al. 2005).

Furthermore, in several tumours (such as ovarian, breast and lung cancer), a
low expression of DDB2 mRNA is frequently associated to a poor prognosis
(Ennen M et al. 2013; Roy N et al. 2013), suggesting a possible involvement
of DDB2 in preventing tumour progression and relapse.

In non-invasive breast cancer cells, DDB2 overexpression inhibits the
transcription of manganese superoxide dismutase (MnSOD) and reduces the
activity of NF-kB enhancing the expression of IkBa (Ennen M et al. 2013).
Conversely, in metastatic breast cancer cells DDB2 is not produced, thus the
increase of MnSOD expression promotes the invasive capability of cells
through the extracellular matrix (ECM) digestion by metalloproteinases 9
(MMP-9). Indeed, the transcription factor NF-kB by the regulation of some
target genes expression, confers to metastatic breast cancer cells migration
and invasive abilities (Min C et al. 2008).

Concerning colon cancer, DDB2 was found overexpressed in colorectal cancer
(CRC) and colorectal adenoma (CRA) cells, probably due to the high rate of
DNA damage in these cells compared to adjacent non-tumour tissues.
Interestingly, a significant downregulation of DDB2 was found in high grade
colon cancer cells associated to an aggressive phenotype, suggesting a
correlation between DDB2 expression and CRC outcome (Roy N et al. 2013;
Yang H et al. 2018).

Other data, obtained in metastatic colon cancer cells, have demonstrated
that, a decrease in DDB2 expression is related to a reduction of E-cadherin
expression, suggesting a possible DDB2 involvement in epithelial to
mesenchymal transition (EMT) (Roy N et al. 2013).

EMT is a conserved mechanism which occurs both in physiological (e.g.
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embryonic development) and pathological condition; for instance, in
epithelial cancers is often activated during metastatic progression. In EMT,
epithelial cells acquire typical feature of mesenchymal cells and, during this
process, several changes occur (such as the loss of cell-cell adhesion and
apical-basal polarity) to gain motility and migratory advantages (Ye X and
Weinberg RA 2015).

Cancer stem cells (CSCs) are key factors for tumour initiation and progression
in several solid tumours (Dean M et al. 2005; Hermann PC et al. 2008; Nguyen
LV et al. 2012; Han C et al. 2014). Moreover, non-CSCs are able to
dedifferentiate in CSCs (Friedmann-Morvinski D and Verma IM 2014).
Ovarian CSCs are characterized by a pronounced aldehyde dehydrogenase
(ALDH) activity which promotes their cell differentiation to enrich CSCs pool
(Vasiliou V and Nebert DW 2005; Silva IA et al. 2011).

Cui T and colleagues (Cui T et al. 2018), have demonstrated that DDB2 is able
to bind to ALDH gene promoter inhibiting the transcriptional activity and,
therefore, the amount and self-renewal capabilities of CRCs.
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2. Aims of the research

Nucleotide excision repair (NER) is one of the DNA damage response

(DDR) mechanisms that is able to remove different DNA lesions, such as
distorting helix generated by physical (UV irradiation) or chemical mutagens.
The process is divided in two subpathways — global genome-NER (GG-NER)
and transcription coupled-NER (TC-NER) - that repair damaged DNA in the
entire genome or in actively transcribed genes, respectively. The mechanism
is composed by several phases: 1) the recognition of the lesion which differs
in the two subpathways, 2) the damaged fragment incision and excision, 3)
the gap-filling of new DNA synthesis and 4) the ligation steps.
DNA damage binding protein 2 (DDB2) is an essential factor that recognizes
and binds UV photolesions — cyclobutane pyrimidine dimers (CPD) or 6-4
photoproducts (6-4 PPs) —in GG-NER pathway; this protein directly interacts
with PCNA by its PCNA-protein interacting box (PIP box) sequence, allowing a
correct DDB2 degradation via proteasome for the recruitment of following
NER factors. In fact, in our laboratory, it was previously demonstrated that a
DDB2 mutated protein (DDB2PNA), unable to interact with PCNA,
accumulates in cells.

In my PhD project, | employed, as experimental models, HEK293 and Hela
cell lines stably or transiently transfected with pcDNA3.1-DDB2W' or
pcDNA3.1-DDB2PNA- constructs and exposed to UV-Cirradiation, to study the
following proposals:

[. In the first part of my PhD project | studied whether the loss of DDB2-PCNA
interaction can influence other steps of GG-NER process. For this purpose,
the DDB2 binding affinity to UV photolesions was analysed, using two
different electrophoretic mobility shift assays (EMSA), to investigate whether
the early phase of repair mechanism could be impaired; then a late step of
NER process was dissected through co-localization studies and
immunoprecipitation experiments.
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. In the second section of my thesis | investigated, whether the loss of DDB2-
PCNA interaction could influence cell proliferation, after UV damage
induction; for this purpose, | performed clonogenic assay and study pospho-
histone 3 protein level. Furthermore, morphological features of mitoses were
considered to identify possible hallmarks of genomic instability.

Starting from an enhanced UV-resistance and highest cell proliferation
demonstrated when DDB2-PCNA interaction is lost, it was hypothesized a
possible interaction between DDB2 and Polymerase n which is involved in
Translesion DNA Synthesis (TLS). For this purpose, Hela cells were co-
transfected with Polymerase n-GFP and DDB2W' or DDB2P“NA- constructs and
co-localization protocols and immunoprecipitation experiments were
performed. Moreover, to evaluate whether DDB2 protein could be directly
associated to Polymerase n, the Proximity Ligation Assay (PLA), an innovative
approach, was performed.

[ll. In the third part of my project, motility abilities and the possible DDB2
involvement in epithelial to mesenchymal transition (EMT) were taken into
account and investigated in irradiated HEK293 cell lines (CTR, DDB2W and
DDB2PNA) In particular, wound healing experiments and Boyden chamber
assay were used to evaluate cellular environment and motility abilities in
response to chemoattractant stimulus. Then, the Western blotting analysis
was performed to investigate the expression levels of E-cadherin and
Vimentin proteins, the main epithelial and mesenchymal markers
respectively, and to detect the activity of metalloproteinases (MMPs) 2 and
9.

IV. Finally, | investigated a possible other role of DDB2 in the repair process
of actively transcribed genes, evaluating the ability of HEK293 cells (DDB2!
and DDB2P®NA stable clones) to repair and restore the expression of a UV-
damaged gene by Host Cell Reactivation (HCR) assay. Moreover, co-
localization studies between DDB2 and Polymerase |l were performed to find
a possible cooperation between GG-NER and TC-NER pathways.
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3.1 Cell lines

HEK293 (Human Embryonic Kidney) cell line and Hela S3 (cervical
cancer cells) cell line were cultured in Dulbecco’s modified Eagle’s medium
(DMEM High glucose 4.5 g/l, Sigma-Aldrich) supplemented with 10% fetal
bovine serum (One Shot™ FBS, Gibco™), 2 mM L-Glutamine (Gibco™), 100
U/ml penicillin, 100 pg/ml streptomycin in a 5% CO, humidified atmosphere
at 37°Cin sterile conditions.

3.2. Stable transfection of HEK293 or transient transfection of Hela cells
with pcDNA3.1-DDB2"* or pcDNA3.1-DDB2P™NA- constructs

To evaluate and analyse the exogenous expression of DDB2 wild-type
or mutated form in our cell lines, a standard transfection protocol was
performed.

HEK293 cells (50% confluent) were stably transfected with pcDNA3.1-
DDB2"'/His construct kindly provided by Dr. Q.E. Wang (The Ohio State
University, Columbus, USA) (Barakat BM et al. 2010) or the mutated
pcDNA3.1-DDB2PNA/His constructs.

The pcDNA3.1-DDB2P“NA/His construct was previously obtained in our
laboratory performing a site-directed mutagenesis in the DDB2 wild type
plasmid vector (Invitrogen) (Figure 7) (Cazzalini O et al. 2014).
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Figure 7 Map of pcDNA3.1 DDB2"'/His kindly provided by Dr. Wang. The plasmidic
vector was employed for the mutagenesis of DDB2PNA

DDB2PNA- protein is mutated in a conserved sequence called PIP-box which
is present in many proteins that directly interact with PCNA (Figure 8)
(Cazzalini O et al. 2014).
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87-94 VQQGLQQSFL H. sapiens
87-94 LQQGLQKSFL M. musculus
87-94 LQQGLQQSFL B. taurus
79-86 KQRSIVHYLY X. tropicalis
79-86 WQCSIVHYVY G. gallus
68-75 GQTSILHYIY D. rerio

PIP-box: QxxL/1I/MxxFF/FY/YY
DDB2"W' PSVQQGLQQSFLHT

DDB2P*NAPSVAQGAQQSALHT

Figure 8 Phylogenetic analysis of aminoacidic sequence of PIP-box in DDB2 among
several species. Comparison between DDB2"' and DDB2"“™*" P|P-box sequence in
human: in red the three mutated amino acids

The mutation in this region prevents the association between DDB2 and
PCNA, leading to DDB2 accumulation due to its degradation impairment
(Cazzalini O et al. 2014).

DDB2Wt or DDB2PNA HEK293 stable clones were previously selected and
maintained in my laboratory by Geneticin® (G418) resistance present in
plasmid vector (Figure 7).

Hela S3 cells (70% confluent) were transiently transfected with DDB2 wild-
type or mutated construct.
The transfection was performed in sterile conditions using “Effectene
Transfection Reagents” (Qiagen) as described below:
- 10°cells were seeded in Petri dish (100x20 mm) and incubated at 37°C
for 24 h;
- 1 pg of DDB2™t or DDB2PNA DNA was diluted in 100 ul of EC buffer
(DNA condensation buffer);
- 8 ul of Enhancer were added, then the mix was vortexed for 1 s and
incubated for 5 min at room temperature (RT);
- 25 pul of Effectene were added and gently mixed;
- the mix was incubated for 10 min at RT;
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- meanwhile the medium was removed from Petri dish, after a gently
wash with phosphate-buffered saline (PBS), 9 ml of culture medium
were added;

- finally, 1 ml of culture medium was added to the mix which was
distributed on Petri dish.

Hela cells, previously seeded on coverslips (22x22 mm) contained in Petri
dishes (35 mm), were transfected with the same procedure described above
but with 0.4 pg of DNA, 3.2 ul of Enhancer and 10 ul of Effectene.

3.3 Electrophoretic mobility shift assay

To study the electrophoretic mobility shift of DDB2 protein complexed
with a specific DNA containing UV-damage, two different approaches were
performed:

- EMSA on agarose gel with recombinant DDB2 (wild-type and mutated
form) protein binds to UV plasmid;

- EMSA on polyacrylamide gel with cell extracts (HEK293 DDB2"! or
DDB2PNA) complexed to CPDs-oligonucleotide.

3.3.1 EMSA with recombinant proteins

DDB2"recombinant protein was previously obtained in my laboratory
(Cazzalini O et al. 2014).

3.3.1.1 Extraction and purification of recombinant DDB2P“N* protein with Ni-
His tagged resin (QIAGEN)

Escherichia coli (E. coli) BL21 were transformed with pET45-DDB2PNA-
construct to produce DDB2P™NA with a histidine tail (6xHis). This tag allows
purifying the protein of interest with a specific resin (His tagged).
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50 ul of transformed E. coli BL21 cells were inoculated in 50 ml of sterile 2xYT
broth with Ampicillin (Amp) [50 pg/ml] (Table 1) and grown overnight in a
shaking 37°C incubator.

Components Quantity
Bacto Tryptone 16g
Bacto Yeast Extract 10g
NaCl 5g
Deionized water toll

Table 1 2xYT medium for 1 litre

Next day, the bacterial culture was inoculated in 500 ml of 2xYT broth with
Amp [50 pg/ml] and enriched until the obtaining of 0.35 value of optical
density at 600 nm (ODeoo).

To induce DDB2P™NA- expression in E. coli BL21, Isopropyl-B-D-1-
thiogalactopyranoside (IPTG) [1 mM] was added to bacterial culture and the
expression was continued for 3 h.

Then, the bacteria were centrifuged (Avanti™ Centrifuge J-25, Beckman) at
1200 g for 16 min at RT: an aliquot of the pellet was stored at -80°C, whereas
the remaining pellet was employed for DDB2P®N* protein purification.

Pellet was resuspended and vortexed in 2.5 ml of BugBuster HT Protein
Extraction Reagent (Novagen), then sample was placed on roller at 4°C for 40
min.

The sample was centrifuged (Allegra 21R, Beckman Coulter) at 5000 g for 10
min at 4°C and the lysate was collected.

In the meantime, to activate the resin for protein purification, a Nickel His-
tagged resin (Qiagen) was washed 3 times with purification buffer pH 8.0
(Table 2) and it was centrifuged at 2880 g for 15 min at 4 °C each time.
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Components Molarity
NacCl 300 mM
NaH;PO. 50 mM

Table 2 Purification buffer

The lysate was incubated with resin on roller at 4°C overnight.

Next day, the mix was centrifuged at 2880 g for 15 min at 4°C and the
supernatant was collected as “Waste”.

The resin was resuspended with 8 ml of purification buffer (Table 2)
containing 1 ul of protease inhibitors (Protease Inhibitor Cocktail, Sigma-
Aldrich), glycerol 10% and phenylmethane sulfonyl fluoride (PMSF) [1 mM].
After centrifugation at 2880 g for 15 min at 4°C, the resin was loaded into a
purification column.

The resin was washed 2 times with 8 ml of purification buffer (Table 2)
containing 1 pl of protease inhibitors (Protease Inhibitor Cocktail, Sigma),
glycerol 10% and PMSF [1 mM], the two washing were collected (Wash 1 and
2).

Several concentrations of imidazole pH 7.2 (diluted in 8 ml of purification
buffer) were used to eluate the protein, as reported in Table 3. Each elution
was collected.

Elution [Imidazole]
1 25 mM
50 mM
100 mM
250 mM
500 mM
1M

| WwWN

Table 3 Imidazole concentrations employed for protein elution

Each elution, Waste sample and Wash 1 and 2 were quantified by
spectrophotometer (Eppendorf BioPhotometer® D30) through Bradford
method; then, 2.5 pg of each sample resuspended in Mix 3x (Table 4) and a
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protein marker “Precision Plus Standard Dual Color” (Bio-Rad) were loaded
on 10% acrylamide gel (Table 5) to evaluate the presence of DDB2PtNA-
protein.

Components Molarity/Concentration
Bromophenol blue 0.06%
SDS 3%
DTT 300 mM
Glycerol 30%
Tris base 150 mM
Deionized water to volume

Table 4 Composition of Mix 3x for loading samples on acrylamide gels

The acrylamide gel was prepared, as reported in Table 5, with the following
reagents:

lower buffer (4x) (Tris pH 8.8; 1.5 mM + SDS 0.4%);
upper buffer (4x) (Tris pH 6.8; 0.5mM + SDS 0.4%);
acrylamide/bisacrylamide 30% (37.5:1);
tetramethylethylenediamine (TEMED, AppliChem);
ammonium persulfate (APS, AppliChem) al 15%.

PLUG 7.5% 10%

(p) (k)

Deionized water 1500 1250

Lower buffer 750 750

Acrylamide 750 1000
TEMED 12 9
APS 40 76
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RUNNING el L%
(1) (h)
Deionized water 6000 4600
Lower buffer 3000 3000
Acrylamide 3000 4400
TEMED 30 10
APS 120 80
STACKING 5% Dy
()
Deionized water 2340
Lower buffer 1000
Acrylamide 660
TEMED 10
APS 30

Table 5 Composition of acrylamide gels used for protein electrophoresis

The protein electrophoresis was performed before at 60 V, then at 120 V
under denaturing and reducing conditions with the Migration buffer 1x (from

Migration buffer 10x, Table 6).

Components Molarity/Concentration
Tris base 250 mM
Glycine 2M
SDS 10%
Deionized water to volume

Table 6 Composition of Migration buffer 10x

The acrylamide gel was stained with Coomassie 0.25% (Table 7) overnight to

verify the presence of the DDB2P“N* protein.

29



3. Materials and methods

Components Concentration
Brilliant blue 0.25%
Acetic acid 10%
Methanol 45%
Deionized water 45%

Table 7 Coomassie 0.25% staining composition

Then, the purificated protein was concentrated through an Amicon® Ultra
Centrifugal Filter (Millipore) with a cutoff of 30 kDa as described below:
- the filter was activated with 8 ml of PBS and glycerol 10% and
centrifuged at 4500 g for 15 min at 4°C;
- the eluted DDB2P®N* protein was loaded on the filter and centrifuged
at 4500 g for 15 min at 4°C;
- 2 washing with 8 ml of PBS were performed by several centrifugation
at 4500 g for 15 min at 4°C to obtain 250 pl of concentrated protein.

The concentrated protein was quantified by spectrophotometer (Eppendorf
BioPhotometer® D30) using Bradford method; then, 2.5 pug of protein
resuspended in Mix 3x (Table 4) and a protein marker “Precision Plus
Standard Dual Color” (Bio-Rad) were loaded on 10% polyacrylamide gel
(Table 5). After the protein electrophoresis, the acrylamide gel was stained
with Coomassie 0.25% (Table 7) overnight to verify the correct presence of a
protein band with the same molecular weight of DDB2PNA-,

3.3.1.2 pEGFP-N1 plasmid (Clontech) UV irradiation

2.85 ug/ul of pEGFP-N1 plasmid (Clontech), previously quantified by
spectrophotometer (Eppendorf BioPhotometer® D30), were resuspended in
10.5 pl of TE buffer pH 8.0 (Table 8) and UV-C irradiated at 800 J/m? with a
lamp (Philips TUV-9) emitting mainly at 254 nm, as measured with a DCRX
radiometer (Spectronics).
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Components Molarity
Tris-HCI 10 mM
EDTA 1mM

Table 8 TE buffer composition

Ethanol at a final concentration of 70% was added to irradiated DNA to
enhance its precipitation. After 15 min at -20°C, the sample was centrifuged
at 15500 g for 15 min at 4°C (Allegra 21R, Beckman Coulter). The pellet was
resuspended in 15 pl of TE buffer pH 8.0 (Table 8) and quantified by
spectrophotometer (POLARstar Omega, BMG LABTECH).

3.3.1.3 EMSA on agarose gel

The “in vitro” assay with recombinant DDB2 protein was performed
following the published protocol (Osakabe E et al. 2015).
The irradiated pEGFP-N1 plasmid (Paragraph 3.3.1.2) was incubated with
recombinant DDB2W' or DDB2P™NA- proteins, previously purified in our
laboratory (Paragraph 3.3.1.1). The reactions were performed in Binding
buffer (Table 9) for 30 min (Table 10, sample 1, 2 and 3) or 1 h (Table 10,
sample 4 and 5) at 30°C.

Components Molarity/Concentration
Sodium phosphate pH 7.5 28 mM
NaCl 150 mM
MgCl, 3.4 mM
EDTA 1.4 mM
Glycerol 2%
BSA (Bovine Serum Albumin) 0.1 mg/ml

Table 9 Composition of Binding buffer employed for “in vitro” assay
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Mix
Binding buffer
UV-pEGFP-N1
d] 4| d| 4
Components . }” [I" ! J l j"
1| V21 V3]| V4]l V5
Binding buffer + + + + +
DDB2Wt - + - + -
DDRB2PCNA- _ _ + ) N
Deionized water + + + + +
Final volume (ul) 10 10 10 10 10

Table 10 Schematic representation of EMSA with recombinant DDB2V' or DDB2PNA
proteins

Gel electrophoresis was performed on 1% agarose gel in TBE 1x buffer (from
TBE 10x, Table 11) at 40 V for 3 h.

Components Molarity
Tris base 09 M
Boric acid 09M

EDTA 20 mM

Table 11 Composition of TBE 10x

The DNA was visualized and photographed by transilluminator UST-20M-8E
on Darkhood DH-30/32 (Biostep).

3.3.2 EMSA with cell extracts derived from HEK293 DDB2Wtor DDB2PCENA-

The electrophoretic mobility shift assay with cell extracts derived from
HEK293 DDB2“tor DDB2PN* on polyacrylamide gel was performed following
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a published protocol (Tsai C et al. 2012).

3.3.2.1 HEK293 DDB2"tor DDB2PN*- cell extracts

HEK293 DDB2W' and DDB2PNA- cells (2x10° for each sample) were
harvested and resuspended in 1 ml of sterile cold PBS. After centrifugation at
13000 g for 1 min at 4°C (Allegra 21R, Beckman Coulter), pellets were
resuspended in 100 pl of cold Lysis buffer (Table 12) and incubated for 30 min
at4°Conroller.

Components Molarity/Concentration
NaCl 700 mM
EGTA 1mM
EDTA 1mM
B-glycerolphosphate 10 mM
MgCl, 2 mM
KCl 10 mM
Sodium vanadate 1 mM
PMSF 1mM
DTT 1mM
Nonidet NP-40 0.1%
Protease inhibitor cocktail 1 pl/ml

Table 12 Lysis buffer composition

Lysates were centrifuged at 13000 g for 30 min at 4°C and the supernatants
were stored at -80°C overnight.

Protein concentration of cell extracts was measured by spectrophotometer
(Eppendorf BioPhotometer® D30) through Bradford method.

To verify the presence of DDB2 protein, 30 pg of HEK293 DDB2"' and
DDB2PNA- cell extracts were resuspended in Mix 3x (Table 4) and loaded on
10% polyacrylamide gel (Table 5). The electrophoresis was performed as
previously indicated (Paragraph 3.3.1.1)

Proteins were electrotransferred to nitrocellulose membrane by semi-dry
transfer cell (Sigma B2529) at 100 mA for 30 min with Transfers buffer (Table
13). The Western blot system was assembled as followed described:
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- 3 filter papers 3 MM of Whatman soaked in Transfers buffer (Table
13);
- nitrocellulose membrane soaked in Transfers buffer (Table 13);
- polyacrylamide gel 10%;
- 3 filter papers 3 MM of Whatman soaked in Transfers buffer (Table

13).
Components Quantity/Volume
Tris base 03g
Glycine 14¢g
Methanol 20 ml
Deionized water to 100 ml

Table 13 Transfers buffer composition

The nitrocellulose membrane was stained with Ponceau and blocked with 5%
non-fat milk in PBS and 0.2% Tween 20 (PBST) buffer for 30 min under
constant agitation to reduce background and minimize non-specific binding
by primary antibodies.

Membrane was incubated with primary antibody (Table 14) for 1 h under
constant agitation, following by three washing with PBST 10 min/each. Then,
membrane was probed with appropriate HRP-conjugated secondary
antibody (Table 14) for 30 min. After three washing with PBST, the signal was
revealed using enhanced chemiluminescence with ECL kit (Bio-Rad).

Primary antibody Secondary antibody
anti-DDB2 in rabbit
polyclonal (1:500, Novus
Biologicals)

anti-rabbit HRP-conjugated
(1:10000, KPL)

Table 14 Antibodies employed for immunoblot assay

3.3.2.2 EMSA on acrylamide gel

The oligonucleotide CPD-annealing 5’ labeled with carboxyfluorescin
(FAM) group, kindly provided by Dr. E. Crespan (Istituto di Genetica
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Molecolare-Centro Nazionale delle Ricerche [IGM-CNR], Pavia), was used as
a substrate to evaluate the DDB2W'or DDB2PN* binding affinity.
Each binding reaction was prepared with the following reagents:

0.5 pg of cell extracts derived from HEK293 DDB2W' or DDB2PNA;

40 nM of oligonucleotide CPD-annealing 5 labeled with
carboxyfluorescin (FAM) group;

40 nM of primer INT2-600 (MWG-Biotech AG) used as a competitor
of oligonucleotide CPD for DNase digestion;

Binding buffer 1x (from Binding buffer 5x, Table 15);

10 mg/ml of BSA (Albumin fraction V [pH 7.0], Blotting Grade
[BioFroxx]).

Components Molarity/Concentration

Hepes-KOH pH 7.9 12 mM
KCl 60 mM

MgCl, 5mM

Tris base 4 mM
EDTA 0.6 mM

DTT 1mM

Glycerol 12%

Table 15 Binding buffer 5x composition

A mix containing the Binding buffer 5x (Table 15), the oligonucleotide CPD-
annealing, the primer INT2-600 and BSA was prepared and aliquoted in each
“in vitro” binding reaction. As reported in the following experimental plan
(Table 16), the experiments were performed in a final volume of 10 ul and
conducted at RT for 30 min (Table 16, Sample 1, 2 and 4) or 1 h (Table 16,
Sample 3 and 5), protecting samples by light exposure to preserve the
fluorescence of the oligonucleotide-CPD.
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Mix
Binding Buffer 5X
Oligonucleotide CPD-annealing
Primer INT2-600

BSA
i q| o
Components ‘ Jd [ 1 JV | }”
11V21V3|V4|\Vs
Mix + + + + +
HEK 293 DDB2Wt cell extracts - + + - -
HEK 293 DDB2PNA-ce]] extracts - - - + +
Deionized water + + + + +
Final volume (pl) 10 | 10 | 10 | 10 | 10

Table 16 Experimental plan of EMSA performed on polyacrylamide gel with HEK293
DDB2"*or DDB2P“N* cell extracts

Then, the protein-DNA complexes were resolved from free oligonucleotide in
4% non-denaturing polyacrylamide gel (Table 17); before loading, samples
were mixed with 2 pl of loading dye composed by 0.025% of blue
bromophenol diluted in Binding buffer 5x (Table 15). The assay was
performed in TGE buffer 1x (from TGE buffer 5x, Table 18) at 10 V/cm (70 V)
for approximately 90-120 min.

Components Volume (ml)
Acrylamide 2.8
TGE 5x 4
APS 10% 0.2
TEMED 0.024
Deionized water 13

Table 17 Composition of non-denaturing gel at 4%
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Components Molarity
Tris-HCl pH 8.5 50 mM

Glycine 380 mM
EDTA 2 mM

Table 18 TGE buffer 5x composition

EMSA was revealed by Molecular Dynamics Phosphoimager (Typhoon Trio,
GE Healthcare) through the detection of carboxyfluorescin (FAM) group on
oligonucleotide-CPD.

The densitometric analysis was performed for each sample comparing
protein-DNA complexes bands on total bands (protein-DNA complexes + free
oligonucleotide  bands) through the public software Imagel
(https://imagej.nih.gov/ii/).

3.4 Interaction between DDB2 and XPG at UV-damaged sites

To verify a possible delay in DNA repair process in the late steps of NER,
in particular in HEK293 DDB2P“NA- clone, DDB2 and XPG recruitment was
investigated.

In particular, DDB2 and XPG colocalization to DNA damaged sites and their
interaction were evaluated.

Then, it was examined the possible DDB2 involvement in translesion DNA
synthesis (TLS) focusing on DDB2 and Polymerase n interaction.

3.4.1 DDB2 and XPG colocalization

3.4.1.1 UV-C local irradiation

Hela cells, previously seeded on coverslips, were transiently
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transfected with DDB2"' or DDB2P“NA construct (Paragraph 3.2). The next
day, samples were gently washed with PBS and, after its removal were locally
irradiated with a lamp (Philips TUV-9) emitting mainly at 254 nm at 100 J/m?,
by laying on top of cells an Isopore polycarbonate filters (Millipore) with 3 um
pores to induce DNA damage foci formation.

After UV-C irradiation, samples were incubated at 37° C and fixed 5, 10, 30
and 60 min later. Not irradiated Hela cells were used as control.

3.4.1.2 Paraformaldehyde fixation protocol

At the end of specific recovery times, cells were washed twice with cold
PBS and lysed with 0.5% Triton X-100 (Sigma-Aldrich) diluted in cold PBS for
30 min at 4°C in shaking. Then, cells were fixed with 2% paraformaldehyde
(PFA) for 5 min and 70% ethanol for 20 min at -20°C.

3.4.1.3 Immunofluorescence staining

To detect the protein localization, the following immunostaining
standard protocol was applied:

- after the removal of ethanol, cells were washed twice with cold PBS;

- samples were incubated with blocking solution containing 1% of BSA
in PBST buffer for 30 min at RT with gentle shaking;

- cells were incubated with primary specific antibodies diluted in
PBST/1% BSA for 1 h at RT;

- three washing, for 10 min each, with PBST with shaking were
performed;

- the reactions were followed by incubation with secondary antibodies
diluted in PBST/1% BSA for 30 min;

- after immunoreactions and three washing with PBST (as previously
described), samples were incubated with Hoechst 33258 dye (0.5
ug/ml) for 10 min at RT with mild agitation and then washed in PBS;

- finally, coverslips were mounted in Mowiol (Calbiochem) containing
0.25% 1,4-diazabicyclo-octane (Aldrich) as antifading agent.
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Images were acquired with a TCS SP5 Il Leica confocal microscope, at 0.3 um
intervals. Image analysis was performed using the LAS AF software.

To detect the presence and the colocalization between DDB2 and XPG, Hela
cells were immunostaining with specific antibodies as reported in Table 19.
XPG antibody was kindly provided by Dr. E. Prosperi (IGM-CNR, Pavia).

Primary antibodies Secondary antibodies
anti-DDB2 in mouse
monoclonal (1:100, Santa
Cruz Biotechnology)
anti-XPG in rabbit polyclonal anti-rabbit DyLight™ 488
(1:200, Sigma-Aldrich) (1:100, KPL)

anti-mouse DyLight™ 594
(1:200, Thermo Scientific)

Table 19 Antibodies used for DDB2 and XPG immunostaining

3.4.1.4 Immunoprecipitation assay and immunoblot analysis

To evaluate the direct or indirect interaction between DDB2 and XPG
after UV damage induction, an immunoprecipitation assay was performed.

For this purpose, Hela cells were seeded at the density of 1x10°. The day
after, cells were transiently transfected with DDB2W' or DDB2P“NA construct
(Paragraph 3.2).

24 h later, cells were washed with PBS and irradiated with a lamp (Philips
TUV-9) emitting mainly at 254, at a dose of 30 J/m? UV-C.

Hela cells not transfected and not irradiated were employed as control.
After 30 or 60 min recovery times, cells were trypsinized, harvested and
pelleted by centrifugation at 200 g for 3 min (Centrifuge 4236, Alc). Pellets
were stored at -80°C.

Dynabeads™ Protein G (Invitrogen) were used to immunoprecipitate DDB2
protein and were prepared as follow:

- 180 pl of magnetic beads (corresponding to 900 pg for each sample)
were washed twice with 1 ml of Beads washing buffer 1x (from Beads
washing buffer 2x, Table 20);

- beadswere resuspended with 150 ul of Beads washing buffer 1x (from
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Beads washing buffer 2x, Table 20) and 30 ul of anti-DDB2 in rabbit
polyclonal (Santa Cruz Biotechnology) (corresponding to 1 pg of
antibody for each sample) were added;
- the mix was placed on roller for 90 min at 4°C to obtain the binding
beads-antibody.

Components Quantity (g)/Volume
Citric acid 0.094
Sodium phosphate bibasic 0.184
Deionized water 10 ml

Table 20 Beads washing buffer 2x composition for 10 ml

In the meantime, pellets were resuspended and lysed with 1 ml of Hypotonic
buffer (Table 21) for 10 min on ice.

Components Molarity/Concentration

Tris-HCI, pH 8.0 10 mM
MgCl, 2.5mM

Nonidet NP-40 0.5%
NasVOa 0.2 mM

DTT 1mM

PMSF 1mM
Protease inhibitor cocktail 0.5 pl/ml

Table 21 Hypotonic buffer composition

After centrifugation at 2900 g for 1 min at 4°C (Allegra 21R, Beckman Coulter),
supernatants, corresponding to Soluble (S) fraction, were collected and
quantified by spectrophotometer (Eppendorf BioPhotometer® D30) through
Bradford method. 50 pl of these samples were mixed with 25 ul of Mix 3x
(Table 4) and stored at -20°C as Soluble fraction of Input.

Pellets were washed in Hypotonic buffer (Table 21) and centrifuged at 2900
g for 1 min at 4°C.

Pellets were resuspended and washed with 1 ml of Isotonic buffer (Table 22)
and centrifuged at 2900 g for 1 min at 4°C.
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Components Molarity/Concentration
Tris-HCl, pH 8.0 10 mM
NaCl 150 mM
PMSF 1 mM
Protease inhibitor cocktail 0.5 pl/ml

Table 22 Composition of Isotonic buffer

Pellets were digested by 1 ml of DNase buffer 1x (Buffer A 2x (Table 23),
DNase 20 U/ul/10° cells and Buffer B 2x (Table 24)) (Buffer A and B ratio 1:1)
for 20 min at 4°C.

Components Molarity
Tris-HCI, pH 8.0 20mM
MgCl, 10 mM

Table 23 Buffer A 2x composition

Components Molarity
NaCl 20 mM
PMSF 1mM

Table 24 Buffer B 2x composition

Samples were centrifuged at 16000 g for 1 min at 4°C. 40 ul of supernatants,
corresponding to Chromatin Bound (CB) of Input, were collected and mixed
with 20 ul of Mix 3x (Table 4) and placed at -20°C.

The remainder fraction of CB and 1.5 mg/ml of proteins of S fractions were
incubated with 30 pl of the mix composed by magnetic beads and anti-DDB2
(previously obtained) for 3 h at 4°C under constant agitation.

Then, immunocomplexes were washed three times with Isotonic buffer
(Table 22), resuspended in 60 ul of Mix 3x (Table 4) and placed at -20°C.

Samples were resolved by Mini-PROTEAN® TGX™ Precast Gel gradient gel 4-
15% (Bio-Rad). 30 ul of immunoprecipitated samples (S fraction and CB) and
30 pg of Input (S fraction and CB) were loaded and a protein marker
“Precision Plus Standard Dual Color” (Bio-Rad) was used. Protein
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electrophoresis was conducted at 150 V for 45-60 min at 4°C in TGS 1x buffer
(Table 25).

Components Molarity/Concentration
Tris base 25 mM
Glycine 192 mM
SDS 0.1%

Table 25 TGS buffer 1x used as running buffer for protein electrophoresis

The Western blot was performed as reported in Paragraph 3.3.1.1 and the
antibodies are indicated in Table 26. The signal was revealed using enhanced
chemiluminescence with Azure Biosystem.

Primary antibodies Secondary antibodies
anti-DDB2 in mouse
monoclonal (1:100, Santa
Cruz Biotechnology)
anti-XPG in rabbit polyclonal | anti-rabbit HRP-conjugated

(1:1000, Sigma-Aldrich) (1:10000, KPL)
anti-beta actin in mouse
monoclonal (1:1000, Sigma-
Aldrich)

anti-lgG HRP-conjugated in rabbit polyclonal (1:4000,
Amersham Biosciences)

anti-mouse HRP-conjugated
(1:20000, Sigma-Aldrich)

anti-mouse HRP-conjugated
(1:20000, Sigma-Aldrich)

Table 26 Antibodies employed

3.5 Evaluation of proliferation ability

3.5.1 Clonogenic assay

To investigate, after UV damage, the cells proliferation capability, the
clonogenic assay was performed.
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HEK293 CTR, DDB2"tand DDB2P“N* stable clones were seeded into 100 mm
culture dishes and two days later, cells were UV-C irradiated (10 J/m?),
immediately harvested and 5x10° cells were re-seeded into 60 mm cell
culture dishes in triplicate for each cell line.

To allow cellular growth and colony formation, Petri dishes were incubated
at 37°C for 10 days, then cells were fixed and stained with Gentian violet
(Table 27) for 20 min in agitation and washed several times with deionized
water.

Components Volume/Quantity
Acetic acid 5ml
Gentian violet lg
Aniline oil 1ml
Ethanol 15 ml
Deionized water 80 ml

Table 27 Gentian violet staining composition

The number of developed colonies was manually counted.

3.5.2 Study of mitoses

To examine the colony formation focusing on the number and
morphological features of their mitoses, an immunofluorescence and a May-
Grinwald Giemsa staining were performed.

To visualize mitoses, irradiated HEK293 cells (CTR, DDB2Wt and DDB2PNA),
previously exposed to 10 J/m? and seeded on coverslips, were fixed with 3.7
paraformaldehyde three days after UV-radiation treatment and
permeabilized with ethanol 70% at -20°C.

Then, samples were immunostained with antibodies reported in the Table 28
and the procedure is reported in Paragraph 3.4.1.3. Cells were incubated with
primary antibody for 2 h; the antibody was kindly provided by Dr. C. Mondello
(IGM-CNR, Pavia).
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Primary antibody Secondary antibody
anti-pospho-Histone 3 in
rabbit polyclonal (1:100,

Upstate)

anti-rabbit DyLight™ 488
(1:100, KPL)

Table 28 Antibodies employed to visualize mitoses

HEK293 cells (CTR and both stably transfected clones) were seeded on
coverslips. After two days, cells were totally UV-C irradiated (10 J/m?),
trypsinized and reseeded on coverslips (2X10° cells).

Three days later, samples were fixed with methanol and acetic acid and
stained with May-Grinwald Giemsa using a standard protocol.

Total number of cells per colony, including dead cells and mitoses were
counted and photographed by Nikon Eclipse 80i digital microscope with
Nikon Digital Sight DS-Fil camera.

3.6 Study of DDB2-Polymerase n interaction

To investigate whether DDB2 protein could be involved in TLS, its
colocalization with Polymerase n was assessed through confocal analysis and
immunoprecipitation assay.

Moreover, using Proximity Ligation Assay (PLA), DDB2 and Polymerase n
direct interaction was investigated.

3.6.1 Co-transfection of Hela cells with pcDNA3.1-DDB2"! or pcDNA3.1-
DDB2PNA- and Polymerase n-GFP constructs and local UV-irradiation

Hela cells were co-transfected with Polymerase n-GFP (Pol n-GFP)
construct kindly provided by Dr. S. Sabbioneda (IGM-CNR, Pavia) and DDB2"!
or DDB2 mutated construct following the protocol as described in Paragraph
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3.2.1.

In particular, cells, previously seeded on coverslips, were co-transfected with
0.2 pg of Pol n-GFP and 0.4 pg of DDB2Wtor DDB2PNA DNA.

As a positive control of Polymerase n expression, Hela cells were transfected
only with Pol n-GFP construct.

The day after cells were exposed to local UV-C radiation (100 J/m?), as
reported at Paragraph 3.4.1.1.

3.6.2 Fixation and lysis protocol

Cells were fixed and lysed 30 and 60 min later, following a specific
protocol published by Soria and colleagues (Soria G et al. 2008). Briefly:

- cells were fixed with a solution containing 4% PFA and 4% sucrose
diluted in PBS for 15 min at RT;

- then cells were washed with PBS and incubated with 0.1% Triton X-
100 diluted in PBS for 10 min under constant agitation at RT;

- finally, after a gently wash with PBS, samples were incubated with
ethanol 70% at -20°C for at least 20 min.

3.6.3 Immunostaining and immunoprecipitation experiments

For confocal analysis, cells were immunostained as reported in
Paragraph 3.4.1.3.
In Table 29 are reported the antibodies employed for the incubation:

Primary antibodies Secondary antibodies
anti-XPE/DDB2 in rabbit

polyclonal (1:100, Novus

anti-rabbit DyLight™ 488

Table 29 Antibodies used for

Biologicals)

(1:100, KPL)

anti-Polymerase H in mouse
monoclonal (1:100, Santa
Cruz Biotechnology)

anti-mouse DyLight™ 594
(1:200, Thermo Fisher
Scientific)

immunostaining

DDB2 and Polymerase n
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For immunoprecipitation assay, Hela cells, previously seeded on Petri dishes,
were co-transfected with with 0.8 pg of Pol n-GFP and 1 pg of DDB2“or
DDB2P™NA DNA. 24 h later, cells were washed with PBS and irradiated at a
dose of 30 J/m? UV-C and after 30 min were pelleted.

In addition, as negative and positive controls, Hela cells were only
transfected with GFP (0.5 pg) or Pol n-GFP (0.8 pg) constructs. These samples
were not irradiated.

Immunoprecipitation experiment was performed following the protocol
reported in Paragraph 3.4.1.4, magnetic beads were incubated with anti-GFP
in mouse monoclonal (Sigma) and, to immunodetect DDB2 and Polymerase n
proteins, the following antibodies were employed (Table 30):

Primary antibodies Secondary antibodies
anti-XPE/DDB2 in rabbit
polyclonal (1:500, Novus

Biologicals)
anti-Polymerase H in mouse
monoclonal (1:500, Santa
Cruz Biotechnologies)
anti-beta actin in mouse
monoclonal (1:1000, Sigma-
Aldrich)

anti-lgG HRP-conjugated in rabbit polyclonal (1:4000,
Amersham Biosciences)

anti-rabbit HRP-conjugated
(1:10000, Sigma-Aldrich)

anti-mouse HRP-conjugated
(1:20000, Sigma-Aldrich)

anti-mouse HRP-conjugated
(1:20000, Sigma-Aldrich)

Table 30 Antibodies used for DDB2 and Polymerase n (Polymerase H)
immunoblotting

3.6.4 Proximity Ligation Assay

Hela cells, previously seeded on coverslips, were transfected with Pol
N-GFP only or co-transfected with DDB2 (wild-type or mutated DNA) and Pol
n-GFP (Paragraph 3.6.1).
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After 24 h, cells were irradiated (10 J/m?) to induce DNA UV-damage and 30
min later samples were lysed (Paragraph 3.6.2).
The PLA assay was performed with the kit “Duolink® In Situ PLA” (Sigma-
Aldrich), according to the “Fluorescence Protocol” provided by the

manufacturer (Figure 9).

’H‘ *w‘ &1‘ ﬂf

Figure 9 Schematic representation of PLA technique

After the blocking with 1% of BSA, samples were co-incubated for 1 h at RT
with the following primary antibodies (Table 31):

Primary antibodies
anti-DDB2 in rabbit polyclonal
(1:100, Rockland)
anti-GFP in mouse monoclonal
(1:100, Sigma-Aldrich)

Table 31 Antibodies used for PLA assay

Finally, images of fixed cells were acquired with a TCS SP5 Il Leica confocal
microscope, at 0.3 um intervals. Image analysis was performed using the LAS
AF software.

3.7 Wound healing assay

To analyse whether irradiated HEK293 stable clones could acquire
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better proliferation and motility capabilities, a wound healing assay was
performed.

HEK293 CTR cells, DDB2"'* and DDB2P“N*- stable clones, previously seeded on
Petri dishes, were totally irradiated (10 J/m? UV-C) immediately trypsinized
and counted.

In the meantime, an Ibidi Culture-Insert (Madison, WI), composed by two
septa, was applicated in a 6 well-plate pre-treated with polylysine that
allowing cell adhesion.

Irradiated cells (7x10%) were resuspended in 70 ul of medium and seeded in
each septum of the culture-insert, and incubated at 37° C.

Cells grew until the achievement of a confluent layer, then the culture-insert
was carefully removed and a cell-free gap was evident.

The growth and motility of irradiated cells in the gap were daily monitored
and photographed starting from day O (corresponding to the removal of
culture-inserts) until day 10, employing an inverted light microscope
equipped with a Canon A590 IS camera (Tokyo, JP).

3.8 Influence of DDB2 protein on cell migration ability

To study whether DDB2 protein (wild-type or mutated form) could be
implicated in EMT, the expression levels of E-cadherin and Vimentin proteins
and the activity of metalloproteinases (MMPs) 2 and 9 were analysed.

To this purpose, HEK293 CTR and stably transfected clones expressing
DDB2%t or DDB2PN* protein were exposed to UV-C irradiation (10 J/m?).
After several recovery times from UV-induced DNA damage (4, 8, 24, 48, 72,
96 hand 7 d), pelleted cells and supernatants were collected for Western blot
analysis and Zymography assay, respectively.

For each cell line, not irradiated cells were employed as negative controls.
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3.8.1 Western blot analysis of E-cadherin and Vimentin proteins

30 ug of proteins of each sample were resuspended in Mix 3x (Table 4)
and separated on 10% polyacrylamide gel (Table 5); “Precision Plus Standard
Dual Color” (Bio-Rad) was used as protein marker.

The protein electrophoresis was conducted at 120 V for about 90 min with
Migration buffer 1x (Table 6).

Proteins were electrotransferred to nitrocellulose membrane by semi-dry
transfer cell (Sigma B2529) at 100 mA for 30 min with Transfers buffer (Table
13).

After the blocking with milk, the membrane was probed with the antibodies
reported on Table 32.

To detect beta actin, as a loading control protein, a specific antibody for it
was used.

Primary antibodies Secondary antibodies
anti-E cadherin in rabbit
polyclonal (1:1000,
GeneTex)
anti-Vimentin in mouse
monoclonal (1:1000, Santa

Cruz Biotechnology) anti-mouse HRP-conjugated
anti-beta actin in mouse (1:20000, Sigma-Aldrich)
monoclonal (1:1000, Sigma-
Aldrich)

anti-rabbit HRP-conjugated
(1:10000, KPL)

Table 32 Antibodies employed for Western blot analysis

The signal was revealed using enhanced chemiluminescence with Azure
Biosystem.

The densitometric analysis was performed with the public software Image)
(https://imagej.nih.gov/ij/) and the results were normalized with beta actin.

3.8.2 Zymography assay

The presence and the activity of MMPs-2 and 9, also known as Gelatine
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A and B, were investigated by Zymography technique.

Therefore, a 10% acrylamide gel (Table 5) containing 1209 ul of gelatin [10
mg/ml] in the Running gel was prepared.

Supernatants were centrifuged (Allegra 21R, Beckman Coulter) at 1100 g for
10 min at 4°C and resuspended in Sample buffer 2x (Table 33, ratio 1:1).

Components Molarity/Concentration
Tris HCl pH 6.8 125 mM
Glycerol 20%
SDS 4%
Bromophenol blue 0.005%
Deionized water to volume

Table 33 Sample buffer 2x composition

30 ul of each sample and the “Precision Plus Standard Dual Color” (Bio-Rad)
protein marker were loaded.

The protein electrophoresis was performed before at 60 V, then at 100 V
under denaturing but not reducing conditions with the Migration buffer 1x
(from Migration buffer 10x, Table 6).

To eliminate SDS and for MMPs renaturation, gel was incubated with
Renaturing buffer (2.5 % Triton X-100 diluted in deionized water) for 30 min
under stirring.

Next, gel was incubated with Developing buffer 1x (from Developing buffer
10x, Table 34) at RT for 30 min and then at 37°C overnight.

Components Quantity (g)/Concentration
Tris base 12.1
Tris-HCl 63
NaCl 117
CaCl, 7.4
Triton X-100 0.1%
Deionized water toll

Table 34 Developing buffer 10x composition
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Then, gel was dipped in Staining buffer (Table 35) for 1 h under constant
agitation.

Finally, to detect the digested white bands, gel was incubated 30 min with
Destaining buffer (Table 36).

Components Volume (ml)
Methanol 30
Acetic acid 10
Blue Coomassie 0.5
Deionized water to 100

Table 35 Staining buffer composition

Components Volume (ml)
Methanol 25
Acetic acid 37.5
Deionized water to 500

Table 36 Composition of Destaining buffer

The densitometric analysis of each digested bands was performed by the
public software ImageJ (https://imagej.nih.gov/ii/).

3.8.3 Boyden chamber assay

Finally, to determine whether DDB2 protein could also be implicated in
the migration process of irradiated HEK293 cells, a Boyden assay was
performed.

The 48-Well Micro Chemotaxis chamber (Neuro Probe) was composed by a
top and bottom plates containing wells, separated by a silicone gasket.
Indeed, to analyse migrated cells, a coated polycarbonate membrane with
8um pores (Neuro Probe) was placed between the bottom plate and silicone
gasket. The membrane was incubated with 0.5 M acetic acid at RT overnight;
then, after an accurate washing in distilled water, the filter was coated with
100 pg/ml of collagen type 1 (from calf skin, Sigma-Aldrich) solution diluted
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in 0.1 M acetic acid for 72 h at RT. Before use, the polycarbonate membrane
was left to completely air dry.

For the experiment, HEK293 control line and both stable clones expressing
DDB2"' or DDB2PNA protein were exposed to UV irradiation (10 J/m?) and
immediately harvested and counted. 10° cells diluted in 50 ul of medium
without FBS were loaded in each wells of the top plate. For each cell lines,
not irradiated cells were used as control.

The protocol was performed as followed described:

in the bottom wells 30 ul of DMEM containing different FBS
concentration (0, 10 and 20%) were loaded to chemoattractant cells;
the collagen-coated polycarbonate membrane was carefully placed
followed by silicone gasket and top of chamber assembly;

clamps were screwed applying a great pressure to avoid bubble
formation;

Boyden chamber was located at 37°C for 5 min to equilibrate the
system;

irradiated and not irradiated cells were loaded in the top wells;

the chamber was placed in incubator at 37°C for 24 h;

the day after, the membrane containing both migrated (on top) and
non-migrated cells (bottom) was incubated with fixative (Diff-Quick
Fixative) for 2 min, then with the Diff-Quick Solution | for 2.5 min and
Diff-Quick Solution Il for 1 min and, finally, the filter was placed in
distilled water to eliminate the excess dyes;

then, the filter was set on a clean slide with the migrated cell side
down and, with a cotton swab, non-migrated cells were wiped off;
three coverslips were placed on the membrane with a mounting
media and cells were visualized and photographed under a digital
microscope Nikon Eclipse 80i with a camera Nikon Digital Sight DS-Fil.

3.9 Other possible role of DDB2

To investigate the possible involvement of DDB2 protein (wild-type and
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mutated form) in the TC-NER, the other subpathway of NER, the host cell
reactivation (HCR) assay and confocal analysis were performed.

3.9.1 Host cell reactivation assay and “in vivo” cytofluorimetric analysis

This assay allows evaluating the DNA repair ability by FACS technology
(Burger K et al. 2010). To this end, plasmidic DNA was previously irradiated
and then transfected.

HEK293 stable transfected clones (DDB2W' and DDB2P“NA) were co-
transfected with 0.4 or 0.6 ug of pmRFP-N2 (as a positive control) kindly
provided by Dr. M.C. Cardoso (Technische Universitat Darmstadt, Germany)
and 0.4 pg of pEGFP-N1 or 0.6 pg of UV-pEGFP-N1 (obtained as previously
described on Paragraph 3.3.1.2) employing the kit “Effectene Transfection
Reagent” (Qiagen) (Figure 10).

0.4 pg pEGFP-N1  + 0.4 ug pmRFP-N2

00O

0.6 pg pEGFP-N1  + 0.6 pg pmRFP-N2

ol

Figure 10 Experimental plan of HCR

After 16 and 48 h respectively, cells were trypsinized, harvested and
centrifuged at 200 g for 3 min (Centrifuge 4236, Alc); the pellets were gently
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re-suspended in PBS for “in vivo” cytofluorimetric assay (CyFlow" SL, Sysmex
Partec GmbH).

The analysis was performed only on RFP positive cells and the mean
fluorescence intensity (MFI) for the RFP and GFP protein was calculated. After
normalization (MFI GFP/MFI RFP), the relative expression of GFP protein was
computed by comparing the normalized MFI UV to the normalized MFI not
irradiated.

3.9.2 Evaluation of DDB2 and Polymerase |l co-localization by
immunofluorescence and confocal microscopies

Hela cells previously seeded on coverslips, were transfected with
DDB2Wt or DDB2PNA- construct, as described in Paragraph 3.2.
The day after, cells were exposed to local UV-C irradiation (100 J/m?, as
previously described at Paragraph 3.4.1.1), and 30 or 60 min later were fixed
(Paragraph 3.4.1.2).
Then, following the procedure described in Paragraph 3.4.1.3, cells were
immunostained with the antibodies reported in the Table 37 and observed
by immunofluorescence and confocal microscopies.
Anti-RNA Polymerase Il was kindly provided by Dr. T. Nardo (IGM-CNR, Pavia).

Primary antibodies Secondary antibodies
anti-DDB2 in rabbit
polyclonal (1:100, Novus
Biologicals)
anti-RNA Polymerase Il in
mouse monoclonal (1:100,
Covance)

anti-rabbit DyLight™ 488
(1:100, KPL)

anti-mouse DyLight™ 594
(1:200, Thermo Scientific)

Table 37 Antibodies employed for DDB2 and Polymerase Il co-localization studies
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4. Results

I. DDB2PNA- in global genome-nucleotide excision repair

4.1 Delay in the recognition of UV-DNA lesions

In the laboratory in which | have conducted my PhD project, previous
studies have demonstrated that DDB2P“N* protein, which is unable to directly
interact with PCNA, shows a delayed recruitment at DNA damaged sites, after
UV-C radiation, compared to DDB2 wild-type protein. These time course
experiments were performed by immunofluorescence staining and confocal
analysis (Perucca P et al. 2018). In order to clarify the molecular mechanism
that determines this delay, | performed new experiments applying different
approaches.

4.2 Evaluation of DDB2 binding affinity to DNA lesions

Firstly, | investigated whether the mutation in DDB2 sequence may
affects the protein binding affinity to DNA photolesions.
To test the DDB2-DNA interaction “in vitro”, two different electrophoretic
mobility shift assays (EMSA) were performed:
- EMSA on agarose gel with recombinant DDB2 (wild-type or mutated
form) protein incubated with an UV-irradiated plasmid;
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- EMSA on acrylamide gel with HEK293 cell extracts (DDB2W' or
DDB2PNA-stable clones) and CPDs-oligonucleotide.
Both approaches allow to visualize a band shift when a DNA/protein complex
is formed.

4.2.1 EMSA on agarose gel

EMSA on agarose gel was performed to evaluate the binding ability of
recombinant DDB2 (wild-type or mutated form) proteins to irradiated
plasmid containing DNA UV photolesions. DDB2"! recombinant protein was
purified in our laboratory (Cazzalini O et al. 2014) and, the protocol used to
produce a recombinant DDB2PNA protein is reported in Materials and
Methods (Paragraph 3.3.1.1).

Figure 11 shows gel electrophoresis and staining of DDB2 (wild-type and
mutated form) concentrated protein. The blue evident band in lane 2 of each
gel, between 37 and 50 kDa, highlighted the correct presence of DDB2
recombinant proteins (molecular weight 48 kDa).

1 2 1 2
.- -
— DDB2W"! protein | s — DDB2PNA protein
. ~ | Sore

- -
Figure 11 Precision Plus Standard Dual Color protein marker (50, 37 and 25 kDa; lane
1), protein electrophoresis of recombinant DDB2"* and DDB2"™** proteins stained

with Coomassie (48 kDa, lane 2)
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The irradiated plasmid was incubated “in vitro” with recombinant DDB2 (wild-

type or mutated form) proteins for 30 or 60 min at 30° C; then, DNA/protein
complexes were resolved by an agarose gel electrophoresis (Figure 12)
(Perucca P et al. 2018).

1 2 3 4 5

—sUnligated UV-plasmid
— UV-plasmid/protein complex

—>Unligated UV-plasmid

Figure 12 Gel electrophoretic mobility shift assay. Damaged plasmidic DNA (lane 1),
UV-damaged DNA incubated with recombinant DDB2"* protein for 30 or 60 min,
respectively (lane 2 and 4), UV-damaged DNA incubated with recombinant DDB2P“NA"
protein for 30 or 60 min, respectively (lane 3 and 5)

DDB2PNA- proteins was not able to bind to the irradiated UV-plasmid both 30
and 60 min after the incubation (lane 3 and 5): in fact, these lanes showed
the same banding pattern of lane 1 in which the free irradiated plasmid was
loaded, as negative control.

Conversely, the presence of recombinant DDB2"! protein allowed to form a
UV-plasmid/protein complex already 30 min after incubation (lane 2) and this
bound persisted 1 h later, as demonstrated by the band shift (lane 4).

The results shown that DDB2PNA unlike DDB2"! protein, is not able to
recognize and bind the lesions present on UV-irradiated DNA plasmid
demonstrating an inefficient binding affinity.

4.2.2 EMSA on acrylamide gel

To investigate whether the ectopically DDB2 expression in both HEK293
stable clones may also modify the binding affinity to UV-induced
photolesions, an “in vitro” reaction was prepared.
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First of all, HEK293 (DDB2"*and DDB2P“NA") were lysed in order to obtain cell
extracts. Next, to verify the presence of DDB2 protein in both cell extracts, a
Western blot analysis, with a specific DDB2 antibody, was performed (Figure
13).

50 kDa —»
]'— DDB2 protein

37kDa —»

Figure 13 Western blot analysis of DDB2 protein in HEK293 cell extracts: DDB2"!
(lane 1) and DDB2P“N* (lane 2)

Then, HEK293 DDB2Wtor DDB2PNA- cell extracts were incubated with CPDs-
oligonucleotides, labeled with FAM probe, for 30 min or 1 h. The protein-DNA
complexes were resolved by electrophoresis and revealed by Typhoon.

In both HEK293 cell extracts (DDB2“tor DDB2P®N*) the CPDs oligonucleotide-
protein complex formation has occurred, as demonstrated by the band shifts
in Figure 14.
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— CPDs oligonucleotide-protein complex

- ww = —pUnligated CPDs oligonucleotide

Figure 14 Representative image of EMSA on acrylamide gel. Unbound CPDs
oligonucleotide (lane 1), HEK293 DDB2"' cell extracts incubated with CPDs
oligonucleotide for 30 min or 1 h, respectively (lane 2 and 3), HEK293 DDB2P™N#-
incubated with CPDs oligonucleotide for 30 min or 1 h, respectively (lane 4 and 5).
Results from n=3 independent experiments

However, the DDB?2 ability to recognize specific CPDs lesions was different: in
HEK293 DDB2P™NA extracts the binding affinity was less evident, as
demonstrated by the marked presence of unbound CPDs oligonucleotide
both 30 min and 1 h later from the incubation (lanes 4 and 5, respectively).
On the contrary, the wild-type DDB2 protein was able to bind CPDs lesions,
as highlighted by the decrease of free CPDs oligonucleotide bands (30 min or
1 h of incubation, lane 2 and 3 respectively).

Finally, to confirm these data, densitometric and statistical analysis were
performed (Figure 15). HEK293 DDB2"'extracts showed a significant binding
affinity to DNA lesions compared to DDB2P®NA cell extracts 30 min after
incubation. Moreover, although the DDB2 mutated protein binding affinity
was increased 1 h later, the statistical difference with the wild-type protein is
still maintained.
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0,8
[#
0,6

*k

0,4 ‘

0,2

Arbitrary units

DDB2Wt DDB2PCNA- DDB2Wt DDB2PCNA-
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Figure 15 Densitometric and statistical analysis of DDB2"' (light blue bar) and
DDB2"™™A (blue bar) extracts performed on EMSA with acrylamide gel experiments.
N=3 independent experiments; HEK293 DDB2"' extracts vs. HEK293 DDB2PNA"
extracts, * p<0.05 and ** p <0.01

All these collected data demonstrate that the expression of a mutated DDB2
protein confers a lower capability to bind UV DNA lesions, compared to
DDB2"! protein.

4.3 Influence of DDB2 protein in the late NER phases

In previous studies carried out in my laboratory, it was demonstrated
that DDB2PNA- protein co-localized later with XPC, another key protein
involved in the recognition of DNA lesions, compared to DDB2 wild-type
protein (Perucca P et al. 2018). This observation suggested a delay in the
initiation of the repair process in cells expressing the mutated DDB2.

Therefore, it was evaluated whether this defective delay may also be evident
in a late step of NER, focusing on DDB2 and XPG co-localization and
interaction.
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To study this aspect, | performed co-localization experiments in Hela cells,

transiently transfected with DDB2"' or DDB2P“N* constructs; the next day
cells were locally irradiated using a polycarbonate filter with 3 um pores and
fixed after several minutes from UV-C damage. The results were obtained
using immunofluorescence techniques, visualized by fluorescence and/or
confocal microscopies.

Figure 16 shows representative images of DDB2-XPG co-localization: the best
result, in cells expressing DDB2 wild-type protein, was found 10 min after
local UV irradiation (Figure 16 A, upper panel), whereas DDB2 mutated
protein postponed its co-localization with XPG and the signals were evident
only 30 min later (Figure 16 B, lower panel) (Bassi E et al. 2019).
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Merge

UV-C 100 J/m? 10 min

DNA
! . T

Figure 16 Representative images of DDB2 and XPG co-localization. Cells expressing
DDB2"t(A) or DDB2PN*" (B) protein were analysed after 10 or 30 min from UV-C local
exposure (100J/m?). Hela nuclei were stained with blue DAPI, XPG (green) and DDB2
(red)

DDB2PCNA

To study in depth the co-localization between XPG (green signal) and DDB2
(red signal) proteins, confocal analysis was performed. Figure 17 A and B
shown the specific co-localization study performed in representative nuclei
(Bassi E et al. 2019). In particular, in DDB2"' positive cells the two peaks
related to DDB2 and XPG signals were perfectly overlapped 10 min after UV
irradiation (Figure 17 A).

On the contrary, as shown in the pixel profile (Figure 17 B), the DDB2 mutated
peak was not coincident with XPG peak even 30 min from UV-damage,
demonstrating that the two proteins were in proximity to each other but not
completely overlapped.
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Figure 17 Representative images of confocal co-localization analysis between XPG
and DDB2 proteins. HelLa nuclei were stained with blue DAPI, XPG (green) and DDB2
(red). (A) and (B) DDB2"t(A) or DDB2PN (B) positive cells. Scale bar 13.54 pm. N=3
independent experiments

To verify whether the co-localization was an evidence of an interaction
between DDB2 and XPG, an immunoprecipitation assay was performed. For
this purpose, a specific DDB2 antibody was used to the immunoprecipitation
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reaction and then, both Soluble (S) and Chromatin Bound (CB) fractions were
analysed.

In the S fraction, XPG protein was not immunoprecipitated with DDB2 wild-
type or mutated protein 30 min after UV irradiation, although the presence
of both proteins in the Input S was demonstrated (Figure 18, upper panel).
Otherwise, DDB2 proteins (both wild-type and mutated) associated to CB
fraction were able to pull-down XPG, as shown in the lower panel of Figure
18.
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Input § IP a-DDB2 S
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Figure 18 DDB?2 interaction with XPG, representative images: results were separated
in Soluble (S) or Chromatin Bound (CB) fractions, upper panel and lower panel,
respectively; a DDB2 antibody was used to immunoprecipitate samples (IP). IP and

Input fractions were analysed by Western blot. Molecular weights: XPG 133 kDa,
DDB2 48 kDa, Actin 42 kDa, 1gG light chains 25 kDa. N > 3 independent experiments

This evidence not only confirms the results obtained with
immunofluorescence analysis but highlighted that the presence of a mutated
DDB2 protein affects several steps of NER process.

Furthermore, previous studies have demonstrated that cells stably
expressing DDB2PNA protein shown a lower efficiency in CPDs removal, the
ultimate purpose of the NER process, compared to DDB2"! stable clone or
control cell line (Perucca P et al. 2018).
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Il. Influence of DDB2-PCNA interaction on cell proliferation after UV-
damage

4.4 Study of cell proliferation ability

It was previously demonstrated that the stable expression of a mutated
DDB2 protein in HEK293 cells allows an increased cell proliferation compared
to HEK293 DDB2“! or control cell lines (Perucca P et al. 2015).

Starting from this evidence, it was investigated whether DDB2 protein could
influence the cellular growth of HEK293 cell lines, after UV irradiation. To this
end, a clonogenic assay has been performed.

Irradiated HEK293 (CTR, DDB2"* and DDB2P™NA") were seeded at a low density
to avoid colony confluence; then, the cellular growth and the colony
formation were daily checked and, after 10 days, cells were fixed and stained
for manual colony counting.

Figure 19 A displays representative images of the assay: the highest number
of colonies was evident in cells stably transfected with DDB2P®N* construct;
moreover, these colonies showed larger dimensions than those obtained
with other cell lines (Perucca P et al. 2018).

The DDB2"! clone was able to form colonies, although these cells shown an
increased sensitivity to UV rays, as demonstrated by the lower number of
developed colonies compared to the mutated clone.

Instead, in the control cell line (HEK293 CTR) the few formed colonies
appeared faded, thus confirming the poor resistance to UV irradiation of
these cells.
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Figure 19 Clonogenic assay of HEK293 (CTR, DDB2"! and DDB2"™M stable clones)
after UV-induced DNA damage (10 J/m?). (A) Representative images of colonies
formed after Gentian violet staining. (B) Number of colonies grown. Mean values (+
S.D.) are reported from 3 independent experiments. ** p <0 .01

The data obtained and the statistical analysis are summarized in Figure 19 B:
cells expressing the exogenous DDB2 protein, both wild-type and even more,
the mutated form, acquired an unexpected and significant increased UV
resistance, compared with control cell line (Perucca P et al. 2018). Moreover,
comparing both stable clones, the ability to develop colonies was significantly
marked in the mutated one.
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4.5 Study of mitoses and cell viability

To examine in depth the number and morphological features of mitoses
in HEK293 cells (CTR, DDB2W' and DDB2P“NA stable clones), an
immunofluorescence and a May-Grinwald Giemsa staining were performed.

To visualize the number of mitoses, notirradiated and irradiated HEK293 cells
were fixed after three days and incubated with a specific pospho-Histone 3
antibody. Not irradiated cells were used as positive control (data not shown).
In Figure 20 are reported the results obtained from the immunostaining
analysis.
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Figure 20 Immunofluorescence analysis of positive pH3 cells expressed in
percentage. Irradiated HEK293 CTR (white bar), DDB2"! (grey bar) and DDB2P™NA
(black bar) stable clones were fixed, immunostained with pospho-Histone 3 (pH3)
antibody and manually counted. Mean values (+ S.D.) are reported from 3
independent experiments, * p < 0.05 and ** p <0.01

The mutated clone showed the highest percentage of pH3-positive irradiated
cells, confirming not only its increased resistance to UV-C radiation but also
its predisposition to proliferate. On the contrary, few cells of the control line
were immunostained, suggesting that a lower number of cells was able to
enter in mitosis, after UV DNA damage.
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To evaluate the morphological features, three days after seeding, when
irradiated cells were grown but they have not yet formed multilayer and
confluent colonies, samples were stained with May-Grinwald Giemsa. Total
number of cells per colony, including dead cells and mitoses, were counted
and photographed.

In particular, the attention was focused on the presence of atypical mitoses,
which are a specific hallmark frequently observed in cancer cells (Batistatou
A 2004).

Some representative images show the morphological features of colonies
(Figure 21 A) and their sorting on mitoses, atypical mitoses and dead cells
(Figure 21 B) (Perucca P et al. 2018).
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Figure 21 May-Grinwald Giemsa staining in control HEK293 (CTR), DDB2"' and
DDB2P™A stable clones after UV-C radiation (10 J/m?), representative images. (A)
Morphological features of growing colonies of DDB2"' and DDB2"“™ clones vs.
control cell line. Arrows pointed dead cells; representative atypical mitoses (M) in
cells expressing DDB2P“N* protein. (B) Percentages of cells per colony, mitoses,
atypical mitoses and dead cells in control HEK293 (white bar), DDB2"! (grey bar) and
DDB2P“NA (black bar) stable clones, respectively. Mean values (+ S.D.) are reported
from 3 independent experiments, ** p <0 .01

Number (%)

Cells expressing DDB2P“NA- produced more colonies with larger size compared
to DDB2W! stably transfected clone and control cell line (Figure 21 A), as it
was also demonstrated with the clonogenic assay above. Although the
number of mitoses was comparable in DDB2PNA-and DDB2"!clones, in cells
expressing DDB2 mutated protein, a higher and significant percentage of
atypical mitoses (Figure 21 B) was found (indicated with letter M in Figure 21
A.

Both clones showed an increased UV resistance, as demonstrated by the poor
presence of dead cells in samples but, in mutated clone, the number was
strongly reduced (Figure 21 B).

Conversely, the number of dead cells (highlighted with arrows in Figure 21 A)
in control cell line was very high, confirming a low resistance to UV-C
radiation. In some of control cells, apoptotic bodies were also observed.
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4.6 Evaluation of DDB2-Polymerase n interaction

The previously collected data have demonstrated that cells expressing
DDB2 mutated protein acquired an unexpected proliferation advantage after
UV damage. Moreover, these cells developed an increased resistance to UV
irradiation and showed specific morphological features, such as atypical
mitoses, underlying genomic instability.

Starting from this evidence it was explored whether DDB2 is involved in
Trans-Lesion DNA Synthesis (TLS). In particular, it was investigated the
possible interaction between DDB2 protein and Polymerase n, the protein
involved in TLS.

4.6.1 Evaluation of DDB2 and Polymerase n co-localization by confocal
analysis

For this purpose, Hela cells were transiently co-transfected with Pol n-
GFP and DDB2Wt or DDB2P“NA- constructs. Cells transfected only with Pol n-
GFP construct represent negative control. After UV-C local irradiation, cells
were lysed and immunostained with specific antibodies; the analysis was
performed by confocal microscopy.

In Figure 22 are reported some representative images. First of all, it was
verified the proper foci formation of Polymerase n after UV irradiation (Figure
22, upper panel) and that the expression of DDB2 protein (both wild-type and
mutated) was homogeneous in all the samples (Figure 22, representative
images middle and lower panel).

Confocal analysis evidenced the co-localization between DDB2 and Pol n only
in the presence of mutated form, suggesting their possible interaction.
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Figure 22 Representative images of confocal analysis of Pol n-GFP and DDB2
recruited to DNA damage sites after UV irradiation. Recruitment of Pol n-GFP (green
fluorescence), upper panel; recruitment of Pol n-GFP and DDB2 (red fluorescence)
wild-type or mutated form, middle and lower panel, respectively. Nuclei were
stained with Hoechst 33258 dye

To study in depth the possible co-localization between Polymerase n and
DDB2, it was analysed the pixel intensity of both proteins by confocal
microscopy.

Regarding the recruitment to UV photolesions of Polymerase n and DDB2
wild-type protein, no co-localization was observed.
Interestingly, the Polymerase involved in TLS and DDB2P“NA- protein were

overlapped (Figure 23).




4. Results

Green

Pixel intensity

Red

Profile
Figure 23 Confocal co-localization analysis of Polymerase n and DDB2"™* proteins,
representative image. Pixel intensity representation of Polymerase n (green
fluorescence) and DDB2P™™ (red fluorescence) recruited to DNA lesions upon UV
irradiation. N=3 independent experiments
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4.6.2 Study DDB2 and Polymerase n interaction by immunoprecipitation
assay

To verify the possible interaction between Polymerase n and DDB2
proteins, immunoprecipitation experiments were performed.

For this purpose, Hela cells were transiently co-transfected with Pol n-GFP
and pcDNA3.1-DDB2"* or pcDNA3.1-DDB2P™NA constructs and exposed to UV
irradiation (30 J/m?). As negative and positive controls, two samples were
only transfected with GFP or Pol n-GFP constructs. Then, GFP protein was
immunoprecipitated and, from each sample, a Chromatin Bound (CB) fraction
was obtained and analysed.

Figure 24 shows representative images of the immunoprecipitation assay.
DDB2 protein was only immunoprecipitated in co-transfected samples (both
input and IP fractions), suggesting that endogenous DDB2 protein in Hela
cells was not detected.

As expected, Polymerase n was found in co-transfected samples and in
positive control. In particular, it seems that the interaction between the
Polymerase involved in TLS and mutated DDB2 protein was more evident
compared to DDB2 wild-type.

In the negative control (GFP sample) no immunocomplexes between GFP and
Pol n or DDB2 proteins were detected.
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Figure 24 DDB2 interaction with Polymerase n, representative images of Chromatin
Bound (CB) fractions. A GFP antibody was used to immunoprecipitate samples (IP).
IP and Input fractions were analysed by Western blot. Molecular weights:
Polymerase n 78 kDa, DDB2 48 kDa, Actin 42 kDa, IgG light chain 25 kDa. N=3
independent experiments

These observations were confirmed by a densitometric analysis of
Polymerase n and DDB2 bands performed by Imagel software (Figure 25).
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Figure 25 Band densitometric analysis of Polymerase n compared to DDB2 protein
in HeLa GFP, Pol n-GFP (light blue bar), DDB2"! (green bar) and DDB2"M (red bar)
samples. N=3 independent experiments; data are mean + S.D. DDB2°™A- ys. DDB2Wt
or Pol n-GFP samples, * p <0 .05

The interaction between DDB2"tand Polymerase n was quite comparable to
positive control sample (Pol n-GFP): the presence of exogenous DDB2 wild-
type protein did not notably influence the possible cooperation with the
Polymerase involved in TLS.

On the contrary, DDB2 mutated protein was more able to interact with
Polymerase n. The interaction between the above proteins was 2.5 fold
higher than positive control and the statistical analysis confirmed that this
protein interaction is significant, suggesting a possible involvement of
mutated DDB2 protein in TLS process.
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4.6.3 Study of direct interaction between DDB2 and Polymerase n through
Proximity Ligation Assay approach

Finally, it was investigated the possible interaction with the PLA, an

innovative and powerful technique. This approach allows to determine, with
an immunofluorescence signal, a direct interaction between two target
proteins that are in close proximity (no more than 40 nm).
For this purpose, Hela cells were transiently co-transfected with Pol n-GFP
and DDB2 wild-type or mutated constructs and UV-totally irradiated. Cells
transfected only with Pol n-GFP was employed as negative control. 30 min
later, cells were lysed and immunostained according to the PLA manufacturer
protocol and visualized by confocal microscopy.

Representative images of PLA technique are reported in Figure 26:
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Figure 26 Confocal analysis of PLA assay performed on locally irradiated Hela cells
only transfected with Pol n-GFP or co-transfected with Pol n-GFP and DDB2"! or
DDB2P™A constructs; cells were lysed 30 min after UV damage. Nuclei were stained
with Hoechst 33258 dye. N=3 independent experiments

As expected, in cells only transfected with Polymerase n a positive result was
not obtained. The few signals detected in the samples are only background
(as explained by the manufacturer) (Figure 26).

In samples co-transfected with DDB2 protein, both wild-type and, even more,
the mutated one, the red spots were detected, confirming a positive direct
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interaction between the two target proteins. As expected, these spots were
mainly localized in the nuclei of Hela cells, confirming the proper recruitment
of Polymerase n and DDB2 proteins to damaged DNA.

In the wild-type sample, the amplification of the signal, which is related to a
positive result, was detected in few cells compared to the mutated sample.
Moreover, when the mutated DDB2 protein was present, several red spots
were found in each cell that was analysed, suggesting a strong interaction
between these proteins (Figure 26).

The collected data of PLA were also analysed with GraphPad Prism software
(Figure 27).
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Figure 27 GraphPad Prism analysis of PLA technique. (A) Correlation between
number of red spots and number of positive cells in irradiated Hela cells only
transfected with Pol n-GFP (CTR), or co-transfected with Pol n-GFP and pcDNA3.1-
DDB2"t (DDB2"') or pcDNA3.1-DDB2PN (DDB2°™*) samples. (B) Distribution of
positive events in HelLa CTR, DDB2"* and DDB2"“M" samples transfected only with
Pol n-GFP (CTR), or co-transfected with Pol n-GFP and DDB2"* and DDB2"™*", The
straight line depicts the average value of each sample

In Figure 27 A the number of analysed cells was correlated with the number
of red spots that were counted. In control and DDB2"'samples it was found
a similarity. Only few positive cells with 2 or 3 red spots for cell were
observed; whereas in the majority of cells not positive results were found.
Conversely, in the mutated sample, several cells confirmed the direct
interaction between Polymerase n and DDB2P“N* protein.

Moreover, in this sample it was found a wide heterogeneity in the number of
positive events: although the majority of cells contained an average number
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of 10 spots, in several nuclei until 40 red spots were counted, as
demonstrated in Figure 27 B.

All together these results have demonstrated that the mutated DDB2 protein
directly interacted with Polymerase n, suggesting that the mutated DDB2
protein may be involved in the TLS process.

lll. Study of cell migration after UV-damage

4.7 Wound healing assay

To investigate whether the exogenous expression of DDB2 protein
(DDB2Wt or DDB2P™N*) could confers to irradiated HEK293 cells both
proliferation and migration advantages, a wound healing experiment was
carried out.

Briefly, HEK293 CTR, DDB2Wt and DDB2P“NA- stable clones were irradiated and
seeded in each septum of the culture-insert. The culture-insert was removed
when cells have reached a confluent layer, leaving a cell-free gap. The growth
and motility of cells were checked and photographed starting from day O
(corresponding to removal of culture-inserts) until day 9.

Some representative images of the time course experiments are displayed in
Figure 28 A (Perucca P et al. 2018).
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Figure 28 Wound healing assay in HEK293 CTR (C), DDB2"* and DDB2"™* stably
transfected clones after UV-induced DNA damage. (A) Representative images of cell
proliferation and motility (x10 magnification objective) after 0, 3, 7 and 9 days from
the removal of culture-insert. (B) Migration rate quantification. N>3 independent
experiments; data are mean = S.D.

The first column shows the behaviour of irradiated control cells, while in the
second and in the third column, cells stably expressing DDB2"' or DDB2
mutated protein were shown, respectively.

Until day 3, the width of injury was similar in all the three cell lines, suggesting
that cells were initially affected by UV damage.

7 days after UV-C irradiation, the distance between two sets was significantly
reduced in both stably transfected clones, in particular in the mutated one;
whereas in control cells the migration rate was only 10% (Figure 28 B)
(Perucca P et al. 2018).

At 9th day after the removal of culture-inserts, DDB2P“NA- stable clone closed
entirely the gap; moreover, these cells exhibited not only a higher cell motility
and growth but they were able to form an unexpected compact multilayer of
growing cells, evident in both cellular walls in Figure 28 A.

Indeed, in DDB2W! stable clone the gap between the two septa was still visible
and the size of injury line was almost 40% (Figure 28 B), thus the wild-type
clone confirmed a lower rate of cell proliferation and motility compared to
the mutated clone.

As expected, in HEK293 control line, it was observed a reduced cell motility
as reported in Figure 28 B; indeed, the width of injury line, after 9 days from
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UV irradiation, was still 80%.

4.8 Involvement of DDB2 protein in epithelial to mesenchymal transition

By clonogenic experiments and wound healing assay it was
demonstrated that the exogenous expression of DDB2 protein, both wild-
type and, even more, the mutated one, confers proliferation and motility
advantages in irradiated HEK293 cells, suggesting a possible implication of
DDB2 in cancer biology.

Starting from this evidence, it was investigated whether DDB2 protein could
be implicated in EMT process, an important step of cancer progression; to
this end, E-cadherin and Vimentin protein expression levels were analysed by
Western blot. E-cadherin and Vimentin proteins are the main epithelial and
mesenchymal markers, respectively. Furthermore, it was also evaluated the
presence and activity of MMPs-2 and 9 by gelatin zymography assay.

4.8.1 Evaluation of E-cadherin and Vimentin expression after UV damage

Briefly, HEK293 CTR cell line and cells stably expressing DDB2W or
DDB2PNA protein were irradiated and harvested after several times. For each
cell line, not irradiated cells were employed as negative control. After protein
electrophoresis, Western blot analysis using specific E-cadherin and Vimentin
antibodies was performed.

Figure 29 shows the expression levels of E-cadherin protein starting from 48
h upon UV damage. The protein expression levels after 4, 8 and 24 h after
UV-C exposure were analysed, but not significant results were obtained (data
not shown in the underlying graph).

The highest E-cadherin expression levels were found in control cell line;
besides, the production of E-cadherin protein in irradiated control cells
remained always higher compared to its negative control. In particular, 96 h
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after UV-damage, the protein production increased almost 3-fold compared
to its basal level with a very significant statistical value.

Conversely, cells stably expressing DDB2PNA- protein had an instable trend
and the lowest protein levels compared to DDB2"! cells and, even more, to
control HEK293 cells. In particular, 96 h after UV-induced DNA damage, E-
cadherin levels in the mutated clone were the lowest that we have ever
found, representing a very or extremely significant values compared to its
negative control.

Furthermore, it was observed that also DDB2"! stable clone expressed a
lower E-cadherin protein level than its basal level and, even more, compared
to irradiated control cells.

The alteration of E-cadherin expression levels in cells expressing DDB2tor,
even more, DDB2P®N* protein, suggested that in both clones the cell-cell
adhesion was decreased upon UV-damage.
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Figure 29 Evaluation of E-cadherin expression levels in HEK293 CTR (blue bar),
DDB2"! (green bar) and DDB2PN* (red bar) stably transfected clones after UV-
induced DNA damage by Western blot analysis. All the three cell lines were seeded
(1x10°) in 100 mm cell culture dishes, irradiated (10 J/m? UV-C) and harvested at
different times (No UV, 4 h, 24 h, 48 h, 72 h, 96 h and 7 d). E-cadherin expression
was normalized with beta actin. N>3 independent experiments; data are mean *
S.D., UVirradiated cells vs. not irradiated cells * p <0.05, ** p <0.01, *** p <0.0001

The results about Vimentin expression levels are illustrated in Figure 30. In
the underlying graph, only values obtained starting from 48 h after UV
damage were showed.

The highest values of the protein were found in DDB2P®* clone, although the
levels were similar to its basal level, suggesting that the trend remained
almost stable during all the time course in this clone. In particular, starting
from 48 h until 7 d after UV-induced DNA damage, the protein values were
statistically significant compared to not irradiated DDB2P“NA- cells.

On the contrary, in the other two cell lines, it was observed a reduction in
Vimentin expression; in particular, 7 d after UV irradiation, decrease on
protein level was evident.

These results suggest that in DDB2 mutated clone cell-cell adhesion is
affected.
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Figure 30 Evaluation of Vimentin expression levels in HEK293 CTR (blue bar), DDB2"!
(green bar) and DDB2P™A- (red bar) stable transfected clones after UV-induced DNA
damage by Western blot analysis. All the three cell lines were plated (1x10°) in 100
mm cell culture dishes, then were irradiated (10 J/m? UV-C) and harvested at
different times (No UV, 4 h, 24 h, 48 h, 72 h, 96 h and 7 d). Vimentin expression was
normalized with beta actin. N>3 independent experiments; data are mean +S.D., UV
irradiated cells vs. not irradiated cells * p < 0.05, ** p < 0.01, *** p <0.0001

Taking together all the data collected by the Western blot analysis,
demonstrate that the modification of E-cadherin and Vimentin expression
level leads to speculate that DDB2™! and, even more, the mutated stable
clone might be more prone to activate the EMT process.

4.8.2 Detection of metalloproteinases 2 and 9 by gelatin zymography

The activation of MMPs is a crucial event in EMT and tumour
progression since these proteases are responsible for the degradation of
extracellular matrix (Chambers AF and Matrisian LM 1997; Duffy MJ et al.
2008). This is a key step in invasion and metastatic processes. In particular,
MMPs-2 and 9, also known as gelatinases, are involved in cancer progression
(Gialeli C et al. 2011); for these reasons, it was investigated their activity in
irradiated HEK293 stable clones using a gelatin zymography assay.
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For this purpose, the culture media of irradiated HEK293 CTR, DDB2"'and
DDB2PNA- stable clones were collected at different time recovery after UV-
induced DNA damage. For each cell line, cells not irradiated were employed
as negative control. After electrophoresis, the gel was incubated with several
buffers in order to visualized and analysed the digested bands, as reported in
Materials and Methods section.
Figure 31 shows some representative images of the results obtained by time
course experiments: the white bands (corresponding to digested gelatin) at
62 kDa and 84 kDa confirmed the presence and the activation of MMPs-2 and
9, respectively.
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Figure 31 Evaluation of MMPs-2 and 9 activity in HEK293 CTR, DDB2"*and DDB2P“N*-
stable clones by gelatin zymography technique after UV-C exposure. Cells culture
media were harvested at different times (No UV, 4 h, 8 h, 24 h, 48 h, 72 h, 96 h and
7 d). Supernatants were mixed with sample buffer 2x (ratio 1:1). After protein
electrophoresis, gel was incubated with Renaturing, Developing, Staining and
Destaining buffers to visualized gelatin digestion (white stripes) due to MMPs-2 (62
kDa) and 9 (84 kDa) activation.

The results of MMPs-2 and 9 digestion and their statistical analysis are
reported in Figure 32.
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Figure 32 Statistical analysis of MMPs-9 (A) and 2 (B) activity in HEK293 CTR (blue
bar), DDB2"!(green bar) and DDB2"™* (red bar) stable clones obtained by gelatin
zymography experiments. N=3 independent experiments; data are mean = S.D., UV
irradiated cells vs. not irradiated cells * p < 0.05, ** p < 0.01, *** p < 0.0001
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Until 48 h after UV-induced DNA damage, the MMPs activation was quite
similar in all the three cell lines. In DDB2P®N* cells, the activity of MMP-9 was
particularly increased starting from 72 h after UV-damage, and this trend was
maintained until 7 d. At this time, MMP-9 activity was almost 2-fold higher
compared to its negative control (Figure 32 A). Statistical analysis confirmed
that the increase is time dependent and was also significant.

Instead, both MMPs in the wild-type clone did not show an important
activation: the values obtained remained almost similar to its basal level. Only
in the MMP-9 it was found a little increase in its digestion activity 96 h and 7
d after UV-induced DNA damage, but this was not significant.

In irradiated control cells, an increase in MMP-2 activity was found; however,
in all recovery times not significant values were found (Figure 32 B).

4.9 Evaluation of migration capability in irradiated HEK293

Wound healing experiments have demonstrated that irradiated
HEK293 DDB2"' and, even more the mutated stable clone, acquired both
proliferation and migration advantages.

To dissect whether these cells could be able to migrate, upon UV damage, a
Boyden chamber assay was performed.

For this reason, a 48-Well Micro Chemotaxis chamber was assembled with a
polycarbonate membrane pretreated with collagen type I. HEK293 (CTR,
DDB2"'and DDB2P“NA) were irradiated (10 J/m?), counted and seeded in the
top wells of the chamber. Not irradiated cells were also used as control.
Different concentrations of FBS were employed as chemoattractant factor.

Figure 33 showed preliminary results obtained from Boyden chamber assay:
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Figure 33 Boyden chamber assay in irradiated or not irradiated HEK293 CTR, DDB2"!
and DDB2"“M* stably transfected clones with some FBS concentrations (0, 10 and
20%) as chemoattractant factors. 10° cells were seeded in each top wells of the
chamber and, after 24 h of incubation, the polycarbonate membrane was fixed and
stained. Representative images of cell migration assay (x40 magnification objective).
N=2 independent experiments
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All the three cell lines not irradiated cells were able to migrate, as
demonstrated in each upper panels of Figure 33; these data confirm the
ability of HEK293 cells to migrate under chemoattractant stimulus. In CTR and
DDB2%" cells, the migration pattern was correlated with the percentage of
FBS: more migrated cells were observed when the FBS was more
concentrated. Instead, in the mutated clone the better concentration of FBS
for cells was 10%.

After UV irradiation, many cells in the three samples showed evident signs of
suffering or death, such as apoptotic bodies or cytoplasmic membrane
fragmentation. However, cells expressing mutated protein showed the best
migration ability. Indeed, these cells were more able to migrate, as
demonstrated by an increased number of cells migrated. Interestingly, these
cells showed a different behaviour compared to control cell line or DDB2't
clone; in fact, their migration pattern was mainly characterized by a cluster
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of cells instead of single cell, as demonstrated in the lower panel of DDB2PNA-
samples in Figure 33. Furthermore, it seems that the number of migrated
cells was directly proportional to the concentration of chemoattractant
factor.

Cell expressing DDB2Vprotein showed a migration capability although lower
than mutated one; moreover, only singular cells were found in the
polycarbonate membrane compared to mutated clone. As it was observed in
not irradiated cells, also irradiated cells showed a correlation between the
number of migrated cells and the concentration of FBS.

Conversely, irradiated control cells were not able to migrate; furthermore,
the few migrated cells were almost all dead.

IV. A novel possible role of DDB2

4.10 A novel putative role of DDB2

To study the possile involvement of DDB2 protein in TC-NER, the other
subpathway of NER process, the host cell reactivation (HCR) assay and co-
localization analysis were performed.

4.10.1 Evaluation of DNA Damage Response to UV lesions

HCR assay was employed to evaluate the DNA Damage Response (DDR)
to UV irradiation in HEK293 stable clones (DDB2Wt and DDB2PNA).
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Cells were co-transfected with pmRFP-N2 plasmid and not irradiated pEGFP-
N1 or UV-pEGFP-N1 constructs; then, 16 or 48 h later, samples were
harvested for “in vivo” cytofluorimetric analysis.

In particular, it was evaluated and compared the capability of HEK293 cells to
express the GFP starting by UV-GFP plasmid transfection. The production of
RFP protein was used as a positive control, to ensure that the transfection
protocol was properly working.

In Figure 34 representative flow cytometry graphs of GFP, derived from
irradiated pEGFP-N1 construct, and RFP fluorescence are shown (Bassi E et
al. 2019).

In the upper panel (Figure 34 A), the cytofluorimetric analysis was carried out
16 h after co-transfection: no significant differences were found in GFP and
RPF production comparing both HEK293 DDB2Wtand DDB2P“N- stable clones,
suggesting that the inability to interact with PCNA, in DDB2 mutated protein,
does not influence the protein expression at early stage of the repair process.

In DDB2"! stable clone, 48 h after transfection, the ability to repair UV-DNA
lesions was reactivated; Figure 34 B demonstrates that the encoding of the
reporter gene was switched on in these cells. On the contrary, GFP expression
in the mutated clone was remarkable reduced, indicating that its DNA
damage response was impaired (Figure 34 B).
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Figure 34 Cytofluorimetric “in vivo” monoparametric analysis, representative
images: mean fluorescence intensity (MFI) of GFP (green) derived from UV-pEGFP-
N1 construct and RFP (red), produced in HEK293 DDB2"' and DDB2P™M stable
clones, respectively. The analysis was performed after 16 (A) or 48 h (B) from co-
transfection. N=3 independent experiments

Figure 35 shows the ratio between GFP expression from the irradiated and
not irradiated pEGFP-N1 constructs after normalization with RFP and
statistical analysis: in DDB2P“NA-clone the expression of the fusion protein was
significantly reduced (36.1%) compared to the wild-type stable clone (46.1%),
48 h after co-transfection (Bassi E et al. 2019).
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Figure 35 Ratio between UV-GFP (derived from repaired gene reporter) and GFP
(encoded from not irradiated plasmid) produced in DDB2"! (green bar) or DDB2P“N
(burgundy bar) stable clones, after normalization with RFP production, expressed in
percentage. Cells were harvested 16 or 48 h after co-transfection for the “in vivo”
FACS analysis. N=3 independent experiments; HEK293 DDB2"! vs. HEK293 DDB2P™NA
16 and 48 h, respectively. Data are mean +S.D., * p <0.05

4.10.2 Study of co-localization between DDB2 and Polymerase |l proteins

RNA Polymerase Il stalling triggers the activation of repair machinery in
TC-NER followed UV-DNA lesions. This protein is a damage sensor in
transcribed DNA region.

Starting by this evidence, we wondered whether DDB2 could play a possible
role in TC-NER, studying its potential cooperation with Polymerase Il by
immunofluorescence technique.

Hela cells were transiently transfected with DDB2Wor DDB2P™N* constructs
and locally UV-irradiated. After 30 or 60 min, cells were fixed and
immunostained for immunofluorescence and confocal microscopies
observation.

DDB2 wild-type protein was perfectly recruited ad damaged sites and
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overlapped with RNA Polymerase Il already 30 min after DNA damage

response activation, as shown in the upper panel of Figure 36 (Bassi E et al.

2019). The kinetic recruitment of both damage sensors, in wild-type stable

clone, was properly well-timed: the fluorescence intensity of both proteins
decreased 60 min after locally irradiation.

DNA

*

Merge Merge

DDB2W!

- 9
-

-

DDB2PCNA

UV-C 100 J/m? 30 min UV-C 100 J/m? 60 min
Figure 36 Co-localization between DDB2 (green fluorescence) and RNA Polymerase
Il (red fluorescence) analysed by immunofluorescence microscopy. Scale bar 20 um

Whereas, DDB2 mutated clone showed an impairment localization of both
proteins to DNA damaged sites 30 and 60 min recovery times (Figure 36,
lower panel). Cells were locally irradiated, as demonstrated by the foci

formation, although Polymerase Il was widely diffused in Hela nuclei (Figure
36, merge).

To study in depth and confirm the co-localization of the above proteins, a
confocal analysis was performed (Figure 37) (Bassi E et al. 2019).
In Figure 37 A some representative images of both stable clones are shown.
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Figure 37 Co-localization analysis of DDB2 and Polymerase Il by confocal microscopy,
representative images. (A) Recruitment to DNA lesions of Polymerase Il (red
fluorescence) and DDB2™ or DDB2P“N* (green fluorescence) 30 or 60 min upon UV
irradiation, respectively. (B) Pixel intensity representation by confocal analysis. N=3
independent experiments

In DDB2Yt clone the best co-localization was mainly found 30 min after UV-
DNA damage with 52% of positive cells; instead, the mutated clone shown a
delayed recruitment of both proteins compared to wild-type clone, because
the better results were obtained only 60 min after DNA damage.

102



4. Results

Moreover, analysing the pixel intensity of green (DDB2) and red (Polymerase
II) fluorescence, it was not observed a perfect protein overlapping in the
mutated clone even 1 h upon DNA damage (Figure 37 B).
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5. Discussion

UV irradiation is one of the most damaging agents that activates a type
of DNA damage response (DDR), the Nucleotide Excision Repair (NER). In
particular, DDB2 protein is responsible to recognize and bind UV-
photolesions - cyclobutane pyrimidine dimers (CPDs) or 6-4 photoproducts
(6-4 PPs) - leading to the activation of Global Genome-NER (GG-NER) process,
a subpathway of NER (Wittschieben B@ et al. 2005; Feltes BC and Bonatto D
2015; Sugasawa K 2016; Paul D et al. 2019).

DDB2 protein is characterized by the presence of a PCNA protein interacting-
box (PIP-box) in its sequence, which allows the direct interaction with PCNA
(Cazzalini O et al. 2014). It has been demonstrated that this functional
interaction is essential for DDB2 proteasome-mediated degradation, after UV
damage, allowing the recruitment of the following NER factors (Cazzalini O et
al. 2014).

In our laboratory, it was previously demonstrated that a mutated DDB2
(DDB2PNA) protein, unable to bind PCNA, showed a delayed kinetic
recruitment to UV DNA lesions compared to a functional DDB2 (DDB2")
protein (Perucca P et al. 2018); these data suggest that, in cells expressing
DDB2PNA- the NER process is ineffective.

In the first part of my PhD project, | attempted to investigate the role and
consequences of DDB2-PCNA association in several steps of GG-NER
pathway, after UV-C damage. Collected data demonstrated that the inability
of DDB2 to interact with PCNA affected not only the early phase of NER, but
also determining delay in the repair process evident until the final step. The
delayed recruitment of DDB2P“NA protein to DNA damaged sites at the early
phase of NER (Perucca P et al. 2018), was confirmed and explained by the
inefficient DNA binding affinity of mutated DDB2 protein. In fact, by two
different electrophoretic mobility shift (EMSA) assays, both DDB2 mutated
recombinant protein than HEK293 DDB2PXNA cell extract, have highlighted a
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lower capability to bind UV lesions compared to wild-type samples. In
particular, the inefficient binding affinity observed in mutated cell extract
compared to HEK293 DDB2"' after 30 min from UV damage, was still
significantly maintained 1 h later.

As reported in literature (Sugasawa K et al. 1998; Araki M et al. 2001;
Sugasawa K et al. 2001; Sugasawa K et al. 2002), XPC protein is essential
during the recognition of the lesion process in GG-NER and its recruitment is
facilitate by a proper and well-timed DDB2 degradation (Sugasawa K et al.
2005; Wang QE et al. 2005; EI-Mahdy MA et al. 2006); accordingly to this
evidence, co-localization studies between DDB2 and XPC proteins to UV
photolesions, have demonstrated that the presence of a DDB2 mutated
protein caused a delay in the initiation step of NER mechanism compared to
cells expressing DDB2W'protein (Perucca P et al. 2018).

Remarkably, to understand whether DDB2 mutated protein could also altered
a late NER phase, co-localization analysis between DDB2 and XPG proteins
and immunoprecipitation experiments were performed (Bassi E et al. 2019).
My results revealed that both DDB2 proteins were able to interact with XPG;
in particular, in cells expressing DDB2" protein a correct and well-timed co-
localization between two proteins was found 10 min after UV-C exposure. On
the contrary, DDB2PNA protein and the endonuclease were not perfectly
overlapping even 30 min after UV irradiation. These results suggest that the
loss of DDB2-PCNA interaction affects also a late phase in NER. Furthermore,
it has been demonstrated by several papers (Matsuda N et al. 2005;
Sugasawa K et al. 2005; EI-Mahdy MA et al. 2006; Wang QE et al. 2007; Han
C et al. 2015), that a proper recruitment of late NER factors depends by the
degradation of DDB2 protein. According to this evidence, the DDB2PNA-
protein accumulation observed in cells (Cazzalini O et al. 2014), could justify
the delayed recruitment of XPG. Moreover, these data are in agreement with
our recent paper (Perucca P et al. 2018), in which it was demonstrated that
DDB2PNA- positive cells were able to remove fewer CPDs molecules
compared to cells expressing DDB2W! protein.

Taking together, my findings have demonstrated that the loss of DDB2-PCNA
interaction affects the mainly steps of GG-NER: starting by the initial
recognition step, passing through the incision of the DNA damaged fragment
and, finally, arriving at the removal of UV photolesions.
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Although DDB2 contribution is still debated, it is well known that the protein
is also implicated in cancer biology; in particular, several papers have
correlated DDB2 expression levels to cancer initiation and progression (Yoon
T et al. 2005; Ennen M et al. 2013; Roy N et al. 2013).
Starting from this evidence, in the second and third section of my PhD project,
we speculated whether DDB2-PCNA association can influence cell behaviour
after UV-damage induction.
By a clonogenic assay, it was demonstrated that HEK293 cells stably
expressing DDB2P™NA protein, were more able to form colonies with larger
dimension, compared to DDB2"! clone or control cell line, highlighting an
unexpected UV resistance (Perucca P et al. 2018). Moreover, mutated cells
were more prone to proliferate, as evidenced by the high and significant
percentage of positive pospho-histone 3 cells, a marker of mitosis, that was
found. The datais in agreement with a paper published by our research group
(Perucca P et al. 2015), in which it was demonstrated that the exogenous
expression of a DDB2 mutated protein induced an increase of positive cells in
the S-phase with a reduction of cell cycle length; in addition, we also recently
reported that the uncontrolled cell growth of mutated clone is related to a
failure in the activation of a correct and well-timed cell cycle checkpoint
signaling (Perucca P et al. 2018).
Intriguingly, the analysis of cell morphological features has underlined a
significant presence of atypical mitoses in the mutated clone and, as reported
in literature, this characteristic is a typical hallmark frequently observed in
cancer cells (Batistatou A 2004).
The morphological analysis of cells as also highlighted an increase cell viability
of DDB2™t and, even more, DDB2P™NA- stable clones after UV damage,
characterized by a lower number of dead cells compared to control cell line.
Finally, atypical mitoses were more evident and numerous in the presence of
DDB2 mutated protein, highlighting an atypical feature.
In conclusion, these findings have demonstrated that the mutated clone
could be more prone to proliferate developing numerous colonies with a
tumour-like phenotype.

Cells expressing DDB2 mutated protein are more prone to proliferate but less
able to remove UV photolesions. Starting from this evidence, we speculated
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whether proliferative advantage of these cells could be related not only to an
increase UV resistance, but also to a possible activation of a DNA damage
tolerance process, the Translesion DNA Synthesis (TLS).

For this purpose, | investigated the interaction between DDB2 and
Polymerase n, which is involved in TLS process, applying different
approaches.

It was demonstrated, by confocal analysis, that DDB2P“NA-and Polymerase n
were in proximity to each other, in fact they perfectly overlapped; these data
were in agreement with immunoprecipitation experiments in which an
interaction between the above proteins was significantly evident compared
to wild-type stable clone and positive control samples. Remarkably, Proximity
Ligation Assay (PLA) confirmed a strong and direct interaction between
Polymerase n and DDB2 mutated protein. In addition, this association was
found in numerous DDB2P®NA positive cells containing until 40 of positive
events per cell.

Interestingly, cells expressing exogenous DDB2 protein, both wild-type and,
even more, the mutated form, showed a marked cell proliferation and
motility abilities in wound healing assay. In agreement with previously
obtained data, in the mutated clone were also evident a dense multilayer of
growing cells, thus confirming its increase resistance to UV irradiation
(Perucca P et al. 2018). Moreover, in this clone the expression levels of E-
cadherin and Vimentin proteins, which are considered the main epithelial or
mesenchymal markers respectively, were modified, suggesting a possible
influence of DDB2-PCNA interaction in the activation of epithelial to
mesenchymal transition (EMT) process. Remarkable, it has been reported
that epithelial tumours characterized by an aggressive phenotype are related
to a loss of adhesion molecules expression (Strumane K et al. 2004), this
evidence could explain the uncontrolled growth and motility of our DDB2
mutated stable clone. These results were strongly correlated to the activation
of metalloproteinases (MMPs) 2 and, even more MMP-9 that in the mutated
clone was particularly evident. Both MMPs are essential in EMT process
(Chambers AF and Matrisian LM 1997; Duffy MJ et al. 2008), specifically
during the invasion step of cancer cells (Gialeli C et al. 2011), since these
proteases are responsible to digest extracellular matrix (ECM).
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Furthermore, the migration ability of DDB2P“NA- positive cells was confirmed
by Boyden chamber assay. In fact, only the irradiated cells expressing DDB2
mutated protein were able to migrate; unexpectedly, the migration pattern
of these cells was characterized by a cluster of cells instead of single cell,
suggesting a possible correlation to an aggressive cell behaviour (Hegerfeldt
Y et al., 2002; Langbein L et al. 2003; Friedl P 2004) and to an increased
digestion activity of MMPs (Sabeh F et al. 2004; Wolf K et al. 2007; Wolf K and
Friedl P 2008).
Finally, our preliminary results (data not shown) have demonstrated that cells
expressing DDB2PNA protein are characterized not only by an aggressive
tumour-like phenotype, but they are also more prone to interact with some
ECM components after UV damage induction.

Then, in the last section of my thesis, | wondered whether the inability of
DDB2 protein to directly interact with PCNA could also affects the cellular
repair process of actively transcribed genes.

For this purpose, a host cell reactivation (HCR) assay was performed. This
interesting technique is widely used in molecular biology to test the
capabilities of intact cells - the host - to repair a damaged reporter gene. The
method can be applied for several conditions; for instance, it was performed
to investigate the homologous recombination ability of different human
cancer cell lines (Slebos RJ and Taylor JA 2001); another study has
demonstrated, by HCR assay, that fibroblasts derived from Cockayne
syndrome patients differently respond to several damaging agents (Spivak G
and Hanawalt PC 2006).

Specifically, in our experiments, we used, as reporter gene, the green
fluorescent protein (GFP), either UV-damaged or undamaged, the red
fluorescent protein (RFP) as a positive control of transfection and, the repair
ability of both HEK293 stable clones (DDB2W*and DDB2PN*) was “in vivo”
measured by cytofluorimeter, following the experimental design of Burger
and colleagues (Burger K et al. 2010). Our results have demonstrated that
wild-type stable clone was able to repair UV damaged GFP, suggesting that in
these cells the repair machinery was properly working. Conversely, 48 h after
co-transfection, significant reduction in UV-GFP expression was found in the
mutated clone, suggesting that the loss of DDB2-PCNA interaction modifies
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the DDR. It seems that the presence of a mutated DDB2 protein delays the
repair ability in an “in vivo” cellular system, as shown by the defective
expression of reporter gene. These findings are consistent with our previous
results obtained by “in vitro” approaches (Perucca P et al. 2018). In our
experimental model it was possible to focus on the influence of a mutated
NER factor (DDB2PNA) in the intact repair machinery of cells, providing
evidence that the HCR assay could be a useful tool to dissect and study several
phases of NER process or other repair pathways.

Furthermore, we also verify the recruitment and the possible co-localization
between DDB2 and RNA Polymerase I, which stalled at UV-damaged
transcribed DNA fragment, triggering the repair machinery activation.

As expected, a well-timed and perfect co-localization of above proteins was
found in wild-type stable clone, suggesting a possible cooperation between
the two damage protein sensors. Moreover, the fluorescence signals of both
proteins were decreased 60 min after UV irradiation, to allow a proper and
well-timed recruitment of other proteins involved in the next NER phases.
Instead, the co-presence of both proteins was not observed in positive
DDB2PNA- cells even 1 h after UV irradiation; in addition, as demonstrated by
confocal analysis, the mutated protein was not perfectly overlapped with
Polymerase Il, leaving to suppose that in the mutated clone the repair process
is later activated.

All these findings have demonstrated that a functional DDB2 protein
cooperates with Polymerase Il, implying a possible cooperation between the
two subpathways of NER - GG-NER and TC-NER - in the early phase; besides
a possible cooperation between different DDR pathways was reported by
several studies (Simonelli V et al. 2016; Limpose K et al. 2017).
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6. Conclusions and perspectives

In this first part of my PhD thesis, it was demonstrated that the loss of
DDB2-PCNA interaction, negatively influences not only the early steps of NER
pathway, but also the late phases of the repair process.

In the second and third section, | focused the attention mainly on the
phenotype and behaviour of irradiated HEK293 cells.

In particular, | demonstrated, by wound healing experiments and Boyden
chamber assay, that the loss of DDB2-PCNA interaction confers to irradiated
cells, proliferation and motility advantages with an increased resistance to UV
irradiation. Moreover, in DDB2 mutated stable clone it was found a higher
number of cells in mitosis with atypical features.

Furthermore, it seems that DDB2PN* is involved in the activation of EMT
program, since positive DDB2PNA- cells expressed lower levels of E-cadherin
related to an increased activity of MMPs, the MMP-9 especially.

In addition, our recent experiments have demonstrated that the mutated
DDB2 protein may be involved in the TLS process, since an interaction
between Polymerase n and DDB2 mutated protein was found.

Moreover, the loss of DDB2-PCNA association appears to be implicated also
in the repair process of actively transcribed gene. Indeed, when cells stably
express the wild-type DDB2 protein, a correct repair process of damaged DNA
and a well-timed co-localization with Polymerase Il were found; on the
contrary, in the presence of the mutated DDB2 protein the repair process of
damaged reporter gene was affected, as demonstrated by HCR assay. In
addition, the recruitment of mutated DDB2 protein to damaged sites was not
perfectly co-localized with Polymerase II.

Altogether, my data suggest that the DDB2-PCNA interaction is crucial to
perform a correct DNA damage response avoiding the genome instability,
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involved in tumour onset and progression.

In the next future, to understand the marked cellular proliferation and
motility in the presence of DDB2P“NA protein, | will try to investigate what
molecular signalling pathways are activated after UV damage induction.
Moreover, | would like to study in depth the possible interaction between
DDB2 protein, both wild-type and mutated form, with some extracellular
matrix component employing several approaches.

Finally, after demonstrating that DDB2 mutated protein directly interacts
with Polymerase n, it will be interesting to evaluate the possible activation of
this Polymerase.
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Abstract

expressing DDE2™ or

repar efficiency.
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Background: The Host C&l Reactvation asay (HOR allows studying the DA =pair capability in different types of
hiuman celk. This assay was carried out 10 assess the ability inremoving W-lesions from DA, thus vesfying MER
effciency. Previously we have shown that DDE2, a protain imeobed in the Global Genome Repaly, interacts directly with
POMA and, in human cells, the loss of this interaction affects DMA repair machineny. In addition, a mutant form unable
to ireract with POMA (DDB2™*)_ has shown a reduced abllity to ireract with a Lv-damaged DMA plasmid in witro,
Methods: In this waork, we have investgated whether DDED protein may influsnce the repair ofa Uv-damaged DA
plasmid into the cellular emvironment by applying the HCR method. To this end, human kidney 299 stable dones,

*_ were oo-trarsfected with pmRF R and Uv-iradiated pEGFP-sported plasmids.
Mareover, the co-localization berween DDB2 poteins and diffesnt NER factors recruited at DNA damaged sifes was
arakysed by immunofluosscence and confocal micosoomy.

Results: The rasults have showen that DDER™ recogniz and =pair the Uv-inducad kesions in plasmid c DA transiced
in the cells, whemas a delayin these processes were abserved inthe pesence of DDBEXF ™, a3 also confirmed by the
diffarenit axtent of co-localization of DDE™ and some NER proteins (such as XPG), vs the DDE2 matant fom

Cond usion: The HCR confirms tseif as a very helpful approach o assess in the cellular context the sffect of expressing
mutant vs Wt MER proteins on the DA damage msporse Lo of interaction of DDB2 and FCMWA affect negatively DA

Keywords: [tA damage ssponse DA damaged binding protein 2 Global genome nudeotide saocsion repalr

Badckground

DMA damaged binding prodein 2 (DDBZ) plays a crucial
rele in DMNA Damage Response (DDE) activated by UV
radiation [1]. This protein is known Lo s as an impor-
anl sendor in the Global Genome Mudeotide Excision
Repair (GG-NER) by recognizing sites of UV-induced
OMA kesions [2]. This function is shared with DDEL,
which aseciates w DDB2 w form the hetersdimeric
UV-damaged DN A-binding protein complex (UV-DDEB)
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this complex initiates GG-MER by mcognizing photodi-
mers (CPDs) and 64 photoproducts (PPs), the primary
type of ledons induced by UV irmdistion. The digortion
of the double helix cxsed by the CPDs i smaller than
that of 6-4PPs, and their recognition is pedformed by the
symchronized work of UV-DDB complex and XPC prs-
tein [3]. Mutations in NER genes are linked to human
genetic dissases (eg. Xemderma pigmentosum) as well
s cancer predisposition [4-6].

The mutagenic eflect of UV is eficiently neutralized by
DMA repair prscesses invohing not only GG-NER but
also the transcription-coupled nucleotide excidgon e pair
(TC-MER), a sub-pathway that preferentially remowves
DMA lesicns genersted in highly tmanseribed DINA regions
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[7]. At the maecular level both these processes are pro-
mated and regulated by vadiows post-trandation al maodifi-
cations of NER fsctors and chmmatin substeate, While
GG-NER employs UV-DDB heterodimer and XPC com-
e b indtiste the DRNA repair procsss, TC-MER wtil tees
elongating RMNA paymerase L1 (Pol L) and Cockayne syn-
drme B (CEB) proleins as damage sensors [8].

We have previowsly demonsirated that the intemction
between DIED and PCHNA i important o remove DNA
lesioms by NER. In fact, a mutated form of DDB2 wnable
to interact with POCNA [DDB2NY), cnmes a debay in
V-indwced NER proces sctivation and conles prolif
erative and mi y advantages in HEKIY93 stable
done expresing DDB24 [9, 10].

In sddition, wsing gel electrophoretic motiity shift
sy, we showed that DDBEZ®*® recombinant protein re-
taing the ability to bind directly plsmidic UV -damaged
DMA, but not the DDB2 muisted form [ 10]. Meverths-
less, this Bnding does not prove that DDB2™Y dnee
the mutant frm at the cellubar level localised to DMA

@ wiles and interact with DDB1 [10. Toclarify this
s, we decided 1o apply a translction -based amay,
mamed Host Cell Rescthation (HCE) te investigate
DMA  lesions removal efficacy in the prsence of
DOE2¥ protein or DDE2 mustat ed one. This method al-
lows studving the DMA repair capability in different
types of human cells [11] and may be employed a a
marker for genetic instability and cancer risk [12, 13]. A
sulsequent adaptation to FACS technology further im-
proved ils senstivity, compared to the previous hamin-
ometer method [14]. The HCR asay ssomes repair of a
transcriptionally active genes and, once applied o UV
lesions, it messures the capacity of the hoat cells o per-
frm MER [15].

Lin e by irvestigate whether DB protein intemacts
with mude plasmidic UV-damaged DNA in cellular en-
vimment and whether the mulation in DDB2 inlederes
with DMA repair kinetic, we used two stable clomes of
HEK 23 expressing DDE2™ or DDB2™A HOR wsary
was perlormed co-transfecting these cells with UV-Cir
radisted pEGFP-N1 and mi irmadisted pmBRFP-M2 plas-
mids. To futher elucidate the ability of DDB2*® and
mutant form b0 interact with transeription machinery,
co-localiration to the UV-damaged sites betwesn RMA
polymense 11 (Pol ), a protein sensor of DRNA ledons
in tramscribed genes, was also considensd. Finally, DDE2
recruitment and co-localistion with XPG was detected
oy amsess potential modifications in the DMA excision
dep Mnetic.

Methods

Ced| lines and transfection

HEE2%9 (Human Embryonic Kidmey) cell line was pur-
chased  from  the Ewopean Tiswse coliure Collection

Page 2af 9

(ECACC) (catabogue code: 851206020 Cells were cul tered in
Dulbecco’s modified Eagle's medium (DMEM, Sigma) saip-
pemented  with 1% foetal  bovine serom (Lile
Techno egies-Gibee), 2mM l-glutsmine (Lile Techn dogies-
Gibew), 100 Uil penicillin, 100 jgm] srepomyein in 3 5%
Ok atmosphere

Cell lines (50% comfuent) wem gably translcted with
DB construct kindly provided by dr. () Wang [16] or
the mutated form DOB2™* weng Efectene trmsfction
reagent (Qiagen). DDEZ™MA mugated in PIP-BOX region
wars prosduced in our laboratory, as previowsly described [4].

Hela 53 cell line was purchased from Eumpean Tisse
Culture Collection (ECACC, catalogue code: 87110901).
Hela cells were cullured as above, sesded on coverslips
(70 conBuent) and tansiently tanskoed with DDBE2
wild-type or mutated brm constrocs o previoudy de-
aribsed [4]. Bath cell lines wern perodically teded for

W plasmid preparation
pPEGFP-M1 (Clostech) was irradisted in 105y of TE
buffer (10mM Tris—HCL 1mM EDTA, pHE®H at a
DMA concentration of 285 pgiul with 800]/m* UV-C
bmp (Philips TUV-9) emitting mainly at 254 nm, a
mezsured with a DCRY radiometer (Specironics). Etha-
o] (70 ) was sdded 1o DR A for the precipitation. Afler
15 min in freezer, DMNA was centrifuged at 15500 g for
15 min at 4 °C (Allegra 21K, Beckman Coulter). The pel-
let wias left to air dry ovemight, wheress the sipematant
was stored at - 20°C Pellel was re-smuspended in 15l of
TE buffer and the DMNA was quantified by spectropho-
tometer (POLARgar Omega, BMG LABTECH). The
supematant was pelleted by centrifugation (Allegra 21R,
Besgkermam Coulter) and gquantifed.

Host cell resctivation asay and cytofleorimetric analysis

HEK 23, stably transfected with DDB2™ or DDBE2™H
comstruct, were co-dransfected with pmBFP-M2 [as a
postive control), kindly provided by Professor Cardoso,

and pBEGFP-M1  or UV-pEGFP-N1 (& previowly
described) emploving Effectens transfection reagent
(Ciagen).

After 16 and 48 h, the cells were harvested fmom Petd
dishes and centrifuged at AW g fr 3 min (Centrifuge
236, Ak), the pellets were gently re-mmpended on
phogphate-bullered saline (PBS) for in vive Oow ovo-
Huorimetry messurements (CyFlow® 5L Syamex Parlec
GmbH)L Cnly BFP positive cells wers considerad fr the
absequent analyss in which the matio between the mean
Buorewence intensity (M) for the RFP and GFP pmo-
tein were caleulsted After nomalization (MFL GFP/MFL
FFP), relative expression of GFP probein was oomputed
by comparing the normalized MFL of the UV-ircsdisted
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o thee o lized MFL of wniresdisted plasmid, themby
dbetec ting the restored plamidic DRA [14, 15].

Immunofisorescence and confocal microscopy
Hela cells, seeded on coverslips and transiently trans-
fected as reported above, were locally imsdisted at
100 [/m* by laving on top of cells an lapore polyear-
b be files (Millipore) with 3 pm pores At the end
of 5 100 30 and &0 min (recovery time for XPG) or
30 and &0 min (meoovery lime e Pol I, the celk
wam washed twice in cold PBS, lysed with 05% Tri-
ton X-1000 (Sigma-Aldrich) in cold PBS for 30 min at
4°C in agitation, fxed with freshly made 2% pamfor
maldehyde and preserved in Ethanol (70%) at - 20°C
e poee v b Lt o

Mext, the samples were washed twice with cold PBS
amd blocked in PRET buffer (PBS, 2% Tween 20)
conlaining 1% bovine serum albumin (BSA) with gen-
e shaking, and then incubated for 1h with specific

Fage 3of 3

anlibodies: mouse monochnal anti-BENA polyme mee
I (anti-Pol IL 1:100, Covance, RRID-AB 10013665),
rabbit polycdomal anti-XPE/DDB2 (1:100, Movus Bio-
logicals MBP2-38854) and rabbit polyckmal anti- XPG
(1200, RRID: AB 1080604, all dilwed in PBEST bul-
lerBSA. After thres washing each maction wa
olowed by incubation for 30min with anti-mouse
Alexa Fluor 594 (1200, RRID: AB 141607) or anti-
rabbit Alexa Fluor 488 (1200, Molecular Probes,
REID: AB 141708} Afer immunoreactions and wash-
ing, the symples wen incubated with Hoecha 33258
dye (05 pg/ml) for Womin ol coom bemperatere with
mild agitation and then washed in PBL Slides wen
mounted in Mowiol (Calbischem) conlaining 0.25% 1,
Fdizmabicyclo-ocane (Aldrch) = antifsding agent.
Images of fixed cells were laken with a Nikon Edipse
E400 Muorescence microsoope equipped with a Canon
Power Shot AS%90 15 digital camera Fluorescence sig-
mals were soquired with a TCS SP5 [ Leica conlical
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micmscope, at 03 pm intervals. Image analysic was
performed using the LAS AF software.

Resuls

DNA damadge redponde is deayed in the predence of
DDE2 mutated protein

T evaluate the UV-induced DMNA damage msporse, we
perirmed experiments wing irmdisted or not iradiated
pEGFP-M1 plasmid co-transfected with pmBRFP-M2 con-
sruct in HEK293 stable clones expresing DDE2™® or
DOE™HAY protein. Flow ctametry analysis of GFP and
REP expression, pedormed ot 16 and 48 h after plasmi-
dic DMNA-damaged tanskction, highlights the prodsc-
tionn of the geen Muorescent protein indicating the
absility of these cells to repair DMA ledons in irmadiabed
pEGFP-M1 plasmid (Fig. 1). In the panel A, momsopara-
metric amalysis of the green (GFP postive cells) and red
(RFP postive cells) shows no sgnificant dilferences in
the two cell comness ot 16h after tramsfection. At this
time, the presnce of DDBY mutated protein doss not
influence the mepair ability nce it prodoced similar re-
alls s wild-type protein In contrast, the analysds per-
rmed 48h after tmndection highlights a significant
reduction of DNA damage repair capability in the pres-

ence of the mutated protein (Fig by Considering the

ratio of GEP/RFP Duomescence, the GFP protein synthe-
s is more eficient in the presence of DDE2™ instead,

Page 4of 9

the lods of DDE2-PCN A interse tion determines a meduc-
tion of mepored gene mactivation after UV imadiation.

DDE2 and RNA polymerase Il co-localization is prevented
without PCNA invahement

Hela cells tramsiently tramsfected with  pe-DNAZL-
DOE2% or pe-DNASL-DDB2™Y cmaructs wen in-
cubated with anti-DDB2 and anti-RNA Pol 11 an tilsodies
o 30 min and 1h afler UV-C local irradiation. The im-
munodhsorescencs analyds shows that DDE2*® and Pol
I were alresdy mecrited at DMNA damaged sites at 30
min after DNA damage, and their colocalization wens
aill detectable at 1h after UV ircsdistion, even i the sig-
mal appears o be mdoced (Fig 2a) In the presence of
DDB2 mutated protein, the cellk did not show well-
defined spots of co-lecalization at both 30 and 60 min
(Fig. Zh).

To better evalmte the recruitment kinetics at DMA
damaged sites of the dbove proteins, confocal amalysis
was perirmed as shown in Fig. 3. The oo-localization
betwesn DOB2¥ and Pol [ occurs mainly ot 30 min

% oat this time, 52% of

alter UV irradiation (Fig
cells were posgtive for colocalization. On the contrary,
in the presncs of DOB2™™ protsin, only 1h after
damage, the pixel intensity profle showed a not
complete colocalization. In Gect, the green and red

dgmals were partially overbpped (Fig. 3. This
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(e figuee on presdous page)

Fig: 3 The lom of DDEZ-AMA Inteacton determines defects In MER pebwaay Hela cels rarsdantly rarefecied with - D002 -D0E™ o pe-
D O™ ™ coretructs and WN-C local imadized were aralysed 20min and 1hafer damage Ina represamive o bcalmson ardiyss
e CDEE and Polymarase | prossins after UsHnduoed damages as obmained by confocal microsomgy. The -oiizxion analyss ae
reponied Inpand (bl Cam are @ eas fom Sies ndependent sqedmens

finding confirms a delay in this co-presence at DNA
damage foci

DDE2Z-PCNA intersction facilitates the appropriate
maintenance of the |ste NER-phaie
To evaluste the potential infleence of DDBE2-PCMNA
interaction on the late MER steps, we imesigite the
it e ction between DDHED and XPG, a protein involed
in the incision phase of NER process. Hela cells transi-
ently expressing DDB2¥® or DDB2™NY protein wens
local irradisted and analysed by Dueorescence and oon-
lcal microscopies at different recovery limes

Figure da shows representative images of the immuno-
Huorescence amalysis. The time course alter irmadiation
indicate that DOE2® protsin is recruited at DNA dam-
aged stes together with the endonuclease XPG. Con-
focal mu:mum‘-rv confirmed 2 better  oo-localization
betwesn DDB2™ " and XPG proteins st 10min after U1V
irmadistion (Fig 4b), whersas the mecruitment at the
damage siles appears E:u-lpm:ed at 30 min with regards
o XPG and DDB2™™. Futhermore, in the kst casw,
the confocal analysis indicated that the two prleins re-
cruited ot DMNA damaged sites are very closed but not
completely overlapped since the profle of the pak in-
tensity meveal that the better Juorescent signals are not
apeimposable. These data demonstrate that the los of
DOE2-PCNA intersction influences the late phase of

MER prisoess.

Diis cussion

MER process is a highly versatile and complex sydem me-
maving diflerent types of DMA lesions [17]. UV -induced
damages trigger NER process wsing both sub-pathways
TC-NER and (G-NER. The first one is B and afficient
in removing lsions from transcribed megions determin-
ing a block of transcription [1H]).

The mle of DDBL in GG-MNER i widaly deseribed and
this probein is crocial b ecognize and remove DRA V-
lemions [19, 20 We have previowdy demonsrated that
DOB2-PCNA intemsction is i reguired for DDB2 degrad-
ation [9], i) likely imwobved in cell oyele progrsson [21],
i) alle to affects DNA repair and iv) implicated in confer-
ring prolifmtion and migration advantages [10. In
addition, ushng UV -damaged plasnidic DMNA, DDB2™
recombinant protein showed both delective ledon recog-
ity ad DA binding [ 10].

I this work we applied HRC assay 1o evaluate plasmi-
dic DMA repair capacity of DDB2 prdein and its

mutated fomm. In the past, several approsches based on
trandecied damaged-DMNA have boon wsed to this end
Aller the initial demonsration on HCR efficiency for
Audying NER process sctiation in whole cells [11] or
Fractiomated cell exiracts tmnsected with UV -damaged
plemid DRA [11], different aitempls to improve HCR
amay have been frther developed Among them, a
Musivresc ent method for detecting celluber ability to incise
the damaged srand by NER mechanism [2], as well as
a plismid-ype Quorescent probe [23] were propossd.

Baged on owr resulls the re-sctivated expresion of
GFP protein in the stable done producing DOE2™
dhemaomstrated that DN A lesions are removed from trans-
Eected imadiated plasmidic DMA and, therelfome, the tran-
seriplion process B orestored. [t s known om the
literature, that HOR assay, when perfommed after UV
damage, measums the abiity of the host cells o
complets NER [15]. Our resulls demonsrated that this
capability i infleenced by DDB2-PCMA inlemelion in
Bt the colls expreming DOB2™™ protein showed a
dgnilicant reduction of GFP expression, as shown by the
low GFP protein level measmred by Oow cylometry. By
this experimental approach we demonstrated that both
D02 and DOE2"MY poteins may intervens on
mude UV -damaged plasmidic DMA inserted in human
celle. Importantly, the DDBEZN mutant protein causes
a delayed repair, confimming our previoudy published
data obtained in anin vitro model [10]. In addition, ouwr
data support that the HCR method can be an efficient
Lowin] B invesstigating the role of NER mutant proteins in
DMA repair. One advantage of this technical approach is
that omly the tramfeced DNA & damaged, while host
cells are not ircsdiated and, themibre, they own intact
cellular synthesis machinery and biochemical processes.

[nterestingly, the co-loclization between DB and
EMA Paol 11 prstein, as highlighted by confocal analyss
al 30 min after UV irrsdiation, allows o2 to confirm the
co-présence of thes proteins at DMA damaged sites.
This linding suggeds s pulalive cooperation in DA re-
pair proceses between TC-MNER and GG-NER. Cooper-
ation between olher repair pathways have alresdy boen
reporied, as well a functional links between appamently
separate dgralling pathways converging toward a single
gobal DA damage response [24, 25). In the presence
of DDB2 mutated protein this cooperation is slower and
its codoclization with BMA Pol 11 at DMA damaged
sibes appears incomplele even one hour after imadiation,
thus suggesting a delay in the repair prooess.
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To verify whether this different DA
mmﬂﬂmﬂenﬂpﬂeﬁ'ﬂeﬂmﬂ.mm&
in the excision of DMA lesions, DODE2-XPG cor bocalizaion
DOB2 i not required e XPG recroitment [26], this doss
MMMMJMMMWMMME##
gested by our resulis with DDB2™ and further supported
Iy the evidence that ko of DDB2- PCHA interscion deter-
mines 3 delyy on the XPG recruitment on DA legions.
Snce XPG-mediated excision of DMNA containing the le-
sions is fundamental for the fagt DNA re-smithesis to cor-
mect the ermis [27], our msulls ssggest that DDBD ey
infheence not only the recognition, but also the ned siep of
the NER, confiming the results olserved in delaved GG

NER prscess [4 10].

Conclusions

In conclusion, this work mepons two new flindings. First,
the HCR data allowed highlighting the importance of
the DDE2-PCNA interaction to complets correctly NER
proces. The second result is that HOR approsch is wse-
fisl to study how mutations in NER proteins may indle-
ence genome dability.
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A damaged DNA binding protein 2 mutation disrupting interaction with
proliferating-cell nuclear antigen affects DNA repair and confers
proliferation advantage
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1. Introducton

Gename miegrity and its duplication fidelity are of fundamental
importance for comeat ransmizssion of genetic information. Many fac-
tors, both =0 genows and endogenous, man endanger the integrity of the
genetic material by inducng DNA damage To remove these lesions,
mammahian cells have developed different DNA repadr patineays and,
amang tiem, Nuckotide Excision Hepair (NER) & spedabised in re-
maoving DNA photoproducs indoced by UV radiaton [1,2]. In the
ghobal gmome NER (GG-NER), the sub-patineay responsible for repadr
aof transcriptionall y insctive regions of the genome as well as the non-
transcribed strands of expressed genes, DDBE2 proiein camies out a
erocial rale [3]. This Bcior forms wigh DOE and Cullind A (Col 4A) the
complex UV-DDE that remo gnizes both Cyclobufne Pyrimidine [Nmers
(CPDs) and &4 Phoioprodods (&-4PPs), te major UVdesions [4-6].
The complex formation & mmporint not only for the damage

recognition assodated to the faser XPC recroitment, but aleo for the
chromatin remadelling, thos fcilitting the admission and binding of
the repadr factars [7]. In additon, the UV-DDE complex has arole in
uhbiquitinaton of DDB2 and XPC proteins [49] and in fhe same post-
tramslational modifimtion of H2A, H3 and H4 histones [10). Further-
mare, the hamology of DOB2 with proteins that allow the renrganiza-
tion of the chromatin has been demons trated and the LWV -DDE complex
imboraction with the STAGA complex has been observed [11]

DDB2 i mvalved in the early stages of damage reongnition cansed
by UV radiation and in the early recroftment of e GG-NER repadr
proieins [12). However, a possible role for DDE2 in tomonigeness &
under debate simee different DDE2 expression levels i human caneer
are reporied [13-15). In addition, expermental data highlight the
DDE2 mvolvement in e spididial to mesenchymal transition
cancer cdks [16], whereas its overapression imis sem cells abun-
dance in @ancer, ferchy leading to the repression of tmor genesis
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Heently, we have demonstrated that DDB2 mieracks with PCNA
[18], and that the expression of a2 mutant form abaolishing this inter-
action (DDBZF ™), promaoted cell proliferation [19].

In this wark, we sought to study the effeat of DDBEZ™™ protan
exprescion an DNA repair sffidency and on cell proliferation and mi-
gration after DNA damage. For fiis reason, DOBS™ trangiendy ar
stably transfected epithelial cells were imadiated with UV-Cand DNA
repair effiden oy was evalnated both by CPDs removal and Unscheduled
DMA Synthesis (UDSL b addition, DDE2™™* binding mpability ta
DNA damaged sites was explored in in viro assay. Finally, cd] damage
response to UV imadiation was imvestigated in terms of 21l clonogende
efficiency, proliieration and motility.

We demonstrate that the loss of the intaraction between DDE and
PNA influences different aspects of the DNA damage response i) de-
laying the removal of UWV-induced DNA damage; §i) determining an
inarease in U'Varesistance; and 1) conferring a proliferation advantage,
as deiermined by changes in cell growih and motility. These resulis
sug gest that the interaction betwesm FONA and DDBE2 confribartes to
preserve genome stabil ity by promoting DNA repair and by contralling
ed] gpele checlopoints.

2. Materials and methods

27, Call bnes ond tramgfecson

Hela 53 eell line was anlured in Dubercos modifisd Eagle's
mediom {DMEM, Sigma) supplemented with 10% foetal bovine semum
{lifs Tedhnologies-Giban), 2mM cglutamine (Ll Technalogies-
Gibea), 100U, /ml perdeilling, 100 pg/m] strepiomycin @ a 5% 004 at-
masphere.

Hela 53 cells seeded on coverslips or Pemr dishes (70% confluent)
were fransiently transiecied with e DDE™ kindly provided by Q.
Wang [13], or the mutaied DDE2 form (DDBF™) wwing Effecdens
transfection reagent {(Magen) DDB2 muiated in the PIP-box sequence
was produced as previously described [15].

The imadiation was usnally performed 24 h after transfection. Gl
exposure o UVC was performed with a lamp (Philips TUV-9) emitting
mainly at 254 nm, & doses of 10, 30 ar 100 J4n”, as measred with a
DERX raci ometer {(Spectromi o). Localized frmad iation was performed by
laying kopare pol poarbonate filtes (Millipore) with 3 pm pores on iop
aof the ells.

HE293 (Human Embryonic Kidney) cell line was grown as above
deseribed . Cells (50% confluent) were stably transicied with fie same
constrocts (DDE2™ and DDE) [149]

22, Analygic of global genome repatr (GGNER)

HEK293 commra] cells or stably tramsikcied with DDE2™ and
DI EE PN e sesded on coverships or Petri dishes and 24 b later were
washed in PBS, exposed 1o 30 04m* of UVE radiation, and harvesied at
Omin, 05,4, 8 24h

The DNeasy tissoe kot (Qlagen) was used o evraa the DNA The
GGE-NHE efficiency was performed by an mmmunoblot assay of CPDs
removal from DNA [20]. Brefly, DNA was denatured using PCH and
hlotted in triplicate on mitroced lolase using a Schladher & Schoell ap-
paratos that allows the DNA binding firough a vacium sysem. Mem-
lbranes were fixed by heating at 70 °C for 90 min, blocked with 5% dry
milk and inohated with the antibodies mouse monodonal anbCPDs
(Kamiya Biomedical Company; RROX AE 1233355), mouse anti lg-G
hictinylabed (12000, Sigma) and streptavid inHRP (122000, Amersham
Biosmciences]

Heactive hands were vismal med with the BCL system (Plerce) using a
Li-Cor C-D3Githlot smnner and a densiiometric anal ysis was performed
with Li-Cor Image Stodio Lie saffwane.

BEA - Maleculor Coll Reearch 1555 (20T4) 598007
2.1 Analysis of DNA repair by UDE detarminaton

In comira] and tramsfected HEK2E cdls, UDS was dedernminesd afier
irmadiation (20 .J,/m*}, by incubating celk for 2 h in medfum confaining
1ml [&H]-I:}lmdme (MEN, 10 4m] specific activity), then chased for
1h in madinm econtdming 10mM each cold thymidine and gtidine
Cells were then fived in 4% ormaldeéhyde and postfived I 70%
ethanal Samples were processed for autoradiog raphy using an [Hford K2
emulion, exposed for 4days at 4°C, and then deveoped and fixed
hefore mounting on migoscopeshides. Aatoradiographic gramles were
comied I 50 non-5 phase cells showing DDE2 sining, in dophicade
expariments [21].

2.4 Gel electrophorstic moll bty shift acmy

Far tie DNA binding assay, plasmid DNA (pEGFP-N 1, Clontech]) was
irradiated at 800 J/m* and then mixed with each recombinant DOB2
(Wit or mutant form) and recombinant DDE] human proiein (Abnova).
The resctions were conducted in 28 mM sodnm phosphate (pH7.5),
comtaining 150 mM MaCl 34 mM MgCl,, L4mM EDTA, 2% gheeral
and (L1 mg/ml BEA, at 30 °C for 30 min and 1 h. Gel aleatroph oresis was
perfarmed in TRE 1« buffer and DNA was run on 1% agarose go at
40V for 3h The gel was pb phed by transillumnator UST-20M-
8E on Darkhood [H-30,32 (Biostep).

2.5 wemnofk and ')

¥

Hela cdk seeded on coverslips and transiently ransieced = de-
scribed above, were locally fmadiated (100 J/m%) and rednmbaed in
whale mediom for the indicated period of tme (5, 10, 30, %0 and
240 min). The el on coverslips were then washed twice in cold PEE,
fixed, and lysed in buffer containing freshly made 2% paraformalde-
hyde, 0_5% Tritom X100 in PES, 0.2 mM phenylmethylan liomd fluoride
(PMEF), and 0.2 mM Nay VO for 30 min at4 *C Then, e samples were
washed twice with aold PBS and treaded with 2M HCD at 37°C for
10min to denature the DNA, followed by a PES rinse to remove HED
[22]. Adter redry dration, the samples were hlocked in PRET buffer (PRS,
0.2% Twem 20) conining 1% bovine senem albumin (BEA), and then
incubated for 1h with specific antibodies goat polpclonal anti- DOB2
{1100, Sants Croz; RRO: AR 2085592 7), mouse monockonal and- (M Ds
{1:1000, Kamiya Biomadical Compamy; RRIDE AB 1233355) and rabbit
palyclonal ant-XPC (1400, Sigma; RRID: AR 796 153), all dikated in
PEST buffar/BEA. Afer washing, each reaction was followed by -
cubation for 30min with antimonse Maolecolar Probes; RRD: AR
141607} ar antsabbit {Maleon lar Probes; REID: AE_141708) antibady
comjugated with Alexa 488, anti-goat Alexa Fluor 594 (Maolscular
Probes; HRIDE AB_ 142400 After immunoreachons, the cdls were -
cubaied with Hoedhst 33258 dye (05 pg/m]) for 2 min at AT and wa-
shed in PES. The slides were mounded in Mowia] (Calbdochem) com-
taining 0L.2%% 14-diamabioele-ocane (Aldnch) as antifading agent.
Images of fixed cells were taken with a Nikon Eclipse E400 fluorescence
micrascope equpped with a Canon Power Shot AS90 B digital camera.
Floorescence signals wene aoguired with a TCS 5P5 1l Laa condocal
microscope, at 0.3 pm mtervals. Image analysis was performed using
the LAS AF software.

2.4 Wesan Mot ond pall down

Hela 53 and HEK293 cells were seeded at the density of 1 = 106
into 100 men cell anliure dishes. The day after, cells were washed with
PHS and imadiabed with a lamp & a dose of 10 or 30 J/m* UV.C. The
mednm was added o the cells, inonhated at 37°C to allow repair and
harvesied at the indiate post-UV imadiation times.

Far blot analysis, fhe eells were dinealy ysed in 56 sample buffer
(65mM Tris-HCl pH7 5, 1% 506, 30mM dithiotirain] DTT), 10%
glyeeral, 0L02% Bromophenol Bloe), or factionated in soluble and
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chromatinbomnd factons, as previowly described [23] with minor
modifications. The cells were Iysed in hypotonic buffer contaiming
10mM Tris-HC] pH7.4), 25mM MgCl, 1mM PMEF, 05% Nomdet
NPEad, 02mM Na,V0,, ad a mivtare of protease and phosphatase
inbibitor coclod ks (Sigma). Adter 10min on dee, the cells were pelleted
by lowspesd centrifugation (200 g, 1 min), and the detergent-salible
fraction was recoversd. Lysed cdls were washed once in hypoiomc
b ffier, followed by a ssoond wash in 10 mM Tris-HE] buffer (pH 7.4),
comtaining 150 mM Na(Cl, and prot: pheospl it it e il 5.
The cdl pdlets were then incubaded with DNasel {20 U/10% cells) in
10mM Tris-HC] (pH 74), 5 mM Mgy, and 10 mM Nat] for 15 minat
4°C. Adfter a brief sonieation on dee, the samples were centrifuged again
{13,000, 1 min}, and the supematant containing iz chromatinbomd
fraction was callacted. Far immmoprecipitition, about 107 cells were
resuspended in 1ml lysis buffer and fractionated as above. Fgual
amounts of each extract were incubated with anti-DDE2 rabbit paly-
clomal antibody (Santa Croz; RRID: AR 22764954 ), predbound to protan
G Iymabeads (Imdtrogen . Half the amount of each antibody was nsed
for chromatinbomnd fractions. The reactions wers paformed for 3hat
4°C under constant agitation. The samples were then catrifoged at
14000g (30 min, 4°C), and mmunocompleres were washed with dee-
cold 50mM Tris-HC (pH 7.4) contaiming 150 mM Nafll, 5% Nomdat
NP0 mmunoprecipitaied peptides were duted in D5 sample buffer
and resolved by SDE-PAGE (SDEPAGE)L Prokins were electo-
itransfared to niroelolss then membranss were blocked for 30 min
n % non-fat milk i PEST buffer and probed with the folowing pri-
mary antbodies anti-DOB1 (121000, Geneter; HRID: AR 1950102),
anti- DDB2 (1500, Serds Oy, AR A 20890 77, ant PONA (11000,
Dako; HRD: AB 2160651), ant-{U14A (1:500, Sigma; RRID: AR
1947339), ant-¥PC (171000, Sipma; RROEX AB_796143), ant.p21
{1500, Smits COne; RRIDE AB $32121) and antiactin (121004, Sigma;
HRIIx AR 476730}, ant-P-Ser139H2AK (Biol.egend, San Diega, CA;
HRIIx AR 315794), anti-P-Ser-317-Chk-1 (Cel] Signalling; RRID: AR
331204), anhi-PoSar 34500k (Cell Signalling; RRMr AR 330023) di-
hed 1:1000, anti-panH2AX (Santa Cne) diluted 1:1000 and ant-
panthk (Santa Cmz, RRI: AE 1121554) dilned 1500 The mem-
branes were fen washed in PEST, incubaded for 30 min with appro-
prizie HAP-confugated seoondary antibodies: ant-mouse (DAKO]), ant-
goat and antirabbit (KFL) and revealed using enhanced chemilumi-
nescence All the pulldown experiments wers parformed at least 3
times. The densiometric amalysis was peformed using the public
saftware Imagel (hitpe//rhe info. mih.gov,/ni h-image )

27. Clonogee effidency

Contral and stabls transfeded HEK29S cells wene seeded (1 = 10%)
in 100 mem cell cubture dishes. Afer two days, cells were exposed to
10 J/m® U¥-Cradistion and immediately trypsinized and harvesied and
resesdad (5 x 107) in 0 mm cell cultre dishes. The donogenic effi-
clency was also asesssed with eells that were not exposed to LVC ra
diations [19]. After a perind of 7<10days, to prevent e el cone
fluence, the colonies were stansd with Gentan Violet o count dhedr
mumber and to analyze their shape for each cell Iine. Gells were washes
twice in PES and the Petr dishes were covered with the dye for 20 min
under constant stming. Then, the dye was washed several times with
distilled water and the oolomies were arr dried and counted.

Ta evahate marphalogical features of colonies, contral and stable
transfertad HEX293 clls were seeded (5 = 10°) in 35 mm cell culture
dishes comtining a oveshp After two days, cells were exposed to
10 J/m* UVLE radiation, immedistdy trypsinized, harvesed and re-
seaded (2 % 10F) on coverslips. After 3days, the samples were stained
with May-Grimwald Giemsa msing a standard protom] (May-Grimeald,
Merde and Giemsa, Carlo Erha). Number of iotal eells per calomy, dead
ek and mitnsis were counted and photographed under a digial mi-
erosmnpe Nikon Felipse 801 with a camera Nikon Digial Sight DE-Fil.

BEA - Mzleculor Cell Rowerck 1855 (X0T4) 508-007

2.8 wWoend healing acsay

Far cell motility assays, wound healing was performed using the
Ibidi Colture-nsent (Madison, Wi} acoonding o the manufacturer's in-
stroctions. Control and sable transfected HEK293 cells were seeded
(1% 10° @ 100mm =l cultore dishes. Afier two days, cdl were
exposad to 10 J4n* UV-C radiation and immediaiely trypsinized. 70 pl
of ed] suspension (7 = 1w0* cdk) were pplied 0 each cultrenset,
allowing thecelk to grow in the designated areas until a confluent layer
was formed at 37°C. Thereaffer, the colurednsent was removed,
creating a cell-free gap. Wound closure was monitared dadly and pho-
tographed starting from 0 to 10d with an fwerted light microscope
equippad with a Canon AS90 15 camera (Takya, JPL The malysis was
peformed wsing the public soffware Image) (hitpe//rheinin mihogov
nih-imagel

2.8, Saticenl analysis

Hesults are expressed & mean & standard dewviation Stabictical
significance was @labied wing the Sadent s iest.

3. Resulis
3.1, Expression of DOBZ™ mpairs UV lesion remonal

In arder to verify the mpability of DDBZ™* protedn in removing
the UVindoeed DNA damage wniransfected comfral HEK29E and
DHEE™ or DB cohle dones were imadiaied and mllecied at
different recovery times, & indicated i the Fig. 1A Toml DNA was
extracted, quantified, spotied ito nitrocdlilose membrane and -
cubated with CPDs antibody (fordatadl se Material and Mathads). Calls
expressing DDE2™ showed an officent DNA repair, with = 20%af (PD
removal at 24 h after UV radiation (Fig. 1A}, even higher than that of
eamtral cdls (ahout 30%:). On the oonirary, the mutant clone appearnsd
wery slow in repadring thess DNA lesions. To exchode any effect of lesion
dilntion by DNA replimtion, we performed Brdll ssays that show
comparahle results regarding e proliferation of e two sable clones
(Fig. 51 in Supplementary Appendix).

Similarly, in UDE axperiments (Fig. 1B and €], unscheduled DA
repadr synthesis is strongly redoced in boman cdls expressing DOB2
mutant proein, wherss no signifimnt modifications were observed i
cells expressing DDE™ proten comparsd to coniro] ells Thess twa
different approaches demonsirated that the muotted form of DOB2
madifies the cellolar response agaimst UV-C indueed lesions.

In arder to evaliate whethea DOEP™NY affects directly damaged
DA binding, we parfoarmed ge] deactrophonatic motility shift assay. To
this end, damaged plasmid DNA was incubated with each recambimant
DDOB2 profeins, in the prasence of DDEL. DDE2™ bound demaged DNA
baoth 05 and 1 h after incubation, as demonstrated by the shift in mi-
gration of lincarized DNA, which was not revealed in the presence of
the mu@nt protein.

33 impairment of DDHZ*™Y rer et af DNA domaged siees

Ta verify the DNA damage site recrmtment of DDE2
proieins, we paformed mmmafloorescence time murse apeniments.
Ta this end, we used Hela cells since HEK293 cells do not adhere firmly
on fe ghes srce Hela cellk were transienfy transieated with
DDBZ™ or DDBSF™MY constrocts, locally imadiated, hysed o different
time paints 0.5, 1 and 4h after LV damage and immunosmined for
DDOBZ Fig. 2A shows that the highest parcentage of DOB2 pasitive cells
was detected at 1h affer damage in celk expresing DDE2 muiated;
instend, #he highest recroitment for DDBZ™ was observed at 05k, as
also evidenced by representative images obtained with coniocal mi-
eroscopy. To confirm this different behaviour, we performed o-loca-
lzation studies using specific mtbodies against DOB2 and CPs. The

144



Original manuscripts

1201 AC = DDRIY « DDA

an,

Efficiency
of CPDs removed (%)

(=)
=]

o 5 o 15 I Is 30
Time Course (h)

~
[=]

UDS (Grain number)
=

DOBEI™ DDA

- DINA free

~—— DMA free

codomlimation images (Figs. 2B and 52) showed that DDB2 mubted
profein presents a ddayed recrotment at DNA damage sites. In fet, 2
weak fomlired o-localization begins io be detertable anly 1 hafier UV
damagewhilea diffose DOB2 staining in all the mclear ares isvisibleat
earbier times. Omn the coniray, DOE™ is distincdy and significantly
recroited at foci already 0.5 h afier imadiabion

Timemurse experimens o malyze tie reerotment of DDB2 and
XPC proteins (Fig. 20 showed a very early chromatin assodation of
HPC proten and DOBZ™, indicating Smin affer DNA damage as the
best time for codom] mation betwemn fiese o NER proteins. Whereas,
the reamufiment of the two proteins oocumed signifimndy anly 1 h afier
UV-damage induction in the presence of the mutated form of DDB2
{Figs. 2C and 53 in Supplementary Appendix).

Alingether, the colleged data show that the mutated DDBIH
madifies the kinetic of colomlizaion with CPDs and/or XPC prodein,
thus suggesting a delay in the mitiation of the repadr proess.

33, DDBZ redoton delays ieitarion of e NER process
In arder io understand the mechaniom underlying the different re-

eruitment of DDE2 mutant protedn, teinteracton of DDE with codal
NER proteins was imvestigated. To this end, immunoprecipittion of

BEA - Mzleculor Cell Rowerck 1855 (X0T4) 508-007

Fg- 1. Effeey of the DDED sooanbom o e aell’ ef
ke sary 1 iy e DA dissgge athes UV-C irra
dafion (4} HEKFE commd sl IDEI™ ad
IDE™"™ stable o omes were brradiaed (201/m’)
collamad an the indiced reovey ms Do dEe
P msewal s DNA. Dam ae smes = S0
Erems o beast theee indepemden] cxperise sy, valos
e apresed s pemenlige. foerils indiede
*p o 05 er *%p o 001 ecespured e DDEXY
wamdaind el p - OUF cepeal 1 HEKSS
cosprel alla () HERNE coameld colls, DIEE™ amd
IDRE™™ dess were UV-C rmdiaad (3017=")
e d for 21 in [H] thpesidine asd thes fual
D6 & desmad by the prewsoe of ssder aso-
sdigphic gasde (0] Gusifaie d VDS
i b eecds of adk fross HEO9E sable s
el commred cells iremad as abose. Mas wmiss of
e smsmber | + A0 s 1dplicate memple ae re-
pooied (D] Gl elatseplevesic soadiny bl asag
Dnsesggend pla s DA (Lasse 11, chissssa et DA s
cabute dfor 30 sde nea 23 or 1 b QJanes 4-5) with
IDE] recomsbin proacs ad IDEX™ fases 2-4)
or DDEX™ pasieies (e 3-S5

= DINA-protein complex

proeins recroted at DNA wax performed in Hela cells axpressing
DOBE™ or DB, In Fig. 3, sakuble and ciromatin bound fractions
dmmdfmln:n:dnﬂedcﬂk.}mﬂeduujamd]hahﬂ'wdmg&.
showed thres important & ferences: 1) the pasisience of e DORZ™ ™
proiein bound to gie DNA until 1 b from the imadiation. As expected, no
bands of PCNA were detectable in fhe specific lane, indicating that the
proiein & not able to immunopred pitate with DDEZ, and confirming
that the muition mirodoced i gie PIF-box is acually able to prevent
the interaction betwesn the two protains (Fig. 30). (i) The assocation
batwesn DDE2™™ and DDB1 was already datectable in the chromatin
fraction immediately after the imadiation, and #t increased with the
recovery time afier DNA damage. A similar trend was observed for XPC
proein, whose mieraction with DDEF™ ineressed with dme,
reaching the highest valoe at 1h The latter resalt is mariedly diffarent
from that obtined with the Wi protein, where fie XPC kevel was
maximum at 0.5 h (Fig. 38). (i) The last aspert, reganding DR
CuldA inferaction, showed again a shifted forward of their assodation,
compared i e resulss obtained wigh DOB2™, where dready at 0.5k
the Cul4A protain level was of lower intensity (Fig. 38). This early in-
teraction between DDEZ™ and NER proiins ha aleady been de-
maonsirated [ 14]. Taken ingether, dise results confirm a delay in NER
machinery mitiation when DDB2 pressnts a muttion in e PIP-box.
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Fig. 3. DDE2 isaeraction with NFR groseiss Hala ool tmssfoctad with peINAZ 1-DDR2™ and peDNAZ 1-DDB 2™ plamids were grows Sor 245 asd collecnnd
0.5.1 1 b alter UV-C irraiagion (0 J/ef), s devsded i “Masiah and Mahat”. Cells were frac Sonatad i soladle (5) and choossatis downd (D) sasples for

and
alcmca.n-imd o, Arwes indicae the pecific prtdn band

24. DOBZ™ infhaences cdll growth and motility ofter UV-C iradiation

We have praviously shown hat the expression of DDB2™* protan

deed inan d cell prolife [19).To theeffectaf
DDE2™M prowin on cellular growth following DNA damage, we
perfarmed a donogenic assay wsing HEK293 smble dones immadiated,
seeded in 6) mm Petnl dishes and incubated for 10 days o allow colony
formation.

The resils showed fx stable DDBEZ™™Y clne produces mare
colonies, characterized akeo by a larger size, fhan thase obsaved incdks
expressing DDE2™. As expected, contral cells did not grow afer UV
imadiation and only very few and faded calonies were present (Fig. 4A).
All data are summarized in Fig. 4B in which & pom®ed out that the
presence of exogenous DDHEZ, both wildtype and even mare, the mu.
tared form, unexpectedly determmed an increase in cell survival after
UV imadiaton Similarly, visual scoring of 3days growing tolnmu
staned with MayGrimwald Giemaa after UV.C tmadiaton

'y

ysed by Weaess ot (A-C) Tapat load 1/30 of ol egmet (B-I Imsssogrecipitation (p) wi®h anti-DDR2 et tody on fracsosand

clone. Finally, although e number of mitasis appeared comparable ;m
the both dones, atypical forms are significantly increased in the DDB2
mutated cells (Fig. 4C and D).

Next, we imvestigated whether DDE2 stable expression could also
influence cell motility. HEX293 stable dones exposed © UV.C radiaton
were seeded and wound healing ascay was camied out. Fig. 4C shows

mages ob d by timecouse experiments, staring
from the el wall (cell fron®) formation at time 0 ung] 10 days later.
Cell motility, and comsequently the ability © reconstitute the cell
manolayer, started to be evident 7days afeer UV imadiation, mamly in
cells exp DDB2 pr At this tme, a higher cell
maﬁqmdmhwxohun&n the presmee of DDER™N, i
fact, cells were able to farm dense multilayer of growing cells, evident
in both celhular walls. The same faature was detectable two days later
(94d) in cdk producing DDBZ™" when, 1, the presence of DDBZ ™,
the wound healing was entirely filled wp.

Inaddition, the di dandp growth in cells expressing

3

that henumber of celks per anlany ishigher in both wild-fypeand, even
mare, in fie mutated dane respect to contral cells b contrast, dead
edk are mare numerous in the last one, and rare in DDBZF™N* stable

DDB2 mutant protein suggests 3 major UV.C resistance aoquired by fiis
clne.
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35. Reduction on p21 proein level in the prasence of DDI2Z™

To further understand whether fhe above results could be depen.

denton cell oycle regulator factors, p21 protemn level were investigated.
Owp data have d d taaxt lower level of fhis cell gele

3.6 DOBZ ™ couses def call cyde chedkp:

To go further insight into the mo lecular pathway responsidle for the
loss of cell proliferation contral after UV.C exposure, the expression of
some key proeins mvoled i the checkpoints activation was m-

inhibitor was related to high cell prokf ra, in the por of

d In par the phaspharylated farm of the histone H2AX

DDE2™ and even more with the mutated form [19]. To perfarm a K-
netic analysis of p21 protan level, cells were collected and 1% amount

huated by blot analysizat 1, 3,6 and 24 hafter UV damage
(F1z. 5A). The results reported i Fig. 5B show a rapid decrease m p21
levels, both in contral and i DDB2™ mamples; the presence of
DDE2™* apnears © further reduce this protein. At langer times afer
UV.damage, p21 protein leved remams low and smmilar in the control
and DDE2 soble clones (Supplemental Fig. S4).

(1412AX). Mng 2 key role ;m the signaling pathway of genomic
damage, was e first protein malysed by Western blot (Fig 6A and H).
Faor fiis purpose, HEX293 contral cells and stable clones DDB2™" and
DDBZA were tmadizted with UV-C (10 J/m?) and then recovered for
05 and 15 Celk of each non-imadiated line were kept as negative
control. The results showed that the actopic expression of DDBZ™" did
not mfluence the activation kinetis of the histone H2AX, as compared
with contral cells in which a Iy signifi was ob
mﬂaﬁeﬂmndmAde@hﬁﬂh‘dsdym
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was found in cells expressing the mutant form of DDB2 in which no
further inorease was found one hour afier UV imadiation. These data
suggest that boss of meraction betwesn DDBE2 and PONA negatively
affects the ool response that should be activaied mmedisely after the
damage.

Considering both mitotic act and defective signalling of DNA
damage in celk epressing D . levels of the phosphorylated
forms of Chkl protein, that plays an fmporant rale in blocking edl
cyde progression, were comsidered (Fig. oA e BL Specificaly, this
profein i part of the G2/M phase checkpoint that monfiors and reg-
ulaies cellular miingis. Fig. & shows the results of the analysis of the
phospharylated forms of Chikl (Chkl-F) on both serine 317 (5317) and
serine 345 (5345). The inorease in the phosphorylation levels of this
profein i cymparable betwesn the aontro] and the stable DOBZ™" done,
indicating that the chedpoint is cmectly activated after the DNA da-
mage In the presence of DIBZNY | howsver, no acivation is detected .
In addition, the Chkl P (5317), as well Chkl-P (5345) levels are low,
opming o the hypothesis fat the loss of contral of fis checkpoint
could drive cells to mitosis, without repairing DNA damage.

4. Discussion

The UV rays are responsible for the indoction of pyrimidine dimers
which, if not removed, can canse genatic instability, muttions and the
onst of sidn cancer. In Bct, some discases with a defeat of the NER
machinery (eg Xeodemma pigmeminmem) are characterized by high
photosensitivity and high madence of skin cancers [24].

The DDE2 role in tuman genesis i stil] dehated smee different DDBR2
expression levels in buman cancer have been reparied [13-15]. In ad-
dition, the DDB2 imeal vement in #he epithelial to mesendhymal fran-
sithon in mncer cells has been deseribed [16] whereas i owver-
expression inhibis mmongenesis [17].

‘We have previously demonstrated that mutions in DDE2 PIPbox,
a eonserved sequence useful to diredt interaction with PCNA, promoie
cdl cyde progression [19]. In the presmt study, we sought to in-
vestigate the rale of DDE2-PCNA association in the cell response to LV -
indoced DNA damage. Ouwr resuls have shown that expression of the
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UV} asd barwanad ot Effera e o lizaal n e fgese la (A) me
presstaie images o ¢HIAK (Sed39), Q1P (S=317), CHOTP Sa345)
obilaisad by Wealkss biol (B] Paotein beve b s oo To pa s HIAY asd pus-
CHII vaues thabgh sciioanenrie asalysis Meas vaots | = S0, sbmised
Tooen 5 - fp o OU0S amd *fp o 000

mutant DDE2 form unahleto interact with PCNA impadred DMNA repadr,
that may be explained by mefficient binding to damaged DNA i vz,
HRemariahly, the DOE™* cdls acquired uncontralled cd] growsh, as
indimted by an noreased resistance to UV imadiation and also a more
aggressive phenofype, a5 suggested by wound healing experiments.
Explnation of such proliferative behaviour appears io be related 1o a
defet in cell gpele chedepaint signalling, since DIEE™™M% cally show
abemant phosphory tion of H2AX and Chikl both before and afier Uv-
indoced DNA damage Interestingly, it has been previously reporied
that DDB2 influences checlpoint adivation afer UV.damage and, in
partianlar, regolate H2AX and Chkl phosphorylation [25]. In addition,
it has been reparied that DOB2 proiein level an regolate Chkl phos-
phorylation influencing ATH recuftment on chromatin, a6 well as in
signalling checkpoint termination [26, 27]. Therefore, our resuls are in
agreement with these findings, and suggest that failure to comedtly
activaie the el apele chedmaint could have provided the DEBZ ™
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cdl with an enhanced proliferation and motility, two characieristc
hallmaks of mmours. Accordingly, i DDBZ* fmadisted celk a
ld gher rumber of afypial mitass has bean datacied in respect to thaWt
stahble clome or, even maore, to contral cells. Porfamaore, U'V.aresi stance
phenatype of both clones is highlighted by therare events of cll death.
These ressalts are aleo in agreement with the tumour-prone phenotype
shown by DDB2-deficient mice, in wihich the mefficient DNA nepair
function has been related with the properties of incressed cell pro-
hieration and adhesion typiml of the mner phenotype [28,29]

Mamy papers have demonsirated that p21 has a role In modulating
DNA repair process [30-34). In partienlar, it has besn reponted a -
operation betwesn DDBE2 and p21 prokeins i the cellular response to
UV radiation [14,35], besides the DDB2 rale in modolting p21 levels
after DNA damage [12]. In owr experimental mode] we have found that
DDE2-PENA interaction may have a role i prevent uncomtraolled cdl
proliferation. In fect, @ the presence of the DDE mutant protein, very
low level of p21 was detertad, associated to an moreased cellolar
growth and motility.

Based on our resulis, we speculate that the DDB2-PCNA misradion
may have a rol: in regulating od] cyde progression; in DDBZMY
stable clone, the defertive chedpoint activation, together with a de-
layed DNA repadr process, conld license the eellsto entermitosiseven in
the presence of wmepaired DNA. The resuls from clnogenic assay
suppart this hypothesis, driving cdls to aaquire new capabil fhes soch as
mneoniralled ed] grows and increased resismnes o UV imadiation.

Talken together, the binding betwesn DDB2 and PFCNA could play a
fundamental role in the oormect removing of gie UV-C indoeed DNA
damage and its impairment may determine the acquisiton of a phe-
notype characterized by proliferation advantage.

Supplemeniary data for this anticle @n be aocessed on the pob-
lisher's wehsite. Supplementary data associated with this artide an be
foumd in the online version, at dot bt/ dod org, 10, 101 &/ bhamer.
201803012
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