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DNA is a highly unstable molecule. Endogenous souces of DNA damage, such as
reactive oxygen species (ROS), can cause DNA damage and it has been estimated that
20000 lesions occur in a cell per day. BER is the major pathway for the repair of these
lesions and therefore maintains genome stability, thus preventing the development of
human diseases such as neurodegenerative diseases and cancer. Therefore, if BER
cannot accomplish the repair, accumulation of DNA damage occurs, triggering different
cellular responses, such as cell cycle delay and senescence.

The ARF tumour suppressor protein, the gene of which is frequently mutated in many
human cancers, plays an important role in the cellular stress response by orchestrating
upregulation of p53 protein. Moreover, ARF expression is upregulated in senescent cells,
suggesting that ARF induction might be triggerred in response to persistent DNA damage.
Although ARF has been reported to be important in the regulation of proteins involved in
the DNA damage response, its role is still controversial.

Here, it has been shown that ARF gene transcription is induced by DNA strand breaks
(SBs) and that ARF protein accumulates in response to persistent DNA damage
generated by disabling BER. These data suggest that PARP1-dependent poly(ADP-
ribose) synthesis at the sites of SBs initiates DNA damage signal transduction by reducing
the cellular concentration of NAD®, thus inhibiting SIRT1 activity and consequently
activating E2F1-dependent ARF transcription. These findings suggest a vital role for ARF
in DNA damage signalling, and furthermore explain the critical requirement for ARF
inactivation in cancer cells, which are frequently deficient in DNA repair and accumulate
DNA damage.
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1. Introduction

1.1 Cancer and genome instability

Cancer is a human disease characterised by the abnormal proliferation of a group of cells
that form a cellular mass which acquires the ability to invade and metastasise in other
tissues. Cancer refers to a family of diseases with different degrees of malignancies, most
of which share a core of biological characteristics that are acquired during the tumour
development.

Cancer biology has been extensively studied with the aim to address the molecular
mechanisms leading to its development and maintenance. In fact, a better understanding
of the biological process generates a spectrum of new therapeutic approaches to cure the
disease. In 2000 Hanahan and Weinberg reviewed and identified six hallmarks of cancer:
the aberrant mitogen stimulation, the resistance to cell death mechanisms, the inactivation
of the growth control pathways, the achievement of infinitive duplication capability, the
acquisition of tissue invasion abilities and the induction of angiogenesis (Hanahan et al.,
2000). These characteristics are essential for allowing the onset of the disease and in the
last ten years other hallmarks have been identified to complete the pattern of biological
changes that occur during cancer development. Among the emerging hallmarks, the
ability to avoid the immune system response and the reprogramming of the cellular
metabolism have been described (Hanahan and Weinberg, 2011). Moreover, two enabling
characteristics have been identified to allow the development of all the previously
mentioned hallmarks of cancer: the tumour microenvironment and genome instability. The
latter one is an intrinsic feature that promotes the formation of sporadic mutations allowing
cancer development via a heterogeneous clonal selection mechanism. Genome instability
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is indeed a fundamental factor that correlates with tumour formation. Therefore studying
the molecular basis of DNA damage formation and the cellular mechanisms involved in
DNA repair would enhance the knowledge of cancer biology.

DNA damaging agents have been used extensively in cancer therapy, highlighting the
importance of studying DNA repair mechanisms in order to acquire the necessary
knowledge to improve cancer treatments (Helleday et al., 2008; Lord and Ashworth,
2012). For instance, the use of alkylating agents, platinum compounds (such as cisplatin)
and radiotherapy in combination with the inhibition of specific proteins involved in DNA
repair is one of the strategies to treat cancer. Monotherapy approaches have also been
tried in combination with specific genetic backgrounds (Helleday et al., 2008). Breast
cancers carrying mutations in the BRCA1/2 genes have been found to be sensitive to
treatment with Poly-(ADP)-ribose polymerase (PARP) inhibitors (Bryant et al., 2005).
Although the synthetic lethality mechanism is not truly understood, it is thought that PARP
inhibition enhances the number of double strand breaks (DSBs) which in turn cannot be
repaired as a consequence of a defective homologous recombination (HR) pathway, thus
leading to cell death (Helleday, 2011). However, other strategies are used in the treatment
of cancer. For instance, the combination of radiotherapy and gefitinib, an inhibitor of the
epidermal growth factor receptor (EGFR) tyrosine kinase, has been shown to have an
additive effect compared to gefitinib treatment alone in in vivo xenografts mouse models
(Bokobza et al., 2014).

Finally, studying the DNA damage response (DDR) will improve knowledge of cancer
biology, with an ultimate goal being to improve cancer therapy. The aim of this chapter is
to give a comprehensive overview on the sources of genome instability (DNA damage
formation) and on DDR. Particular attention will be given to the base excision repair (BER)
pathway because of its relevance in repairing the majority of the spontaneous DNA

lesions. Lastly, the alternative reading frame (ARF) tumour suppressor gene will be
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introduced and relevant knowledge on the mechanisms of regulation of ARF will be

summarised.
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1.2 DNA damage and repair

1.2.1 Instability of DNA

In living cells, the genetic information is conserved and encoded by the DNA, a
macromolecule composed of nucleotides. Each nucleotide consists of a deoxyribose
sugar molecule, bound by a glycosidic bond to a nitrogenous base and by a
phosphodiester bond to a phosphate group. The formation of the phosphodiester bond
between the 3’-hydroxyl group (3’-OH) and 5-phosphate (5’-P) of consecutive nucleotides
allows the polymerisation of the DNA backbone, giving a 5°-3’ orientation to each single
strand fibre. Two opposite oriented chains of DNA are positioned to form the three-
dimensional double helix structure (Watson, J. D., Crick, 1953). The bases constituting the
DNA are adenine (A), guanine (G), cytosine (C) and thymidine (T). The nitrogenous ring of
a purine (A or G) positioned on one strand forms non-covalent hydrogen bonds with a
pyrimidine (C and T) on the opposite strand. Moreover, the interstrand base pairing
always follows the same pattern, A with T and G with C (Watson and Crick, 1953).

The whole content of DNA in a living cell constitutes the genome. For instance, the human
genome has been recently sequenced and it has reported to contain 2.85 billion
nucleotides, encoding for 20,000 — 25,000 proteins (CONSURTIUM, 2005). In eukaryotic
cells the genomic DNA is situated in the nucleus and it is wound around the nucleosome,
a structure composed of histone proteins. Together, DNA and histone proteins form
chromatin (Li, 2002).

DNA is more stable than RNA because of its double stranded structure and chromatin
packaging. However, like other biological macromolecules, DNA is susceptible to
spontaneous decomposition due to the instability of the bonds (Lindahl, 1993). Moreover,
endogenous and exogenous DNA damaging factors can further affect the stability of these
bonds. The following sections aim to describe the type of DNA lesions that can arise in

more detail.
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1.2.2 Endogenous DNA damage

1.2.2.1 DNA hydrolysis

The loss of a base and the consequent formation of an abasic site occur very frequently in
a cell. The hydrolysis of the glycosidic bond leads to either depurination or
depyrimidination, with different rates between the two processes (Lindahl, 1993). It has
been estimated that ~ 10,000 of purines can be spontaneously hydrolysed compared to
500 pyrimidines in a cell per day (Lindahl and Karlstrém, 1973; Lindahl and Nyberg,
1972). Abasic sites should be removed from DNA since if left unrepaired they can cause
DNA mutations during replication and may also block transcription (Lindahl and Barnes,
2000).

Deamination can also influence the stability of DNA by removing an amino group from the
nitrogenous ring. In the case of purines, deamination converts guanine and adenine into
xanthine and hypoxanthine, respectively. The deamination of cytosine leads to the
formation of uracil which can be easily recognised and substituted by specific DNA repair
mechanisms. However, deamination of 5-methylcytosine leads to thymidine, thus causing
the formation of mismatch base pairs that can potentially create a point mutation (GC ->
AT). Cytosine deamination has been estimated to produce 100-500 lesions in a cell per

day (Lindahl and Nyberg, 1974).

1.2.2.2 DNA oxidation

Cellular metabolism produces reactive oxygen species (ROS) which can potentially
damage intracellular components. Mitochondria are responsible for the endogenous
production of ROS (Murphy, 2009). Among ROS, the most reactive is the hydroxyl radical
("OH). One of the most dangerous DNA lesions generated by oxidation is 8-
hydroxyguanine (8oxoG). 8oxoG generates a mutation because of its ability to mispair
with adenine instead of cytosine, thus leading to a base change during replication

(Lindahl, 1993; Lindahl and Barnes, 2000).
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ROS attack also leads to the formation of single strand breaks (SSBs) by directly
disrupting the sugar backbone, thus creating a 3’-phosphate or 3’-phosphoglycolate ends
(Caldecott, 2008). Unrepaired SSBs can affect cellular processes, such as DNA
transcription and replication, and can be even converted into deleterious DSBs during

DNA replication (Kuzminov, 2001; Ryan et al., 1994; Saleh-gohari et al., 2005).

1.2.2.3 Spontaneous DNA methylation

The monofunctional alkylating agent S-adenosyl methionine (SAM), a co-factor used by
DNA methylase enzymes, is another endogenous metabolite which can generate DNA
lesions. The purine ring is affected by this compound through the reaction with the
nitrogen atom, leading to the conversion of guanine and adenine into 7-methylguanine
(7meG) and 3-methyladenine (3meA), respectively. Whereas 7meG does not create any
mispairing, the 600 3meA residues produced in a cell per day can block replication,

creating a potentially harmful situation (Lindahl, 1993).

1.2.2.4 Topoisomerase-generated strand breaks

DNA replication and transcription can lead to the formation of supercoiled DNA structures
as a consequence of the double-helix-like topology of the DNA. Overwound DNA can
pose problems to DNA replication and transcription. The activity of a specific class of
enzymes named Topoisomerases is responsible for resolving supecoiled DNA (Wang,
2002). The first step of the reaction leads to a transient break with a tyrosine (Tyr) residue
of the enzyme bound to the 5’-phosphate of the DNA, followed by a second step in which
the supercoiled is unwound and the break is sealed. Topoisomerase 1 (TOP1) catalytic
activity leads to the formation of an intermediate SSB, whereas the activity of
Topoisomerase 2 (TOP2) generates a DSB. Therefore, abortive activities of these
enzymes can lead to either TOP1-linked SSBs or TOP2-linked DSBs, which require

appropriate repair to ensure correct DNA replication and transcription (Wang, 2002).
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1.2.3 Exogenous DNA damage

1.2.3.1 DNA alkylation

Exogenous sources of alkylating agents are food, such as smoked meat and fish, and
human-made products, such as tobacco smoke and pollutants. As mentioned above,
alkylating compounds are chemical species that can react with DNA by transferring an
alkyl group onto the nitrogenous ring of the base. Monofunctional and bifunctional
alkylating agents can create different types of DNA lesions. Monofunctional alkylating
agents can create 7meG, 3meA and O6-methylguanine (O°meG). The latter has been
reported to have a strong mutagenic potential by mispairing with thymine (Fu et al., 2012).
Bifunctional alkylating agents can not only create the lesions mentioned above, but also
contribute to the appearance of more complex DNA lesions, such as base adducts,
creating an interstrand crosslink (Fu et al., 2012). This type of damage severely impairs
cellular processes that require the opening of the double helix, such as DNA replication

and transcription.

1.2.3.2 Ultraviolet (UV) lesions

UV light is the most dangerous exogenous source of DNA damage, causing the formation
of 100,000 DNA lesions in a cell for a day of sunlight exposure (Hoeijmakers, 2009). The
DNA lesions produced by UV light are cyclobutane pyrimidine dimers (CPD) and 6-4
pyrimidine-pyrimidone photoproducts. If those lesions are not repaired before DNA
replication, they can lead to stalled replication forks which can eventually collapse forming
a DSB. Moreover, UV light can also produce ROS through photo-oxidation, resulting in

DNA oxidation (Hoeijmakers, 2009; Scharffetter-Kochanek et al., 1997).

1.2.3.3 lonising radiation (IR)

The types of DNA lesions generated directly by IR include base damages, SSBs and
DSBs. These lesions are created either by the direct ionisation of the DNA or by the

formation of free radicals, such as ROS (Riley, 1994; Ward, 1990). It has been estimated
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that the amount of SSBs produced per cell after a dose of 1 Gy is 1000, whilst the amount
of DSBs is 40-60 (Riley, 1994; Ward, 1990). Moreover, the production of high amount of
free radicals in a defined space leads to the production of clustered lesions, defined as
two or more lesions within one to two helical turns of the DNA. These lesions are
particularly complex to repair and the appropriate repair pathways have to be activated

depending on the type of DNA damage produced (Sage and Harrison, 2011).

24



1. Introduction 25

1.3 The Base Excision Repair pathway

It has been estimated that 10000-20000 lesions can spontaneously occur per day in a cell
and the majority of these can be repaired by BER. Therefore this pathway is essential in
maintaining genome instability, thus avoiding the onset of cancer and neurodegenerative
diseases.

BER targets the repair of single base lesions which occur as a consequence of the
instability of the DNA molecule. For instance, the loss, oxidation and the alkylation of the
DNA bases can be caused by endogenous and exogenous sources of damage. Moreover,
the repair of SSBs also involves BER proteins, broadening the spectrum of lesions which
are repaired by this pathway.

The recognition of base lesions by DNA glycosylases is the initial step, followed by the
incision of the sugar backbone, end processing, synthesis of the complementary
nucleotide and ligation of the sugar backbone. In order to give a detailed overview of this
pathway, the canonical short-patch repair mechanism will be presented first and then the
long-patch repair pathway will be introduced (figure 1.1). Finally, single strand break

repair (SSBR) will be described (figure 1.2).
1.3.1 BER pathway

1.3.1.1 DNA base damage recognition and removal by DNA glycosylases

The BER pathway was identified in 1974 with the discovery of uracil-DNA glycosylase
(UNG), the enzyme responsible for the removal of uracil resulting in cytosine deamination
(Lindahl, 1974). Since then, 11 human glycosylases have been identified (Jacobs and
Schar, 2012). Several studies have shown substrate specificity for each glycosylase,
although some overlap in substrate recognition has been shown by knock out (KO)
studies in mice. Classification of DNA glycosylases based on the types of lesions

recognised is summarised in table 1.1.
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MONO/BIFUNCTONAL TYPE OF BASE

NAME ACTIVITY LESION
UNG Uracil-N glycosylase Monofunctional
Single-strand-specific il
SMUG1 monofunctional uracil Monofunctional Uracil bases
DNA glycosylase 1
MBD4 Methyl-binding Monofunctional
domain glycosylase 4 Pvrimidi
_ yrimidines
TDG Thymine DNA Monofunctional
glycosylase
OGG1 ;;/oc)é)osaaDsl\elAl Bifunctional
MYH MutY homolog DNA Monofunctional Oxidised bases
glycosylase
MPG hg?;zglsg;g ;r;e Monofunctional
. Alkylated purines
NTHL1 Endonuclelase ll-like Bifunctional
Endonuclease VlllI-like . .
NEIL1 1 Bifunctional Oxidised, ring-
Endonuclease VllI-like : . fragmented or
NEIL2 > Bifunctional saturated
NEIL3 Endonuclegse VlllI-like Bifunctional pyrimidines

Table 1.1: Mammalian DNA glycosylases.
[Adapted from (Jacobs and Schar, 2012)]
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Even though, each DNA glycosylase recognises a specific base, the mode of action for
detection of the damaged base is common. The recognition step occurs by rotating the
base out of the DNA helix so to accommodate the base into the catalytic pocket.
Specificity for the DNA lesions is obtained by steric exclusion depending on the active site
of the enzyme. However, it is still not very clear how the detection of the damaged bases
occurs considering the size of the whole genome and the fact that most of these lesions
do not cause any distortion to the DNA helix. The current hypothesis is that DNA
glycosylases are associated with undamaged DNA and they scan the DNA sequence to
find base lesions (Jacobs and Schar, 2012). Studies on UNG and oxoguanine glycosylase
1 (OGGL1) suggest the presence of a pre-selection step to establish initially a superficial
contact between the base and the catalytic site to avoid each base of the DNA sequence
to be fully accommodate in the catalytic pocket (Banerjee et al., 2005; Jacobs and Schar,
2012; Parker et al., 2007). Moreover, nuclear magnetic resonance (NMR) studies on the
UNG protein suggest that a conformational change from an open to a closed form allows
pre-examination of the bases (Friedman et al., 2009; Jacobs and Schar, 2012). However,
the damaged base can be recognised only by inserting it fully inside the catalytic pocket
and in order to do so the base has to be rotated out of the double helix. For instance,
UNG uses a leucine (Leu) residue to drive the uracil inside the active site while the other
bases are excluded from the catalytic site by either steric effects (purines) or by the
presence of a conserved tyrosine (Tyr) residue in the catalytic pocket (other pyrimidines)
(Jacobs and Schar, 2012; Kavli et al., 1996; Mol et al., 1995).

After the recognition of a damaged base, the removal of the base occurs by different
catalytic reactions, depending on the type of DNA glycosylases involved. In fact, DNA
glycosylases can be divided in two subgroups: monofunctional or bifunctional. The
monofunctional glycosylases catalyse the base removal by performing a hydrolytic
cleavage at the glycosidic bond between the nitrogenous base and the sugar. As a result

of this reaction an apurinic/apyrimidinic (AP) site is generated, leaving the phosphodiester

27



1. Introduction 28

backbone intact. The bifunctional glycosylases have a 3-AP lyase activity and they
process the lesions by creating a gap in the DNA backbone, thus leaving a SSB flanked

by a 3’-unsaturated aldehyde and 5’-phosphate (Jacobs and Schar, 2012).

1.3.1.2 Incision

The removal of the base by the DNA glycosylase generates an AP site that can be
recognised and processed by the apurinic/apyrimidinic endonuclease 1 (APE1). APE1l is a
35 kDa monomeric protein which has two catalytic domains with separate functions; the
N-terminal portion is involved in the regulation of the activity of transcription factors, while
the C-terminus harbours the endonuclease activity domain which is involved in DNA repair
(Tell et al., 2009). It has been found that the glycosylase remains bound to the DNA,
probably to protect the AP site, until APE1 displaces it from the site (Hill et al., 2001;
Parikh et al., 1998). APEL1 recognises the AP lesion and catalyses the formation of a DNA
nick, leaving a 3-OH and 5'-deoxyribosephosphate (5°-dRP) (Barzilay et al., 1995;
Demple et al., 1991). AP sites can also spontaneously occur following hydrolysis of the
glycosidic bond. APE1 is also able to recognise these sites independently of DNA
glycosylase (Almeida and Sobol, 2007; Dianov et al., 2003; Fung and Demple, 2005).

Finally, APEL1 is also able to tailor the 3’-ends of several lesions having 3’-diesterase and
3’-phosphatase activities (Chen et al., 1991). For instance, the activity of bifunctional DNA
glycosylases leaves a 3’-unsaturated aldehyde that can be removed by APE1. Moreover,
ROS can generate SSB lesions with 3’-phosphate or 3’-phosphoglycolate end groups
which can be processed by APE1 to give 3'-OH ends (Izumi et al., 2000; Parsons et al.,

2004; Winters et al., 1994).

1.3.1.3 Gap filling

DNA polymerase  (POL) is the major human polymerase involved in BER (Chan et al.,
2006). POLB is a 39 kDa protein made up of an 8 kDa N-terminal domain with a 5'-

deoxyribose phosphate (5’-dRP) lyase activity and a 31 kDa C-terminal domain with DNA
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polymerase activity. The dRP lyase activity is essential for processing the 5’-ends left by
APE1 incision. POLB does not have any of the proofreading activities, lacking
exonuclease activity typical of replicative DNA polymerases (Beard and Wilson, 2006).
However, the incorporation of the right nucleotide is enhanced when the enzyme is
processing a 1 nucleotide (nt) gap with a 5’-phosphorylated end (Chagovetz et al., 1997;
Chan et al., 2006).

Even though, POLB plays a major role in the BER pathway, a backup role for DNA
polymerase (POLA) in BER has also been suggested (Garcia-Diaz et al., 2001). POLA like
POLB has the usual catalytic polymerase domain and the additional dRPase domain
which allows the processing of 5’-dRP ends. POLA has been reported to be important
when cells are exposed to ROS, indicating a role for the polymerase in fixing oxidative
lesions (Tano et al., 2007). Recently it has been reported that POLA cooperates with long-
patch BER in the correction of mispaired 8oxoG:A. These findings highlight the
importance of POLA in BER, especially in repairing oxidative base lesions (van Loon and

Hibscher, 2009).

1.3.1.4 Ligation

The ligation process requires the activity of a DNA ligase to seal the nick positioned on the
sugar backbone. DNA ligase Il (LIG IIl) has been identified as the enzyme involved in this
step during BER. The two isoforms, a and B, have the same catalytic domain with a
different C-terminus. LIG Illla has a BRCA1 C- terminus (BRCT) domain, whereas LIG IlI
has a nuclear localisation signal (NLS) sequence. The LIG Illa (for simplicity will be called,
LIG Ill) isoform is a 103 kDa monomeric protein which has a mitochondrial leader
sequence (MLS), important for the localisation of the protein within the mitochondria
(Tomkinson and Sallmyr, 2013). However, the interaction with the nuclear scaffold X-ray
repair cross-complementing protein 1 (XRCC1) via the BRCT motif allows it to be
imported into the nucleus, enabling ligation to proceed. Moreover, XRCC1 is also required
for the stabilisation of LIG Ill as shown by the fact that LIG Il is absent in cells lacking
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XRCC1 (Caldecott et al., 1995). XRCC1 does not have any catalytic domain, but it has
two BRCT motifs, important for the interaction and the recruitment of proteins involved in
BER, such as POLB (Kubota et al., 1996; Marintchev et al., 2000) and APE1 (Vidal et al.,
2001), suggesting a dominant role for this protein in BER (Horton et al., 2008). Even
though LIG Ill is the major ligase reported to be involved in nuclear BER, it has been
shown that LIG | can efficiently substitute for the XRCC1-LIG Ill complex during BER in

vitro (Sleeth et al., 2004).

1.3.2 BER sub-pathway: long-patch BER

The long-patch and short-patch BER pathways share initial steps, such as the recognition
of the base by the appropriate DNA glycosylases and the creation of a DNA nick in the
sugar backbone. The type of 5-end generated seems to be the deciding factor which
triggers the switch between the two pathways. For instance, when the 5’-end cannot be
processed by the dRP lyase activity of POL, strand displacement takes place (Fortini et
al., 1999). Firstly, POLB synthetises and adds the first nucleotide (Dianov et al., 1999;
Prasad et al., 2000), followed by the synthesis of a 2-13 nt chain by the DNA replicative
polymerases € and & (Fortini et al.,, 1998; Stucki et al., 1998). The recruitment of the
replicative polymerases is dependent on the proliferating cell nuclear antigen (PCNA)
(Gary et al., 1999), while the flap structure-specific endonuclease 1 (FEN1) is responsible
for the removal of the displaced strand (Tom et al., 2000). Finally, ligation of the DNA

nicks occurs via the activity of LIG | (Pascucci et al., 1999).
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1. DAMAGED BASE

2. RECOGNITION i

_
4. GAP FILLING i
5. LIGATION ﬁ_

6. REPAIRED BASE

Figure 1.1: Simplified overview of the base excision repair (BER) pathway.

(1) Endogenous or exogenous sources of damage generate base lesions on the DNA. DNA
glycosylases scan the genome to find base lesions. (2) Depending on the type of lesions, a
different DNA glycosylase is able to recognise the lesion. After recognition, DNA glycosylases
process cleavage of the glycosidic bond, leaving an apyrimidinic/apurinic site (AP). (3)
Following the formation of an AP site, APE1 endonuclease catalyses the formation of a DNA
nick flanked by 3-OH and 5-dRP ends. (4) POLB fills the gap by synthesising the
complementary nucleotide and by processing the 5°dRP ends leaving a 5-phosphate. (5)
Finally, the XRCC1-LIG lll complex completes repair by sealing the DNA nick, thus leaving a
repaired base (6).

31



1. Introduction 32

1.3.3 BER sub-pathway: single-strand break repair (SSBR)

During BER a SSB is generated by APE1l as an intermediate of the repair process.
However, SSBs can also arise spontaneously. BER proteins have been identified in the
repair of SSBs and consequently SSBR is considered to be a sub-pathway of BER. The
purpose of this section is to give a detailed overview of this pathway and of the players

involved.

1.3.3.1 SSB formation

The formation of SSBs in the DNA sugar backbone occur mainly via the attack of ROS
produced either endogenously by cellular metabolism or exogenously as a consequence,
for instance, of exposure to IR. Moreover, SSBs are also created during BER. For
instance, APE1l endonuclease generates a DNA nick to allow replacement of the
damaged base. Also, DNA topoisomerase 1 (TOP1) creates a SSB to unwind the DNA
double helix which is then immediately resealed by TOP1 itself. When the latter step is not
achieved, the enzyme cannot be released from the DNA and a SSB is created (Caldecott,
2008; Wang, 2002). If either the DNA replication or transcription machinery encounter an
unrepaired SSB, a DSB can occur which is far more complex lesion to repair (Kuzminov,
2001; Saleh-gohari et al., 2005). Therefore, it is crucial that SSBs are repaired correctly to

avoid the appearance of DSBs (Caldecott, 2008).

1.3.3.2 SSB detection

The detection of SSB lesions is mainly achieved by PARP1, a 116 kDa protein which acts
as a nick-sensor. All seventeen PARP proteins contain a PARP motif domain, situated in
the catalytic region at the C-terminus. Not all the PARP proteins can synthesise poly-
(ADP)-ribose (PAR), despite the presence of a PARP catalytic domain. For instance,
mono-ADP transferase and oligo-ADP transferase activities have been found in PARP5
and PARP10, respectively (Gibson and Kraus, 2012). However, only PARP1, PARP2 and

PARP3 have been found to be activated in response to DNA breaks, with PARP1
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activation 5-fold higher than PARP2 (Ame et al., 1999), and PARP3 being activated in
response to DSBs during non-homologous end joining (NHEJ) (Rulten et al., 2011).
PARP1 is also characterised by the presence of a DNA-binding domain (DBD) and a NLS,
both situated at the N-terminus (Woodhouse and Dianov, 2008). The BRCT domains,
situated in the central portion of the protein, have been shown to be important for the
interaction with proteins involved in BER such as XRCC1 (Okano et al., 2003), LIG IlI
(Leppard et al., 2003) and POL (Dantzer et al., 2000).

PARP1 binds to DNA strand breaks (SBs), leading to a 500-fold increase in its enzymatic
activity (Gradwohl et al., 1990). It functions as a homodimer and has the ability to
synthesise PAR, a multi-branched polymer using the nicotinamide adenine dinucleotide
(NAD") molecule as a co-factor (Singh et al., 1985). The PAR polymer binds to the
acceptor proteins at lysine (Lys), aspartic (Asp) or glutamic (Glu) acid residues. PARP1
automodification establishes a turnover of the protein between a DNA-bound and a DNA-
free status. In fact, automodification leads to the release of PARP1, allowing the repair of
the DNA nick by the DNA repair enzymes (Ferro AM and Olivera, 1982; Woodhouse and
Dianov, 2008). PAR is then hydrolysed by poly-(ADP)-ribose glycohydrolase (PARG), thus

allowing PARP1 to bind to the DNA nick again (Davidovic et al., 2001; Fisher et al., 2007).

1.3.3.3 SSB end tailoring and gap filling

In order for ligation to occur, a DNA nick flanked by a 3’-OH and a 5-P group is
necessary. End tailoring is required, for instance, following ROS induced breaks, following
the activity of bifunctional DNA glycosylases and in resolving TOP1-linked SSBs. The
modification of the DNA ends induced by APE1 and POL has been discussed in previous
sections. However, other proteins are also involved in this step. For instance, the
polynucleotide phosphatase/kinase (PNKP) protein has both phosphatase and kinase
activity and is required for the conversion of the 3’-phosphate end to 3’-OH (Jilani et al.,
1999; Whitehouse et al., 2001). The tyrosyl-DNA phosphodiesterase 1 (TDP1) is essential
to solve the SSBs generated by incomplete TOP1 activity (Pouliot et al., 1999; Yang et al.,

33



1. Introduction 34

1996). Finally, aprataxin (APTX) is important to remove 5-adenosine monophosphate
(AMP) which results from unsuccessful DNA ligase activity (Ahel et al., 2006).

Once the processing of the ends has finished, the gap filling step occurs. The
polymerases involved in short- and long-patch BER, such as POLB, POLA and POLJ, are
required for this step. Finally, the DNA nicks are sealed by either the XRCC1-LIG Il

complex or LIG I.
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1. SSB FORMATION BER-dependent ROS-dependent TOP1-dependent

(ror1)
|

2. DETECTION

3. END TAILORING

4. GAP FILLING Short patch BER

5. LIGATION

Figure 1.2: Overview of the single-strand break repair (SSBR) pathway.

(1) SSBs can arise in three different way: i) as an intermediate of the BER pathway as a
consequence of the catalytic activity of APE1 endonuclease enzyme (or of bifunctional DNA
glycosylases); ii) by the direct attack of ROS on the sugar backbone; iii) by unsuccessful TOP1
activity leading to TOP1-linked SSBs. (2) ROS-dependent SSBs are detected by PARP1,
whereas a protein-protein interaction mechanism helps the right enzyme to localise to the site of
damage in the other two situations. PARP1 detection of SSBs stimulates the autoparylation of
the enzyme, PARG catabolises PAR bound to PARP1, thus leading to the release of PARP1
from the SSBs to allow repair. (3) At this stage, the activity of POLB, PNPK, APTX and APE1 is
required for tailoring 5’ and 3’ ends. In TOP1-linked SSBs, TDP1 is required first to remove
TOPL1. (4-5) The synthesis of the nucleotides can occur by using either short-patch BER or
long-patch BER. The former pathway employs POL for the gap-filling stage and the XRCC1-
LIG 1ll complex for the ligation stage; the latter one employs PCNA for the recruitment of
replicative POL&/e, FEN1 endonuclease and LIG I. [Adapted from (Caldecott, 2008)]
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1.3.4 Coordination of BER mechanism

Several studies have focused on trying to address how the proteins required for repair of
single base lesions and SSBs are co-ordinated to the site of damage. In fact, the
recruitment of the proteins depends on the specificity of each lesion.

The amount of protein-protein interactions described among BER components suggests
that the formation of a multi-protein complex is one of the possible mechanisms to
implement the protein-substrate interaction (Almeida and Sobol, 2007; Caldecott, 2003a).
Immunoprecipitation studies confirmed the interaction between BER proteins, but did not
investigate the existence of stable multi-protein complexes in vivo (Dianov and Parsons,
2007).

However, these studies have helped to establish another model, the “passing the baton”
model. In this, the intermediate is passed from one protein to the next for being quickly
processed. In this way, the possibility that the intermediates can stimulate the activation of
a DDR is avoided. Several studies support this “passing the baton” model. For instance,
APEL1 has been suggested to displace DNA glycosylases after the formation of an AP site
(Hill et al., 2001; Parikh et al., 1998). The interaction between APE1 and POL indicates a
possible mechanism for recruitment of the polymerase (Bennett et al., 1997), whereas the
affinity of POLB for XRCC1 explains the recruitment of the XRCC1-LIG Il complex
(Caldecaott et al., 1996; Kubota et al., 1996).

Although the preliminary steps of the pathway require the activity of a very specific set of
proteins, resolving of the SSB intermediates is the common denominator which
determines each round of repair in BER; moreover, this is the initial step of SSBR. Several
studies have indicated that the coordination of this step depends on the cooperation
between PARP1 and XRCCL1. SSB lesions, which are generated either as an intermediate
during BER or directly by ROS attack, are detected by PARP1. The role of PARP1 in both
pathways has been discussed in several studies. It has been shown that the presence of

the protein is not necessary for BER repair, but it is important to protect the degradation of
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the DNA ends to avoid DSB formation (Parsons et al., 2005; Woodhouse et al., 2008).
However, it has also been shown that PARP1 is essential for accelerating the repair of
SSBs by stimulating the recruitment of XRCC1/POLB/LIG Il proteins, thus indicating a
possible role for PARP1 in the coordination of the final steps of BER (El-Khamisy et al.,
2003). Indeed, the interaction between PARP1 and XRCCL1 is not constitutive, but it is
promoted by automodified PARP1 (Dantzer et al., 2000; Masson et al., 1998). Recently, it
has been suggested that PARP1 is required for XRCC1 recruitment during SSB repair,
whereas XRCC1 recruitment can occur independently of PARP1 during BER in vivo.
These findings indicate that the interaction between XRCC1 and BER proteins, such as
the DNA glycosylase OGG1, APEL or POLB, might drive XRCCL1 localisation to the sites
of damage during BER (Campalans et al., 2013).

Finally, two different models have been proposed for describing the role of PARP1, the
nick-protection and the protein-recruiter models. The former describes PARP1 to be
necessary for avoiding the formation of DSBs when the number of SB lesions is higher
than the repair capacity. In this model, PARP1 is not important for the repair itself. The
latter gives PARP1 a central role in resolving SSB lesions based on the findings that show
the importance of PARP1 in the recruitment of the XRCC1 protein at the site of damage.
XRCCL1 itself is important in creating a platform for proteins required during SSBR.
Indeed, XRCC1 directly interacts with APE1 (Vidal et al., 2001), POLB (Caldecott et al.,
1996; Kubota et al., 1996; Marintchev et al., 2000), PNKP (Whitehouse et al., 2001) and
indirectly through LIG 11l with TDP1 (Plo et al., 2003). The central role of XRCC1 in SSBR
has been shown by the fact that XRCC1 depletion leads to SSBR-deficiency and

accumulation of unrepaired SBs (Brem and Hall, 2005; Fan et al., 2007).

1.3.5 BER in human diseases

BER is essential for the repair of a vast range of lesions to both avoid DNA damage
accumulation and the appearance of more harmful lesions, such as DSBs. Indeed,
deficiency in BER has been associated with human diseases, such as cancer and
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neurological disorders. The next section aims to summarise this by highlighting the

importance of maintaining intact BER genes.

1.3.5.1 BER and cancer

BER is important in correcting a high number of DNA lesions in order to avoid genome
instability, one of the contributing factors for cancer development (Hanahan and
Weinberg, 2011). Studies in mice have revealed that the recognition of base lesions by
DNA glycosylases is not always specific. Knockout mice for each of the 11 glycosylases
have been created and except for the thymine DNA glycosylase (Tdg) KO, which has
been shown to be embryonic lethal, all are viable without a severe phenotype (Fortini et
al., 2003; Jacobs and Schar, 2012). Therefore, impairment of a single glycosylase does
not affect development of the organism, suggesting the existence of compensatory
mechanisms amongst DNA glycosylases. However, a higher accumulation of mutations
and, in some cases, development of a tumour indicates that DNA glycosylases are
necessary for maintaining genome stability. Indeed, mutations in OGG1 gene have been
found in lung and kidney tumours (Chevillard et al., 1998), whereas homozygote
mutations of MYH can lead to colorectal cancer (Jones et al., 2002). More recently, a
polymorphism in the OGG1 gene has been identified in non-small cell lung cancer (Fortini
et al., 2003; Sugimura et al., 1999).

Even though, there is some functional overlap between DNA glycosylases, the other BER
proteins have a unigue function during development. Indeed, Apel (Xanthoudakis et al.,
1996), Xrccl (Tebbs et al.,, 1999) and Lig lll (Puebla-osorio et al., 2006) KO mice are
embryonic lethal, whereas PolB KO mice shows defective neurogenesis, thus leading to
neonatal death (Sugo et al., 2000). Moreover, misregulation of the level of these proteins
has been found in several human cancers, suggesting that a tight control of the

expression is required to maintain genome stability.
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Indeed, the POLS gene has been sequenced in order to identify mutations which correlate
with the onset of cancer. POLB mutations have been found in colorectal, lung, bladder,
breast, gastric and prostate cancers (Chan et al., 2006).

Regarding XRCC1, an extensive evaluation of the XRCC1 gene polymorphisms has been
carried out to correlate those variants with a cancer-associated risk. 37 single nucleotide
polymorphisms have been detected. Among the most frequent polymorphisms, are
Arg399Gin (27%), Argl94Trp (13%) and Arg180His (7%) (Ladiges et al., 2003). In the
Asiatic population individuals with an Arg399GIn polymorphism have shown an increased
risk in developing lung cancer (Sykora et al., 2013). Studies on other polymorphisms,
such as Arg194Trp and Arg180His, do not show a correlation with an increased risk of
lung cancer (Maynard et al., 2009).

Regarding a role for APE1 in cancer development, the protein has been found to localise
mainly in the cytoplasm of epithelial ovarian cancers (Moore et al.,, 2000) and in
hepatocellular carcinoma (Maso et al., 2007), suggesting an inability to repair genomic

DNA.

1.3.5.2 BER and neurodegenerative disorders

In the brain, high levels of oxygen are required to maintain the neuronal transmissions and
cellular metabolism. Therefore, the generation of ROS during these processes requires
the intervention of DNA repair mechanisms to avoid an accumulation of DNA lesions. For
instance, accumulation of unrepaired base lesions can lead to SSB formation, which
impairs DNA transcription. Moreover, SSB are detected by PARP1 and prolonged
activation of this enzyme leads to neuronal death (Alano et al., 2010; Andrabi et al., 2006;
Wang et al., 2011).

As neurons are post-mitotic cells, they lack HR, and mainly rely on BER and NHEJ
pathways for DNA repair. Therefore, the correlation between the activity of BER proteins

and the onset of neurodegenerative diseases has been investigated using mouse models.
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For instance, PolB KO mice show extensive apoptosis in the cortex and the hindbrain,
indicating that the enzyme is important in neural differentiation (Sugo et al., 2000).

The studies in mice indicate a role for BER in brain development. However, a correlation
between neurodegenerative diseases and BER protein in human diseases has also been
investigated. For instance, analysis of neuronal tissues from patients affected by
Alzheimer’s Disease (AD) correlates with higher levels of APE1 (Marcon et al.,, 2009;
Weissman et al., 2007) and POLB (Copani et al.,, 2006). Indeed, the overexpression of
these proteins also leads to genomic instability, thus explaining a possible mechanism for
the onset of AD. For instance, hyperactivation of APE1 can lead to an increase in the
production of SSBs which are detected by PARPL. In fact, a correlation between PARP1
and AD pathogenesis has been described, indicating that PARP1 activation triggers
neuronal cell death via PAR accumulation and NAD" depletion (Strosznajder et al., 2012).
Also, an association between AD and OGG1, PARP1, APE1l and XRCC1 gene
polymorphisms has been found (Mantha et al., 2013).

More interestingly, three hereditary genetic diseases have been linked to defects in
SSBR, through a deficit in the activity of PNKP, APTX and TDP1 proteins. The PNKP
gene has been found to be mutated in individuals who are affected by a neurological
disorder, characterised by microcephaly and defects in brain development (Shen et al.,
2010). Studies on lymphocytes from patients and in vitro studies on PNKP mutants have
shown that the repair of DNA lesions following both H,O, and CPT treatment is slower, as
a consequence of a decrease in PNKP protein stability (Reynolds et al., 2012; Shen et al.,
2010).

Mutations in the APTX gene have been identified to be the cause for the onset of ataxia-
oculomotor apraxia 1 (AOA1) (Moreira et al., 2001), an autosomal recessive neurological
disorder characterised by cerebellar atrophy. This leads to difficulties in coordinating
movement (ataxia) and also results in limited movement of the eye (apraxia). The histidine

traid domain (HIT) carries most of the detected mutations in the APTX gene, thus leading
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to a decrease in the stability of the protein and consequently to a deficit in SSBR
(Clements et al., 2004; Hirano et al., 2007). Therefore, an accumulation of unrepaired
SSBs might be the cause for the onset of the neurological disorder (Caldecott, 2008).

Regarding the TDP1 gene, a missense mutation (H493R) in the second catalytic domain
(HKD2) has been identified in patients affected by spinocerebellar ataxia with axonal
neuropathy 1 (SCAN1) (Takashima et al., 2002). SCAN1 is an autosomal recessive
neurological disorder characterised by cerebellar atrophy. The decrease in the catalytic
activity of the TDP1 mutant has been suggested as the cause for the development of this
neurological disorder leading to SSBR-deficiency (El-khamisy et al., 2005). Indeed, Tdpl
KO mice show a decrease in cerebellar size, indicating that Tdpl might be necessary for

maintaining cerebellar function (Caldecott, 2008; Katyal et al., 2007).
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1.4 Regulation of BER and genome instability

Correct and prompt regulation of BER proteins is fundamental to avoid accumulation of
unrepaired lesions, thus preventing genome instability and the onset of human diseases,
such as cancer and neurological disorders.

In general, the function of cellular proteins is controlled at different levels by: i) regulating
the protein activity; ii) regulating the protein turn-over; iii) regulating the protein
localisation; iv) inducing or repressing the protein expression at transcriptional level; v)
regulating the chromatin status of the gene. Post translational modifications (PTMSs)
influence protein activity and stability to obtain a quick response, whilst modification of the
protein expression is a slower and possibly more long-term response.

BER activity has been shown to be regulated by several PTMs such as phosphorylation,
acetylation, ubiquitination and sumoylation. Despite the fact that the overall levels of BER
proteins do not change radically in response to genotoxic treatment, some recent data
suggest that the steady-state level of BER proteins is adjusted based on the level of DNA
damage which needs to be repaired. For the scope of this thesis, the regulation of the
BER proteins involved in the SSBR sub-pathway will be discussed focussing on the

consequences of their misregulation in terms of genomic instability.

1.4.1 APE1

The cellular level of APE1 has to be regulated to ensure that the amount of SSB lesions
generated can be efficiently repaired by the downstream effectors of the BER pathway. As
mentioned in the previous section, Apel KO mice is embryonically lethal, showing the
importance of APE1 during development (Xanthoudakis et al., 1996). In vitro studies have
outlined that the level of APE1 needs to be regulated properly to avoid genomic instability.
For instance, the downregulation of the enzyme sensitises the cells to treatments with
DNA damaging compounds and leads to the accumulation of unprocessed AP sites (Fung

and Demple, 2005; Izumi et al., 2005).
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It has been shown that APE1 downregulation triggers apoptosis as a consequence of an
accumulation of AP sites, which cannot be repaired. The cell death mechanism is
activated to avoid genomic instability (Fung and Demple, 2005). As well as
downregulation leading to unrepaired lesions, the upregulation leads to an elevated
amount of SSBs, thus overloading BER capacity. Indeed, in the XRCC1-deficient Chinese
hamster ovary (CHO) EM9 cell line, the overexpression of APE1 generates an increase in
the amount of sister chromatid exchanges (SCESs), leading to genomic instability (Sossou
et al., 2005).

In terms of PTMs, it has been reported that in response to H,O, treatment APE1 gets
polyubiquitinated by the E3 ubiquitin ligase mouse double minute 2 homolog (MDM2)
protein in vivo. The authors suggest that the reduction of APE1 was necessary for
triggering apoptosis due to the amount of unrepaired lesions (Busso et al., 2009).

The phosphorylation of tyrosine 232 (T232) by the cyclin-dependent kinase 5 (CDK5) has
been reported to decrease the activity of APE1, leading to an increase in the amount of
AP sites and consequently triggering neuronal cell death (Huang et al., 2010). Moreover,
the CDK5-dependent phosphorylation of APEL increases APE1-recognition by MDM2,
thus reducing the level of APE1 and therefore triggering apoptosis (Busso et al., 2011).
More recently, the E3 ubiquitin ligase component n-recognin 3 (UBR3) has been identified
as the main E3 ubiquitin ligase involved in controlling the state-steady levels of APEL. In
this work, E3 ubiquitin ligase was purified from HeLa WCEs and the activity of UBR3 on
APE1 was confirmed by an in vitro ubiquitination assay. More interestingly, it has been
shown that the Ubr3 KO mouse cells have elevated levels of Apel protein. As a
consequence of increasing levels of Apel, Ubr3 KO cells show an increase in both yH2AX
and 53BP1 foci formation, which are known markers of DSB formation (Meisenberg et al.,

2012).
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Lastly, the deacetylation of APEL by SIRT1 has been reported to promote the binding of
APE1 to XRCC1, enhancing the repair of an AP site in response to methyl

methanesulfonate (MMS) treatment (Yamamori et al., 2010).

1.4.2 POLB

POLp is the main polymerase involved in the gap-filling step during BER; moreover, its
dRPase activity is essential for preparing the 5’-end for the ligation step. Pol has an
essential role in the development of the brain as shown by the fact that KO mice show
defective neurogenesis and die shortly after birth (Sugo et al., 2000). To study the
consequences of a reduction in POLP levels, a PolB8 haploinsufficient mouse has been
generated. These mice show elevated levels of SSBs and chromosomal aberrations.
Moreover, an increase in the mutagenesis rate has been described in response to
exposure to alkylating agents (Cabelof et al., 2003). PolB null mouse embryonic
fibroblasts (MEFs) show a similar phenotype with an increase in apoptosis, higher levels
of SCEs and chromosomal breaks in response to MMS (Sobol et al., 2000, 2002).

It has been reported that upregulation of POLB increases the frequencies of
spontaneously formed mutations, with an increase in the mutation rate by 2-4 fold
(Canitrot et al., 1998). Cells overexpressing POLB lead to the development of a larger
tumour compared to control cells (Bergoglio et al., 2002).

Together these results show the importance of tightly regulating the amount of POLR
within the cell. Recently, a role for the E3 ubiquitin ligase ARF-binding protein 1 (ARF-
BP1)/MULE in the regulation of the steady-state levels of POLB has been described.
MULE has been found to monoubiquitylate POLB. The interaction between POLB and
MULE has been shown to be regulated by the tumour suppressor protein ARF, which is
known to inhibit the activity of MULE. Indeed, ARF downregulation leads to an increasing
amount of monoubiquitylated POL, thus impairing DNA repair. The monoubiquitination
catalysed by MULE allows the E3 ubiquitin ligase C-terminus of hsc70 interacting protein
(CHIP) to recognise POLB, leading to POLB polyubiquitination and consequently
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proteasome degradation (Parsons et al.,, 2009). Additionally, the ubiquitin-specific
protease 47 (USP47) has been identified to be responsible for the deubiquitylation of
POLB, thus allowing POLB recruitment for DNA repair. Indeed, the downregulation of
USP47 leads to activation of PARP1 as a consequence of deficiency in DNA repair due to
a low level of POLB (Parsons et al., 2011).

Lastly, the p300 histone acetylase has been reported to acetylate POLJ, although the
consequences of this modification still remain unclear (Hasan et al., 2002). Moreover,
arginine methylation of POLB by protein arginine N-methyltransferase (PRMT6) has been
found to enhance the binding of the polymerase to the DNA, thus increasing the repair of

MMS-induced lesions (El-Andaloussi et al., 2006).

1.4.3 XRCC1

The XRCC1 scaffold protein has been found to form a stable complex with the LIG Il
protein, thus maintaining the stability of LIG Ill. The XRCC1-LIG IIl complex is recruited to
SSBs in order to seal the DNA nicks. Moreover, XRCC1 has been reported to interact with
APE1, POLB and PNKP to promote the recruitment of these proteins at damage sites
(Caldecott et al., 1996; Kubota et al., 1996; Marintchev et al., 2000; Vidal et al., 2001;
Whitehouse et al., 2001).

In vivo studies have demonstrated the importance of correctly maintaining XRCC1 protein
levels; in fact, Xrccl KO in mice is embryonic lethal and these embryos were reported to
accumulate unrepaired SSBs. Moreover, an elevated level of SCEs was also identified
(Tebbs et al., 1999), suggesting that unsealed SSBs can be converted to DSBs during
DNA replication, requiring the intervention of DSB repair pathways, such as NHEJ or HR.
To get a better understanding of the consequences of low levels of XRCC1, the CHO EM9
cell line, which is deficient in XRCC1, has been used. These cells are highly sensitive to
MMS and they show moderate sensitivity to H,O, and camptothecin (CPT) treatments
(Caldecott, 2003b). Moreover, they show a severe deficiency in the repair of SSBs, which
leads to a great accumulation of SCEs (Shen et al., 1998; Thompson et al., 1982). These
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cells also exhibit a ~ 5-fold reduction in LIG Il levels, as demonstrated by a reduction in
the repair of DNA nicks (Caldecott et al., 1995). The transient depletion of XRCC1 using
RNAI has shown similar results with elevated sensitivity to MMS treatment and an
increase in the amount of spontaneously formed SCEs, confirming an impairment in the
repair of SSBs (Fan et al., 2007). Besides a deficiency in DNA repair, the hyperactivation
of PARP1 has been detected in both XRCC1-deficient and XRCC1-depleted cells. Indeed,
activation of PARP1 has been monitored measuring the level of NAD(P)H. CHO EM9 cells
exhibit a dramatic decrease in the metabolite in response to treatment with MMS when
compared to the CHO EM9 cell line complemented with XRCC1 (Nakamura et al., 2003).
Moreover, the silencing of XRCC1 has also been shown to trigger PAR synthesis and
therefore NAD* consumption (Brem and Hall, 2005). Overall these findings show that a
decrease in the level of XRCC1 has severe consequences in terms of accumulation of
unrepaired SSBs, thus leading to genomic instability.

In terms of PTMs, casein kinase 2 (CK2) has been reported to phosphorylate XRCC1 at 8
different sites on the XRCC1 C-terminus, thus enhancing the repair of SSB lesions, by
preventing the ubiquitination of XRCC1 (Loizou et al., 2004). Indeed, cells depleted of
CK2 show a decrease in XRCC1 protein levels. Consequently, in vitro studies using
oligonucleotides have demonstrated defected repair in SSBs whereas an increase in PAR
synthesis was identified in vivo (Parsons et al., 2010). The steady-state level of the
protein, XRCC1 has been found to be polyubiquitinated by the E3 ubiquitin ligase CHIP,
which also is responsible for the degradation of POLB and LIG IIl, conferring a central role

for CHIP in the regulation of BER capacity (Parsons et al., 2008).

1.4.4 PARP1

In contrast to other proteins involved in the SSBR, PARP1 does not have a direct role in
the DNA repair. However, PARP1 activation occurs after the detection of SSB nicks,

stimulating the synthesis of PAR through the consumption of NAD*(Singh et al., 1985).
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Although PARPL1 activity has been reported to stimulate the recruitment of the XRCC1-
LIG Il complex at the site of damage (El-Khamisy et al., 2003; Okano et al., 2003), KO
mice model have shown that the presence of the protein is not essential during BER.
Indeed, these mice are viable and they do not show any abnormalities during
development (Masutani et al., 2000; de Murcia et al., 1997). These results have also been
confirmed by in vitro studies, suggesting that PARP1 is dispensable during BER (Parsons
et al., 2005). However, the excessive production of DNA lesions in the intestine and in the
stomach of Parpl KO mice in response to genotoxic treatments, such as 1-methyl-1-
nitrosourea (MNU) and IR treatment, has been shown, suggesting that cells lacking
PARP1 are highly sensitive to DNA damage (Masutani et al.,, 2000; de Murcia et al.,
1997). Moreover, histological sections of these tissues exhibit an increase in the amount
of both SCEs and chromatid breaks, suggesting a fundamental role for Parpl in
maintaining genomic instability. Similar results have been obtained when comparing WT
MEFs with Parpl KO MEFs: a 2-fold increase in the amount of micronuclei was observed
without any supplementary treatments, suggesting that the lack of Parpl promotes
chromosomal aberrations (Trucco et al., 1998). In vivo studies in human cell lines have
shown that PARP1 depletion increases the amount of yH2AX foci formation (a marker for
DSBs) in cells treated with H,O,, suggesting that, when BER is overloaded, PARP1 is
essential in preventing the formation of DSBs (Fisher et al., 2007; Woodhouse et al.,
2008). From the studies presented here, it appears clear that the regulation of PARP1

levels is essential to avoid genomic instability.
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1.5 DNA damage response (DDR)

Even though, DNA repair mechanisms and DNA damage signalling pathways have been
presented as two different entities, they both contribute to DDR. Indeed, while DNA repair
proteins are involved in directly resolving DNA lesions, other players are activated for
enhancing the efficiency of the repair and for reporting DNA damage. Depending on the
amount and the type of lesions, the DNA signalling transducers lead to different cellular
responses, such as cell cycle arrest and cell death. As described in the previous section,
prompt and correct regulation of BER is essential to avoid the persistence of unrepaired
DNA lesions. Thus, misregulation of BER protein levels leads to persistent SSBs and
potentially to DSBs, one of the most powerful trigger of the DNA damage signalling
pathway. The following sections give an overview on the proteins involved in DNA
damage signalling and consequent cellular responses. A section describing the role of
PARP1 in the DNA damage signalling pathway is included to give a comprehensive view

on the role of PARP1 in DDR.

1.5.1 PARP1 activation at the cross-road between repair and DNA damage
signalling

PARP1 activation has been found to be part of several signalling pathways, such as the
nuclear factor kappa-light-chain-enhancer (NF-kB)-dependent inflammatory response, the
heat shock response and the c-Jun N-terminal kinase (JNK)-dependent pathway (Luo and
Kraus, 2012). For the purpose on this work, the role of PARP1 as a signalling molecule in
DDR will be presented in more detail.

As described previously, PARP1 senses SSB accumulation and prevents the formation of
DSBs, thus recruiting SSB repair proteins to the site of damage. However, the function of
PARP1 is not only limited to facilitate repair, but several studies have also outlined the

importance of PARP1 in modulating cellular responses to DNA damage.
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Firstly, a link has been reported between PARP1 and other proteins involved in DDR,
such as ataxia telangiectasia mutated (ATM) protein kinase. ATM kinase is activated in
response to DNA damage, mainly after the formation of DSBs. It has been shown that
ATM binds to PAR in vivo, suggesting a possible mechanism in the recruitment of the
kinase to the site of damage. Moreover, the downstream signalling activated by ATM in
response to DNA damage is impaired in cells lacking PARP1, suggesting an
indispensable role for PARPL1 in activating ATM (Haince et al., 2007). Other evidence that
PARP1 activity is important for signalling DNA damage is supported by the findings that
link PARPL1 to the regulation of the tumour suppressor protein p53. Both PARP1 inhibition
(Wieler et al., 2003) and PARP1 KO (Valenzuela et al., 2002) have been shown to impair
the accumulation of p53 protein and, consequently, to lead to a defective G1 arrest after
treatment with IR. Recently, the direct parylation of p53 by PARP1 has been shown to
regulate the activity of the transcription factor (Lee et al., 2012).

The activation of PARP1 has been found to be important for the regulation of cell fate.
Indeed, high levels of DNA damage correlate with the accumulation of PAR polymers and
this has been shown to trigger neuronal cell-death by stimulating the release of the
apoptosis-inducing factor (AlF) from the mitochondria after the treatment with methyl-nitro-
nitroso-guanidine (MNNG) (Andrabi et al., 2006; Wang et al., 2011). Also, PARP1-
dependent depletion of NAD" following DNA damage has been suggested to cause
neuronal cell-death (Alano et al., 2010). This type of cell-death is called parthanatos, a
caspase-independent mechanism. Parthanatos requires PARP1 activation and the
release of AIF from the mitochondrial membrane (Wang et al., 2011). However, PARP1
has also been shown to trigger apoptosis and necrosis. For instance, it has been shown
that following H,O, treatment PARPL1 triggers necrosis in MEFs and in the human

HCT116 cell line in a p53-dependent manner (Montero et al., 2013).
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Therefore, PARP1 activity reports the presence of DNA damage to the cytoplasm either
via PAR polymer synthesis or via the consumption of NAD", suggesting a role for PARP1
in signalling the amount of DNA lesions, ultimately determining cell fate.

Then, hyperactivation of PARP1 can have dramatic consequences for the survival of the
cells, suggesting the existence of antagonistic mechanisms to regulate cell survival. For
instance, PARylated PARP1 protein is ubiquitinated by the E3 ubiquitin ligase IDUNA in
response to DNA damage. These findings indicates the presence of a mechanism that
promotes cell survival, avoiding both excessive PAR accumulation and NAD" depletion
(Kang et al., 2011). Indeed, MCF7 cells are more sensitive to MNNG treatment when
IDUNA is depleted and, conversely, cells are more resistant to cell death when the protein
is overexpressed.

SIRTL1 is also important for restraining PARP1-dependent cell death activation. SIRT1 is
part of the class Ill deacetylase family and it uses NAD" as a co-factor for the catalytic
reaction. SIRT1 activity has been reported to have a role in directly regulating gene
expression through the targeting of the histone tails, thus promoting chromatin
condensation and supressing gene transcription (Fatoba and Okorokov, 2011; He et al.,
2011; Vaquero et al., 2004). However, SIRT1 can also indirectly affect gene transcription
through the deacetylation of its non-histone substrates, such as p53 (Kim et al., 2007;
Langley et al., 2002; Peck et al., 2010; Thakur et al., 2012), the forkhead box 3 (FOXO3)
protein (Brunet et al., 2004; Wang et al., 2012) and E2F1 (Wang et al., 2006). Indeed, the
deacetylation decreases the binding of the transcription factors to their specific promoter
sequences, subsequently reducing the transcription of the gene (Ozaki et al., 2009).
SIRT1 localises in the nucleus and it is therefore likely to share the nuclear NAD" pool
with PARP1 protein. SIRT1 and PARP1 have been reported to regulate each other’s
activity throughout the consumption of the NAD" available (Bai et al., 2011; Caito et al.,
2010; Kolthur-seetharam et al., 2006). The functional interplay between SIRT1 and

PARP1 in regulating cell death mechanisms has been previously shown. In fact, it has
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been reported that SIRT1 KO 293 cells show an increase of PAR synthesis in response to
H,0O, treatment, suggesting a role for SIRT1 in balancing PARP1 activity. Moreover, a 2-
fold increase of apoptotic cells has been detected between WT and SIRT1 KO cells after
H,O, treatment. These results indicate that SIRT1 limits the amount of PAR synthesis
possibly by competing with PARP1 for the consumption of NAD" (Kolthur-seetharam et al.,
2006). Additionally SIRT1 directly modulates PARP1 activity by deacetylating the protein
in vitro and in vivo (Rajamohan et al., 2009). Moreover, SIRT1 overexpression reduces
the amount of dead cells in response to MNNG treatment (Rajamohan et al., 2009).

Overall these findings describe PARP1 as a multifunctional protein and its role is not only
related to DNA repair. Indeed, PARP1 acts more as DNA damage stress-sensor. The
biological consequences of PARP1 activation depend on the amount of DNA damage and
on the capacity of the DNA repair machinery. Hence, small amount of lesions lead to
moderate PARP1 activation in order to prevent the formation of more complicated lesions,
such as DSBs, by stimulating the recruitment of DNA repair enzymes and/or protecting
the lesions. In the presence of high amounts of lesions, PARP1-dependent synthesis of
PAR and consumption of NAD" signal the activation of cell death mechanisms, to avoid

genomic instability.

1.5.2 DNA damage signalling

In the event that a SSB does not get repaired, it is likely that a DSB arises either via the
formation of another SSB in close proximity or by an encounter between the DNA
replication/transcription machinery and the unrepaired lesions (Kuzminov, 2001).
Endogenous DSBs do not occur very frequently, however, this type of lesions is very
dangerous because of the high possibility of genomic instability. Aside from the proteins
involved in directly sensing and repairing these lesions (NHEJ and HR repair pathways), a
complicated cascade of signalling is mediated by ATM and the ataxia telangiectasia and
Rad3-related (ATR) protein kinases (Maréchal and Zou, 2013). The aim of these powerful
transducers is to: i) enhance the efficiency of DSB repair pathways (NHEJ and HR), ii)
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promote cell cycle delay via checkpoint activation (Jackson and Bartek, 2009; Maréchal
and Zou, 2013).

ATM and ATR are both part of the phosphoinositide 3-kinase (PI3K) family and they have
a similar domain organisation. Even though there are similarities between these two
proteins, the mechanisms of recruitment and of activation are different. For instance, the
activation of ATM and ATR is dependent on the recognition of the DNA damage by
different sensing proteins. The MRE11-RAD50-NBS1 (MRN) complex has been reported
to induce the activation of ATM (Lee and Paull, 2005; Uziel et al., 2003), while the
replication protein A (RPA) mediates the activation of ATR (Zou and Elledge, 2003).

The MRN complex detects double-strand (ds) DNA ends in vitro and is required for the
localisation of ATM at the site of damage (Lee and Paull, 2005; Uziel et al., 2003). ATM
autophosphorylates and is activated following an interaction with the MRN complex,
although the mechanism of activation by MRN is not clear (Bakkenist and Kastan, 2003).
Consequently, a cascade of phosphorylation occurs to identify the DNA region that has to
be repaired. Indeed, ATM phosphorylates H2AX, thus flagging the chromatin and
stimulating the recruitment of proteins involved in the repair (Burma et al.,, 2001).
Alternatively to ATM, ATR localises at the site of damage through the interaction with
RPA, a protein that interacts with single-strand (ss) DNA during DNA replication. Indeed,
ATR is induced during S-phase when a replication fork is stalled by the presence of DSBs
(Zou and Elledge, 2003). Thus, ATR seems to have a role during DNA replication in
monitoring the status of replication forks (Flynn and Zou, 2011).

One of the consequences of the activation of ATM/ATR is cell cycle arrest, thus enabling
DNA repair to occur (figure 1.3). ATR and ATM phosphorylate and activate checkpoint
kinases 1 (CHK1) and 2 (CHKZ2) proteins, which are responsible for regulating the activity
of several downstream effectors which delay the cell cycle (Liu et al., 2000; Matsuoka et
al., 1998). CHK2 has been reported to be mainly involved in the G1 arrest, whereas CHK1

is responsible for the activation of the intra-S and G2/M arrest.
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Cell cycle progression is regulated by cyclin-dependent kinases (CDKs) which are
activated by the interaction with phase-specific cyclins. CDK inhibition occurs via
phosphorylation at Tyr sites by WEE1 kinase and by the direct interaction with the CDK
inhibitor (CKI) proteins (Zilfou and Lowe, 2009). G1 arrest is stimulated by the direct
phosphorylation of p53 by CHK2. The phosphorylation of p53 at serine (Ser) 20 prevents
the degradation of the protein by the E3 ubiquitin ligase MDM2, thus promoting
accumulation of p53. P53 promotes G1 arrest stimulating the expression of the CDKN1A
gene, which encodes for the CKI p21. P21 blocks the action of the CDK2-cyclin E
complex, thus preventing the G1/S transition until the damage is repaired (Bartek and
Lukas, 2003).

Inhibition of the cell division cycle 25 (CDC25) phosphatases is necessary for the
activation of the intra-S and G2/M checkpoints. CDC25 proteins promote cell-cycle
progression by removing the WEE1-dependent inhibitory phosphorylation situated on the
CDK complexes. Both CHK1 and CHK2 are responsible for the phosphorylation of
CDC25C, which stimulates its sequestration by 14-3-3 proteins, thus promoting G2/M cell
cycle arrest (Bartek & Lukas, 2003; Matsuoka et al.,1998b). CDC25A phosphorylation by
CHK1 promotes the interaction with the E3 ubiquitin ligase Skp/Cullin/F-box (SCF) protein
complex, thus increasing CDC25A proteasome degradation and consequently promoting
the intra-S phase checkpoint activation (Busino et al., 2003; Falck, Mailand et al., 2001).
The p53-p21 axis is also responsible for the inhibition of the activity of CDK1-cyclin B1,

thus preventing the G2/M transition (Agarwal et al., 1995; Bunz et al., 1998).
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Figure 1.3: Overview of the ATM/ATR checkpoint regulation.

DSB formation leads to the activation of ATM and ATR kinases. Both kinases can
autophosphorylate themselves and then phosphorylate their downstream targets. CHK1 and
CHK2 are directly phosphorylated by ATM/ATR, thus becoming active. CHK1 phosphorylates
CDC25A, thus allowing the E3 ubiquitin ligase SCF to promote CDC25A degradation and the
activation of the intra-S checkpoint. Both CHK1 and CHK2 can phosphorylate CDC25C,
promoting the sequestration of CDC25C by 14-3-3, thus activating G2/M arrest. P53 is
phosphorylated directly by ATM/ATR and by CHK1/CHK2. Phosphorylation of p53 promotes
stabilisation of the protein, thus leading to an increase in p21 levels and therefore stimulating
either G1 or G2/M arrest.
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1.5.3 p53, “the guardian of the genome”

p53 activation in response to DNA damage has been extensively studied and it is
essential in preserving genomic stability (Lane, 1992). In fact, p53 induces anti-
proliferative and cell death mechanisms, thus preserving the integrity of the genome and
avoiding accumulation of mutations that could lead to cancer development. Indeed, the
loss of TP53 gene through mutation or deletion has been found in 50% of tumours,
highlighting the importance of the function of the encoded protein (Hollstein et al., 1991).
The TP53 gene encodes for a 53 kDa transcription factor which promotes or suppresses
different panels of genes, thus inducing cell cycle arrest, apoptosis or senescence (Meek,
2009; Zilfou and Lowe, 2009).

The central role for p53 in promoting cell cycle arrest has been outlined in the previous
section. p53 stimulates the expression of CDKN1A gene (which encodes for p21) and the
transcription of YWHAG gene (which encodes for 14-3-3 protein) and supresses the
expression of CDC25C gene in response to DNA damage (Clair and Manfredi, 2006;
Hermeking et al., 1997).

P53 has also been found to promote apoptosis by stimulating the transcription of pro-
apoptotic genes, such as PUMA and BAX (Koutsodontis et al., 2005; Riley et al., 2008;
Thornborrow & Manfredi, 2001). Additionally to a transcriptional-related contribution in
activating apoptosis, p53 has also been reported to translocate to the cytoplasm and to
stimulate the release of pro-apoptotic proteins, such as BAX and BAK, from the
mitochondrial membrane (Moll et al., 2005).

Since the activation of p53 can stimulate both cell cycle arrest and apoptosis, a
mechanism for distinguishing between these cellular responses has been investigated.
Although, the mechanism is not well understood, it has been speculated that it might
depend on the cellular context, on the pattern of PTMs and on the affinity of p53 for the
specific promoter (figure 1.4). For instance, ATM phosphorylation of p53 on multiple Ser

residues as well as CHK2 kinase phosphorylation on Ser 15 and Ser 20 leads to p53-
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dependent cell cycle arrest (Carvajal and Manfredi, 2013). The amount of DNA damage
also determines the p53 response. Indeed, a high level of DNA damage induces
phosphorylation on Ser 46 by p38 mitogen-activated protein kinase (MAPK) and
homeodomain-interacting protein kinase 2 (HIPK2), stimulating the transcription of
apoptosis-related genes (Bulavin et al., 1999; Hofmann et al., 2002). Another factor
contributing to the choice between cell cycle arrest and apoptosis is the affinity of p53 for
the DNA-binding sites. For instance, it shows a high-affinity for the promoters of cell cycle
arrest-related genes, while a low-affinity for the apoptotic-related genes (Resnick-
Silverman et al., 1998). Hence, the cooperation between upstream signalling and the
different affinities for DNA binding sites gives a possible explanation on how p53 can

trigger different cellular responses to DNA damage (Carvajal and Manfredi, 2013).
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Figure 1.4: p53 response.

p53 response depends on the different p53-promoter affinities, on the level of cellular stress and
on PTMs. Depending on these factors, p53 can promote cell cycle arrest, apoptosis and
senescence. Examples of genes activated by p53 in response to different stimuli are
represented in the above figure (the green colour represents positively activated genes, while
red represents repressed genes).
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1.5.4 DNA damage accumulation and cellular senescence

Cell cycle arrest and apoptosis are not the only cellular responses to DNA damage
coordinated by p53. Indeed, cells can also undergo senescence when DNA damage is
accumulated (Campisi & d’Adda di Fagagna, 2007; Collado et al., 2007).

Generally speaking, senescent cells are unable to proliferate and to re-enter the cell cycle,
despite stimulation by growth factors in the medium (Hayflick, 1965). They are also
resistant to apoptosis stimuli (Hampel et al., 2004) and the pattern of gene expression is
altered. For instance, the expression of genes required for cell cycle progression such as,
cyclins and PCNA, has been found to be repressed (Pang and Chen, 1994). Several
senescence markers have been identified in order to characterise and identify senescent
cells in vivo. The expression of B-galactosidase, encoded by the GLB1 gene, is the most
employed marker used for distinguishing between normal and senescent cells (Dimri et
al., 1995). More interestingly, another marker of senescent cells is the presence of
unrepaired DNA damage flagged by the persistence of yH2AX foci (Rodier et al., 2009;
Sedelnikova et al., 2004).

Indeed, senescence can be triggered in response to several DNA damage-related cellular
stresses such as telomere shortening, accumulation of DNA damage and elevated
oncogene activation (Campisi, 2013). The common factor between them is prolonged
DDR. Shortening of the telomeres and an accumulation of unrepaired DNA damage are
signalled by ATM/ATR and their downstream partners CHK2/CHK1. The inhibition or
depletion of these proteins has been reported to reduce the efficiency of activating cellular
senescence mechanisms (d’Adda di Fagagna et al., 2003; Mallette et al., 2007a).
Oncogene-stress has also been found to activate DDR. Indeed, hyperactivation of
oncogenes increases the proliferation rate, thus enhancing the formation of replicative-
associated DNA damage and consequently leading to activation of DDR (Bartkova et al.,

2006; Mallette et al.,, 2007). Overexpression of activated RAS and E2F1 has been
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reported to increase the occurrence of DNA damage following replication-stress, thus
inducing senescence (Goberdhan et al., 2000; Serrano et al., 1997).

The p16-RB and the p53-p21 pathways have been identified as the molecular effectors for
activation of senescence (Campisi and d’Adda di Fagagna, 2007; Collado et al., 2007).
The p16-RB pathway has been shown to be activated in response to oncogenic-stress
(Campisi and d’Adda di Fagagna, 2007; Collado et al., 2007). P16 is part of the CKI family
which recognises and inhibits the CDK4 and CDK®6 proteins, which are responsible for the
G1/sS transition. Inhibition of these kinases maintains the RB tumour suppressor protein in
a hypophosphorylate status and bound to the E2F1 transcription factor. In this case, E2F1
cannot bind to the DNA and consequently abolishes the E2F1-dependent expression of
genes involved in promoting cell cycle progression, such as cyclin E (Sherr and
McCormick, 2002). INK4, which encodes for the p1l6 protein, and ARF gene expression
are stimulated by RAS hyperactivation (Barradas et al., 2009; Lin and Lowe, 2001; Ohtani
et al.,, 2001). Elevated levels of both p16 and ARF have been found in senescent cells
(Krishnamurthy et al., 2004). ARF targets the E3 ubiquitin ligase MDM2, thus inhibiting its
function and consequently allowing accumulation of p53 (Llanos et al., 2001; Zhang et al.,
1998).

In contrast to the p16-RB axis, the p53-p21 pathway activation is also directly stimulated
by DDR, via the ATM/ATR pathway (Bartek and Lukas, 2003). p53 stabilisation is
essential for triggering senescence through the expression of p21 (Jackson and Pereira-
Smith, 2006). As described in the previous section, p21 targets CDK-cyclin complexes,
thus contributing in promoting the permanent cell cycle arrest (Brown et al., 1997).
Additionally, p21 can directly contribute in establishing senescence by mediating p53-
dependent repression of genes involved in cell cycle progression (Abbas and Dutta,
2009).

Therefore, at the cellular level, senescence is another cellular response employed in

response to DNA damage. The main purpose for activating senescence is to avoid
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abnormal proliferation and cancer development (Campisi, 2013). Indeed, INK4, RB, TP53
and ARF genes have been found to be mutated or deleted in several cancers, confirming
to have a crucial role in preventing the onset of cancer. On the other hand, senescence
promotes aging tissue, thus reducing the pool of cells necessary to sustain tissue renewal
(Campisi and d’Adda di Fagagna, 2007; Collado et al., 2007). Therefore, senescence has
been selected during evolution as a beneficial mechanism which promotes the survival of
young organisms, but it has negative consequences in older organisms — the “antagonistic

pleiotropic” hypothesis on aging (Kirkwood and Austad, 2000).
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1.6 The tumour suppressor gene ARF

1.6.1 The INK4-ARF locus

The ARF protein (also known as pl1l4 in human and p19 in mouse) was identified as an
alternative transcript for the INK4 locus which encodes for CKI p16 (Kamijo et al., 1997;
Stott et al.,, 1998). The transcription of these two proteins is under the control of two
separated promoters, thus allowing independent activation. The two mRNA transcripts
share exon 2 and exon 3, but they have two separate exons 1, exon 13 encodes for ARF,
exon la encodes for pl6. The homology between ARF and pl6 proteins is very low,
explaining a difference in function. However, the primary sequence of ARF is highly
conserved between species, suggesting an essential role for this protein (Gil and Peters,

2006).

1.6.2 ARF protein structure

ARF mRNA translation leads to a 14 kDa protein with a primary sequence of 132 amino
acids. The amino acid composition is very unusual with more than 20% arginine (Arg)
residues, therefore leading to a highly basic protein. Considering its primary sequence,
ARF has to bind to other proteins to stabilise its charge. Indeed, ARF is defined as a
“sticky” protein and it has been reported to form complexes with several proteins, thus
affecting their biological functions (Sherr, 2006). The N-terminal domain, encoded by the
exon 1B has been reported to be important for the binding of ARF to its targets, such as
MDM2 (Honda and Yasuda, 1999; Pomerantz et al., 1998; Stott et al., 1998) and ARF-
BP1/MULE (Chen et al., 2005), while the C-terminus seems to be essential for ARF
localisation in the nucleolus (Zhang and Xiong, 1999).

Regarding the biological function of ARF, no catalytic domain has yet been identified, thus
leading to the conclusion that its function merely depends on the binding with other
proteins. Thus, the level of the protein and its localisation regulate the interaction with

ARF binding targets. Similarly, PTMs have not been found, even though, there are
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numerous potential sites for phosphorylation in the ARF sequence. Interestingly, ARF
does not have any Lys residues, suggesting that acetylation and ubiquitination are also
impaired. However, the N-terminal domain has been reported to be ubiquitinated probably
through the N-terminal amino group (Kuo et al., 2004). Recently, the E3 ubiquitin ligase
ULF (Chen et al., 2010) and SIVAl (Wang et al., 2013) have been shown to ubiquitinate

ARF, thus regulating the protein level.

1.6.3 ARF-dependent regulation of p53

One of the major consequences of ARF induction is the accumulation of the p53 protein,
through the interaction and ultimately the inhibition of the E3 ubiquitin ligase MDM2
activity. ARF has been found to interact with MDM2 through its N-terminal region in order
to inhibit the ubiquitinatation of p53 (Honda and Yasuda, 1999; Pomerantz et al., 1998;
Stott et al., 1998). It has been shown that the mechanism of action of ARF on MDM2
occurs through the inhibition of the activity of the E3 ubiquitin ligase protein (Llanos et al.,
2001).

MDM2 is not the only E3 ubiquitin ligase targeted by ARF. In fact, ARF can also regulate
the activity of another E3 ubiquitin ligase protein, ARF-BP1/MULE. It has been shown that
ARF induction leads to the inhibition of the ubiquitination activity of ARF-BP1/MULE on
p53 (Chen et al., 2005). Again, the interaction between ARF and ARF-BP1/MULE occurs
through the N-terminus, confirming that the N-terminal domain is fundamental for ARF
function. A negative feedback loop between p53 and ARF has also been identified. P53
itself regulates the level of ARF expression through its transcriptional activity. In fact in
cells lacking p53, ARF protein levels are elevated and the re-expression of p53 restores
ARF levels (Kamijo et al., 1998; Stott et al., 1998; Zeng et al., 2011). Therefore, there is a
negative feedback loop between ARF and p53: ARF stabilizes p53 and p53 suppresses
the expression of the ARF gene.

Since ARF regulates p53, ARF induction has been revealed to modulate p53-dependent
physiological functions (Sherr, 2006). For instance, ARF overexpression leads to cell
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cycle arrest in p53-proficient HCT116 cells (Weber et al., 2002), whereas it does not affect
the cell cycle in TP53 and CDKN1A KO HCT116 cells (Hemmati et al., 2005). These
results show that ARF-dependent cell cycle arrest requires the presence of a functional
p53. Moreover, it has been shown that in response to IR treatment, an increase in ARF
correlates with p53 induction in MEFs, suggesting that ARF has, indeed, a role in
regulating the amount of p53 in response to DNA damage (Khan et al.,, 2004). Even
though an ARF-dependent cell cycle arrest in the G1 phase has been shown to require
p53, several studies report the ability of ARF to stimulate a G2 arrest in a p53-
independent manner, although the molecular mechanism has not been clarified (Eymin et
al., 2003; Hemmati et al., 2008; Normand et al., 2005).

ARF expression has also been shown to trigger apoptosis in both a p53-dependent
(Hemmati et al.,, 2002; Radfar et al., 1998; Zindy et al., 1998) and a p53-independent
manner (Eymin et al., 2003; Hemmati et al., 2002; Milojkovic et al., 2013), thus adding
another physiological role for the ARF tumour suppressor protein. Recently, it has been
reported that in response to DNA damage ARF is required to trigger apoptosis in a p53-
dependent manner (Chen et al., 2013), implying that ARF is responsible for triggering cell

death in response to DNA lesions.

1.6.4 Oncogenic-signalling induces ARF expression

Aberrant mitogenic signals have been found to increase ARF expression, thus blocking
the cell cycle and eventually promoting either apoptosis or senescence via p53
accumulation. The induction of ARF has been linked to oncogenic hyperactivation, such
as overexpression of Myc, E2F1 and Ras (Lomazzi et al., 2002; Palmero et al., 1998;
Zindy et al., 1998). E2F1 has been reported to directly stimulate ARF mRNA transcription
(Komori et al.,, 2005), thus binding the promoter in response to oncogenic-stress
(Berkovich et al., 2003). Recently, it has been suggested that the induction of ARF in
response to E2F1 and MYC overexpression may also occur via a transcription-
independent mechanism. Indeed, the overexpression of a MYC mutant lacking the DBD
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has been shown to impair the interaction between ARF and the E3 ubiquitin ligase ULF,
thus leading to ARF accumulation in the human H1299 cancer cell line (Chen et al.,
2010). Another group has shown that the interaction between ARF and the novel binding
factor N-Myc interactor (NMI) in response to E2F1 and MYC overexpression leads to an
increase in ARF protein levels, disrupting the interaction with ULF (Li et al., 2012).

Regarding the induction of ARF by RAS oncogene, there is discrepancy between the
findings in mice which show that ARF is induced by the overexpression of activated Ras
(Ferbeyre et al., 2002; Ha et al., 2007; Lin and Lowe, 2001), and the evidence from
humans which show an induction of p16, but not of ARF (Wei et al., 2001). Indeed,
overexpression of activated Ras leads to an induction in Arf, stimulating the synthesis of
Arf mRNA levels through the activation of the histone demethylase protein Jmdm3 in
MEFs. In the same study, it has been shown that RAS overexpression leads only to an
increase of pl16 and not of ARF levels in human diploid fibroblasts (HDFs) (Barradas et
al., 2009). Furthermore, it has been recently reported that Ras-dependent induction of
ARF also occurs in a transcriptional-independent fashion in MEFs. The molecular
mechanism described requires the disruption of the interaction between Arf and Ulf by the
tumour necrosis factor receptor (TNFR)-associated death domain (TRADD) protein (Chio

et al., 2012).

1.6.5 ARF role in the DDR

A possible role for ARF in DDR is still controversial and unclear. In earlier studies, ARF
has been reported to be induced in response to hyperproliferative stimuli due to aberrant
oncogenic activation. However, the fact that oncogenic-stress activates DDR and that
ARF regulates p53 levels suggests that ARF might have a role in DDR (Evan and d’Adda
di Fagagna, 2009). Several studies have found a correlation between DNA damage and
ARF activation. Lee and colleagues have shown that after UV irradiation, ARF protein
delocalizes from the nucleoli to the nucleoplasm in DU145 cells. They have also shown
that after UV irradiation there is an increase in the interaction between MDM2-ARF (Lee et
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al., 2005). Moreover, ARF levels have been reported to be upregulated in response to IR
exposure in MEFs (Khan et al., 2004) and to MMS treatment in human H358 and H1299
cells (Eymin et al., 2006; Li et al.,, 2012). Also, ARF has been recently reported to be
transcriptionally induced by replicative stress caused by hydroxyurea (HU) treatment in
MEFs (Monasor et al., 2013).

Furthermore, growing evidence has linked ARF protein levels to ATM (Bailey et al., 2008;
Grgnbaek et al., 2002; Li et al., 2004; Velimezi et al., 2013) and ATR kinases (Carlos et
al., 2013; Eymin et al., 2006; Rocha et al., 2005). Li and colleagues have shown that the
ectopic induction of ARF in NIH 3T3 cells enhanced ATM activity. Furthermore, ARF
overexpressing cells show ATM localized nuclear foci (Li et al.,, 2004). Eymin and
colleagues have also shown that in response to DNA damage, ARF is able to activate the
ATM pathway in p53-deficient cells and to trigger apoptosis. Furthermore, the use of RNA
interference (RNAI) against ARF prevents the activation of ATM (Eymin et al., 2006).
Recently, a functional interplay between ARF and ATM has been suggested. The
depletion and inhibition of ATM has been shown to upregulate ARF levels in the H1299
and Hela cancer cell lines, indicating that when ATM function is abrogated, the ARF
tumour suppressor protein is induced to avoid tumour development (Velimezi et al., 2013).
Conversely, another study has shown that in response to a HR-deficiency (Brca2-
deletion), ARF is upregulated and the ATM (and ATR) proteins are required for ARF
induction (Carlos et al., 2013). Thus, the relationship between ATM activation and ARF is
still unclear, but these recent findings suggest a role for ARF in the DDR.

Regarding ATR and ARF interplay, it has been reported by Rocha and colleagues that
ARF interacts with ATR and activates the protein. Moreover, this interaction is responsible
for the localization of ATR to the nucleolus. Although ATR is related to DDR, they propose
that the interaction between ATR and ARF proteins is not triggered by DNA damage

(Rocha et al., 2005). However, in the context of the DNA damage signalling, ATR activity
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has also been shown to be indispensable for ARF upregulation in response to persistent
DNA damage (Carlos et al., 2013).

Another study has recently reported a link between ARF, ARF-BP1/MULE and DNA
repair. Following DNA damage ARF is able to inhibit the ubiquitination activity of ARF-
BP1, allowing the accumulation of POLB. Furthermore, ARF-depleted cells show slower
DNA repair kinetics due to a decrease in the level of POLB (Parsons et al., 2009).

Since it has been speculated that ARF is involved in DDR through the activation of
ATM/ATR pathways, it is important to outline that the activation of these pathways and the
biological outcomes do not strictly require ARF. For instance, the accumulation of p53
occurs independently of ARF both in vivo and in mouse models. Indeed, IR has been
shown to induce p53 in ARF-null tumours, demonstrating that exogenous DNA damage

can induce p53 in the absence of ARF (Kamijo et al., 1999a).

1.6.6 ARF role in senescence

Senescence is triggered in response to aberrant oncogenic signals through the activation
of the DDR. Furthermore, unrepaired DNA damage, independently from oncogenic-stress,
also leads to DDR activation and therefore to senescence, as shown by the findings of
persistent DNA damage foci in senescent cells.

As discussed, the biological relevance of inducing ARF mainly depends on p53
downstream functions. Indeed, ARF has been reported to be required for triggering cell
cycle arrest and apoptosis. Moreover, an elevated expression of ARF has been found to
correlate with aging tissue (Collado et al., 2007). Indeed, it has been shown that there is a
~ 3.5-fold increase in Arf expression when comparing young and old mouse tissues, such
as lung, liver and intestine. These results suggest that Arf upregulation occurs with aging
(Krishnamurthy et al., 2004). Moreover, it has been shown that overexpression of
activated Ras leads to senescence in a Arf-dependent manner in MEFs (Barradas et al.,
2009; Chio et al., 2012; Ferbeyre et al.,, 2002) and in mouse melanocytes (Ha et al.,
2007). In other studies, it has been shown that the induction of human ARF leads to
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senescence, in a p53-dependent manner, in mouse epidermis (Tokarsky-Amiel et al.,
2013) and in human WI-38 fibroblasts (Dimri et al., 2000; Wei et al., 2001). Moreover, Arf
has been shown to be required for inducing senescence in response to HR-deficiency
(Brca2 depletion) in MEFs, thus suggesting that Arf is important for triggering senescence
in a DDR-activated context.

Although the molecular mechanism of ARF upregulation after DNA damage is still unclear,
those results suggest that ARF induction might be linked to chronic activation of DDR as a

consequence of accumulation of unrepaired DNA damage.

1.6.7 ARF in cancer progression

KO of the Arf gene in mice revealed that ARF is dispensable for development. However,
Arf-null mice have been shown to develop spontaneous tumours by two months, thus
revealing a fundamental role for Arf in preventing tumour formation in vivo (Kamijo et al.,
1999b). It has been reported that 28 out of 39 Arf-null mice died within 1 year of birth as a
consequence of tumour formation. Without any additional treatment, 43 of the Arf-null
mice develop sarcomas, 29% develop lymphoma and interestingly, 3 mice develop
gliomas which rarely occur in mice (Kamijo et al., 1999b). They have also shown that Arf-
heterozygote animals develop tumours due to the loss of function of the second allele,
through deletion or promoter methylation at the WT gene (Kamijo et al., 1999b).
Immunostaining of papilloma derived from Arf-null mice has revealed an increase in
YH2AX and a dramatic decrease in p53 levels, showing that the ARF protein is important
in the regulation of p53 basal levels in vivo (Bailey et al., 2008). However, another study
has shown that Arf-null mice still exhibit functional p53 accumulation after IR treatment,
despite Arf being depleted (Kamijo et al., 1999a).

Several studies have assessed the ARF status in human cancers by either analysing
mutations or deletions of the specific ARF 18 exon or by verifying promoter methylation
(Ozenne et al.,, 2010). Methylation of the ARF promoter has been found in colorectal,
bladder, oral and gastric carcinoma (Ozenne et al.,, 2010). Analysis of the level of ARF
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MRNA has revealed that low levels correlate with lung and breast cancer (Ozenne et al.,
2010). Analysis of 100 primary breast cancer samples has revealed that 26% have very
low levels of ARF mRNA, whereas 17% expressed elevated levels of ARF mMRNA (Silva et
al., 2001). Of the 26% with decreased amount of ARF mRNA levels, 50% had an aberrant
promoter hypermethylation, while in 37% of the samples the gene is either deleted in both
the alleles or shows a loss of heterozygosis (LOH) (Silva et al., 2001). Homozygote
deletion (HD) and LOH of the ARF gene have also been found in lung, hepatocellular and
prostate carcinoma (Ozenne et al., 2010). Moreover, three germ line mutations have been
found in patients affected by melanoma; these mutations generate an aberrant ARF

MRNA transcript due to defects during the splicing process (Harland et al., 2005).

In conclusion, the expression of the ARF tumour suppressor gene is important to avoid
tumour development since ARF has a fundamental role in regulating p53 levels, thus
contributing to the activation of different cellular responses, such as cell cycle delay or
senescence. Moreover, several studies have suggested a link between ARF induction and
DNA damage. However, whether ARF is induced in response to DNA damage is still not

clear.
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1.7 Aims of the study

The aims of this study are:
1. To investigate whether the tumour suppressor gene ARF is induced in response to
DNA damage.
2. To investigate the molecular mechanism of ARF induction in order to characterise
the pathway that regulates ARF levels in response to DNA damage.
3. To characterise the physiological relevance of ARF induction in response to DNA

damage.
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2. Materials and Methods

2.1 Materials

2.1.1 Reagents

The materials and reagents used in this thesis are listed in Appendix I.

2.1.2 Plasmid

Human XRCC1 cDNA was previously cloned into the pCMV 3Tag3a mammalian vector
containing C-terminal 3x Flag-tag (Agilent Technologies) in Grigory Dianov’'s lab. The

plasmid was verified by sequencing.

2.1.3 Human cell lines

The HelLa human cervical cancer cell line was purchased from ATCC (American Type
Culture Collection) and TIG-1 primary human foetal lung fibroblasts were obtained from

Coriell Cell Repositories.
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2.2 Cell culture, cell treatments and cell transfection

2.2.1 Basal cell culture handling

HelLa and TIG-1 cells were cultured in Dulbecco modified Eagle’s medium (DMEM)
supplemented with 10% and 15% foetal bovine serum (FBS), respectively. Cells were
grown at 37°C in 5% CO, air in a humidified air incubator (Thermoscientific). After
reaching 80-90% confluence, cells were split using a Trypsin-EDTA solution (0.025%
trypsin, 0.01% EDTA) and re-seeded at either a 1:5 or 1:10 ratio.

When necessary, the cell number was determined using a Countess® Automated Cell
Counter system (Invitrogen) according to the manufacturer’s protocol. Briefly, cells were
detached using Trypsin-EDTA solution, diluted 1:1 in trypan blue and counted.

For harvesting, cells were scraped into phosphate buffer saline (PBS) and pelleted by
centrifugation at 350 rcf for 5 min at 4°C. Cell pellets were re-suspended, centrifuged at

250 rcf for 5 min at 4°C and pellets stored at -80°C.

2.2.2 Cell treatments

After counting, 5 X 10° cells were seeded in 10 cm? dishes and treated after 2 days.
Following treatment, cells were harvested as described in section 2.2.1 at different time
points. Solutions for treatments were prepared fresh in full growth medium. For H,O,
treatment, a 8.8 M stock solution of H,O, was diluted in medium to a final concentration of
150 pM (Fisher et al., 2007; Woodhouse et al., 2008). Cells were irradiated using a GSR-
D1 137Cs y-irradiator (RPS Services Limited) at a dose rate of 1.5 Gy/min (Godon et al.,
2008). A 100 mM stock solution of NU1025 PARP1 inhibitor was prepared in
dimethylsulfoxide (DMSO); the inhibitor was further used at a working concentration of
100-200 pM (Bowman et al., 1998; Sabisz et al., 2010; Woodhouse et al., 2008). FK866
was used at a 10-30 nM working concentration, prepared from a 1 mM stock solution in

DMSO (Caito et al., 2010; Cant6 et al., 2009). Cells were treated with cycloheximide
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(CHX) at a concentration of 50 ug/ml (Korner, 1966) prepared from a 50 mg/ml stock
solution.

2.2.3 Cell transfection

For overexpression studies, 5 x 10° cells were seeded in 10 cm? dishes and transfected
after 24-36 h when 60-80% confluent. For each dish, a transfection mixture (1 mL)
containing either 10 ul of lipofectamine transfection reagent alone or in combination with
the indicated amount of plasmid (150-250 pmol) was prepared in FBS-free medium.
Complete medium (5 ml) and transfection mixture were then mixed and added to the
dishes. Cells were harvested according to section 2.2.1 18-24 h after transfection.

For knockdown studies RNA interference (RNAI) technology was used. Cells were
counted, 2 x 10° cells were seeded in 10 cm? dishes and transfected at 30-50%
confluence, 24-36 h after seeding. For each plate, a transfection mixture (1 ml) containing
either 10 ul of lipofectamine alone or in combination with RNAi (40-80 nM RNAI final
concentration) was prepared. Complete medium (5 ml) was combined with 1 ml of the
transfection mixture and added to all dishes. Fresh medium was replaced 6 h after
incubation and cells were harvested 24-72 h after transfection as described in section
2.2.1. The list of RNAIi sequences used in this work is given in table 2.1.

For XRCC1 complementation studies, 2 x 10° cells were seeded in 10 cm? dishes for 24 h
and XRCC1 knockdown was performed using RNAi (40-80 nM) as described above.
Following 36 h of RNAI transfection, cells were transfected with 250 pmol of RNAI
resistant XRCC1, expressing plasmid (XRCC1l RNAI-R), and harvested 24 h post-

transfection as described in section 2.2.1.
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73
GENE SEQUENCE REFERENCE
XRCC1 5'’AGGGAAGAGGAAGUUGGAU3' (Brem and Hall, 2005)
SIRT1 5'GAUGAAGUUGACCUCCUCA3' (Lee et al., 2011)
p53 5'AAGACUCCAGUGGUAAUCUAC3' (Zhu et al., 2004)
E2F1 5'CGCUAUGAGACCUCACUGA3' (Goto et al., 2006)
PARP1 5'AAGAUAGAGCGUGAAGGCGAA3Z (Kameoka et al., 2004)
PARP1_2 5GGGCAAGCACAGUGUCAAAZ (Ying et al., 2012)
NAMPT 5'GAGUGUUACUGGCUUACAAZ (Zhang et al., 2009)
APE1 5'AAUGACAAAGAGGCAGCAGGS3 (Fung and Demple, 2005)
APE1 5'AACCUGCCACACUCAAGAUCS3' (Fung and Demple, 2005)
ARF

5'GAACAUGGUGCGCAGGUUCTT3 (Eymin et al., 2006)

Table 2.1: RNAI sequences.

RNAIi sequences used for knockdown experiments. The chosen sequences have been
previously employed in the indicated references.
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2.3 Analysis of mRNA levels

2.3.1 Extraction of total RNA

Total RNA extraction was performed at room temperature (RT) according to the
manufacturer’s protocol (RNA extraction kit, Qiagen). Lysis RLT buffer (350 ul)
supplemented with 1% B-mercaptethanol (B-ME) was added to each pellet and drawn
through a 1.1 mm diameter needle at least 8-10 times. One volume of 70% ethanol was
added to the lysate and mixed by pipetting. The lysate was then transferred to an RNeasy
spin column, placed in a collection tube and centrifuged for 15-30 sec at 8000 rcf. The
flow-through containing salts, proteins and cellular components was discarded. The pore
size of the membrane significantly improves the recovery of the mRNAs since most of the
RNAs shorter than 200 nucleotides (nt) in length, including 5S rRNA, 5.8S rRNA and
tRNA, were discarded. To remove any remaining impurities and salts, several wash steps
were applied. RW1 buffer (700 ul) was added and followed by two washes with 500 pl of
RPE buffer. Samples were centrifuged at each wash step for 15-30 sec at 8000 rcf. To
elute the RNA, the column was placed into a new 1.5 ml collection tube, 30-50 pul of
RNase-free water were added onto the membrane and incubated at RT for 1 min. The
columns were then centrifuged for 1 min at 8000 rcf. Following elution, total RNA samples
were kept on ice, quantified as described in section 2.3.2, aliquoted and stored at -80°C

until further processing.

2.3.2 RNA quantification and quality control

RNA quantification was performed using a NanoDrop 1000 (Thermoscientific) at a
wavelength of 260 nm (Aseo).

The quality of the RNA extracted was assessed according to the Aseo/Azgo and Aggol/Azzo
ratios expected to be 1.8-2.0. Additionally, RNA samples were run on a 1% agarose gel in
1X TAE buffer, containing 40 mM Tris-HCI, 20 mM acetic acid, 1 mM EDTA, pH 8.3, and

visualised using Sybr green. Prior to electrophoresis samples (1 ug) were prepared in 1X
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loading dye (LD) containing 10 mM Tris-HCI pH 7.6, 0.03% bromophenol blue, 0.03%
xylene cyanol FF, 60% glycerol and 60 mM EDTA. Samples were subsequently run at 60
V for 90 min. The gel was scanned using an FX molecular imager (Bio-Rad). RNA quality

was determined by the 2:1 ratio between the 28S and 18S rRNA subunits.

2.3.3 Reverse transcription reaction

To obtain cDNAs, a retro transcriptase reaction was prepared using Superscript Il First
Strand Synthesis system (Invitrogen). To ensure the synthesis of cDNA from mRNA, oligo
(dT) primers were used. Initially, an individual RNA/primer solution containing 1 pg of total
RNA, 0.5 mM of dNTPs, 25 ng/ul of oligo(dT) in RNAse-free water was prepared and
incubated at 65°C for 5 min using a thermo cycler (Eppendorf mastercycler personal). For
each sample, a reaction master mix containing 1X First strand buffer, 5 mM MgCl,, 10 yM
DTT and 2 U/ul of RNaseOUT was prepared, added to the RNA/primer mix and pre-
incubated for 2 min at 45°C. SuperScript Il RT (2.5 U/ul) was added to each sample and
incubated for 50 min at 45°C. To inactivate the SuperScript Il RT enzyme, the samples
were incubated at 70°C for 15 min and chilled on ice. Finally, 2 U/ul of RNase H enzyme
was added following incubation at 37°C for 20 min. cDNA solutions were stored at -20°C
until further processing.

2.3.4 Quantitative polymerase chain reaction (QPCR)

Roche software was used to design 18-21 mer oligonucleotides with a melting
temperature (Tm) of 60 °C which produce 50-100 nt amplicons (Roche, 1996). The list of
oligonucleotides is depicted in table 2.2. cDNAs of the control samples were used to
optimise the concentration of both primers and cDNA. To optimise gPCR conditions,
primer concentrations within a range of 40-80 nM were tested in combination with 1-10 ng
of cDNA. Concentrations giving Ct values between 20-30 were chosen. For analysis of
ARF and p16 mRNA levels, 1 uM ARF, p16 primers and 10 ng of template were used,
whereas 2 pM GAPDH primers in combination with 1 ng of template were employed to
assess GAPDH mRNA levels.
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Each reaction contained a mix of optimised amounts of both primers and cDNAs, 1 X
ABsolute Blue SYBR Green ROX solution (Thermo-Start™ DNA Polymerase, 3 mM
MgCl,, dNTPs, SYBR® Green | fluorescent dye), and DEPC-treated H,O to final volume of
25 ul. Reactions were performed in triplicate.

Reactions were run using a 7500 fast real-time PCR system (Applied Biosystem) using
the following conditions: 15 min at 95 °C, following 40 cycles of 15 sec at 95 °C, 30 sec at
60 °C and 30 sec at 72 °C. A melting curve stage was added to check the PCR products
obtained and the possible presence of unspecific products using the following conditions:
95°C 15 sec, 60°C 1 min, 95°C 30 sec, 60°C 15 s.

The 2*2° method was used to calculate the fold change (FC) in gene expression between
lipofectamine (L) and knockdown (KD) samples. Firstly, ACt for both L (ACty)) and KD
(ACtkpy) samples were calculated by normalising the Ct values of the target gene (Ct)
against the Ct values of the housekeeping gene (Ct,)) as shown in equation 2.1.

2.1 ACt = Ct(t) — Ct(h)

In order to calculate the FC between L and KD equation 2.2 was used.

2.2 FC = 24Ct(L)~ ACt(KD)
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PRIMERS SEQUENCES
ARF forward primer (qPCR) 5CTACTGAGGAGCCAGCGTCTAYZ
ARF reverse primer (qPCR) 5CTGCCCATCATCATGACCT3
P16INK4a forward primer (QPCR) 5GCTGACTGGCTGGCCACGGY
P16INK4a reverse primer (QPCR) 5TCATGACCTGGATCGGCCTCCG3’
GAPDH forward primer (qPCR) 5AGCCACATCGCTCAGACAC3
GAPDH reverse primer (QPCR) 5GCCCAATACGACCAAATCC3

Table 2.2: gPCR primers.
Sequences of gPCR primers used for analysis of mMRNA levels.
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2.4 Analysis of protein levels

2.4.1 Preparation of whole cell extracts

Whole cell extracts (WCEs) were prepared according to Tanaka (Tanaka et al., 1992).
Packed cell volumes (PCVs) were estimated and 1 volume of Tanaka buffer | (10mM Tris
HCI, pH 7.8, 200 mM KCI) was used to re-suspend cells. To lyse the cells 2 volumes of
Tanaka buffer Il (10mM Tris HCI, pH 7.8, 600 mM KCI, 0.1 mM EDTA, 40% glycerol and
0.2% Nonidet P-40) were added. Both buffers were supplemented with 1mM
phenylmethanesulfonylfluoride (PMSF), 1mM N-Ethylmaleimide (NEM), and 1 pg/ml each
of aprotinin, pepstatin, chymostatin and leupeptin to prevent protein degradation. Cell
lysates were incubated for 30 min at 4°C at 7 rpm on a tube rotor (Labinco) and then
centrifuged at 98000 rcf for 20 min at 4°C. The supernatant was collected and stored at -
80°C. Protein concentrations were measured using the colorimetric Bradford assay

(Bradford, 1976).

2.4.2 Polyacrylamide gel electrophoresis (PAGE)

Both pre-cast tris-glycine 4-20% or in house Tris-HCI 4-16% gradient gels were used for
protein electrophoresis. Laemmli Loading buffer, containing 60 mM Tris HCI, pH 6.8, 2%
sodium dodecyl sulphate (SDS), 10% glycerol, 5% B-ME and 0.2% bromophenol blue,
was added to each protein sample (25-40 pg) and the final volume adjusted to 30 pl with
H,O. Samples were boiled at 95°C for 5 min in a heating block (Eppendorf, thermomixer
comfort), prior to loading. Electrophoresis was performed using tris/glycine/SDS 1X
running buffer (25 mM Tris-HCI, pH 8.3, 192 mM glycine, 0.1% w/v SDS) at 125 V for 1.5

h.

2.4.3 Western blotting

Immobilon-FL polyvinylidene fluoride (PVDF) membranes were incubated for 15 s in
100% methanol, then rinsed in H,O and equilibrated in chilled transfer buffer (1X

Tris/glycine buffer containing 25 mM Tris-HCI, pH 8.3, 192 mM glycine, supplemented
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with 20% Methanol). Sponges, gels and 3MM paper were all equilibrated in transfer buffer
and placed with the membrane into the transfer apparatus. Proteins were transferred from
the gel to the membrane at 25 V for 1.5 h.

Membranes were rinsed in 1X PBS, incubated for 1 h at RT in Odyssey Blocker buffer (LI-
COR) diluted 1:1 in 1X PBS and incubated with primary antibodies overnight at 4°C on a
roller (Stovall, low profile roller). The following day membranes were washed in 1X PBS
supplemented with 0.1% Tween-20 three times for 5 min and incubated with fluorescently-
labelled secondary antibodies for 1 h at RT. Membranes were then rinsed three times in
1X PBS supplemented with 0.1% Tween-20 for 5 min and scanned using the Odyssey
system (LI-COR). The full list of antibodies used in this study is depicted in table 2.3.
Quantification of band intensities was performed using Odyssey Imager software. The

values obtained were normalised to the loading control (B-actin).
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PROTEIN PROVIDER PRODUCT CODE DILUTION
AcH3K9 Cell Signalling 9649 1:2000
Actin Abcam ab6276 1:10000
APE1l custom generated to full length protein 1:10000
ARF Axxora BET-A300-340A 1.2000
E2F1 Santa Cruz C-20/sc-193 1:500
H3 TOT Cell Signalling 9715 1:1000
NAMPT Bethyl A300-779A 1:5000
P21 Cell Signalling 12D1/2947 1:2000
p53 Santa Cruz sc-126 1:500
PAR Trevigen 4335-AMC-050 1:2000
PARP1 custom generated to full length protein 1:5000
SIRT1 Santa Cruz sc-15404 1:500
XRCC1 Neomarkers MS-1393-P0O 1:10000
XRCC1 custom generated to full length protein 1:10000
Mouse 680 Alexa Fluor A21057 1:10000
Mouse 800 LI-COR 926-32210 1:10000
Rabbit 680 Alexa Fluor A21109 1:10000
Rabbit 800 LI-COR 926-32211 1:10000

Table 2.3: List of antibodies.
Antibodies and working diluitions.
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2.5 NAD" quantification assay

Cells were seeded and either treated with the inhibitor FK866 or transfected with NAMPT
RNAI as described in sections 2.2.2 and 2.2.3. Cells for the assay (2 x 10° cells) were
collected by trypsinization, whereas remaining cells were harvested for western blotting.
Extraction was performed by adding 400 pl of NADH/NAD" extraction buffer (Abcam) to
each sample followed by two cycles of freezing (20 min on dry-ice) and thawing (10 min at
RT) to lyse the cells. The samples were centrifuged at 425 rcf for 5 min at RT and the
supernatant was collected into a new tube. To avoid consumption of NADH/NAD" by
enzymes, the extracts were filtered through a 10 kDa cut off filter. The extracts were
recovered after filtration. For quantification, 200 pl of the extracts were incubated at 60°C
for 30 min to decompose NAD*, while the remainder was used to quantify NADt (NAD"
and NADH).

The assay was performed in a 96-well flat bottom plate. A standard curve was prepared
using 0, 20, 40, 60 and 80 pmols of the NADH standard (Abcam). NADH/NAD extraction
buffer was used to make the final volume up to 50 ul in each well. For each sample, 50 pl
of the NADH and the NADt extracts were analysed in triplicates into the 96-well plate.
Samples were analysed in triplicate in a 96-well plate.

A NAD cycling mix containing 100 ul of NAD cycling buffer (Abcam) and 2 ul of NAD
cycling enzyme (Abcam) was added to each well. The plate was incubated for 5 min at RT
to allow the conversion from NAD" to NADH. NADH developer (Abcam) was added to
each well and allowed to react for 1 h at RT. Finally, the absorbance at 450 nm was
measured using a plate reader (BMG Labtech, polar star omega).

A standard curve equation was used to determine the amount of both NADt and NADH in
pmol/10°cells. NAD* final concentration ([NAD']) was then calculated as shown in the
eqguation 2.3.

2.3 [NAD +] = [NADt] — [NADH]
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It is important to mention the NADH concentration was determined to be negligible, with
optical densities determined to be equivalent to that of a ‘0’ pmol amount of NADH
according to the obtained standard curve. To accurately determine the amount of NADH
present in the samples, the amount of sample loaded for NADH measurement was twice
that of NADt. No change was observed in the measured optical densities, leading to the
conclusion the NADH levels present in the sample were considered negligible. It was then
reasoned the levels of NAD" could be considered equal to the levels of NADt.
Furthermore, the NAD" levels were normalised to the control samples to minimise the

variability in terms of measured optical densities from experiment to experiment.

82



2. Materials and Methods 83

2.6 Comet assay

The comet assay was performed as previously described (Singh et al., 1988). Briefly, cells
were trypsinised, treated or mock-treated in suspension with 150 yM H,O, for 15 min or
irradiated (10 Gy) on ice. Cells were embedded on a microscope slide in agarose (Bio-
Rad, Hemel Hempstead, UK) and the slides were incubated for various times at 37 °C in a
humidified chamber to allow for DNA repair. The slides were subsequently placed in lysis
buffer containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCI pH 10.5, 1% (v/v) DMSO
and 1% (v/v) Triton X-100 for 1 h at 4°C.

The slides were then incubated in the dark for 30 min in cold electrophoresis buffer (300
mM NaOH, 1 mM EDTA, 1% (v/v) DMSO, pH 13) to allow the DNA to unwind prior to
electrophoresis at 25 V for 25 min. After neutralisation with 0.5 M Tris-HCI (pH 8.0), the
slides were stained with SYBR Gold (Invitrogen, Paisley, UK) and analysed using the

Komet 5.5 image analysis software (Andor Technology, Belfast, Northern Ireland).

83



2. Materials and Methods 84

2.7 Plasmid manipulation

2.7.1 Bacterial transformation

XL1-blue competent bacterial cells were purchased from Stratagene and transformed as
recommended by the manufacturer. Briefly, 50 ul of bacterial cells were used for each
transformation and incubated on ice for 10 min with 24 mM B-ME. pCMV XRCCL1 plasmid
(20 pmol) was then added and incubated on ice for a further 30 min. Tubes were heat-
pulsed at 42°C for 45 sec using a heat block (Eppendorf, thermomixer comfort) and
placed again on ice for 2 min. Pre-heated LB medium (500 ul) was added and tubes were
incubated in a shaking incubator at 250 rpm for 1 h (New Brunswick scientific, Innova 42).
To select for transformants, bacterial cells were plated on 30 ug/ml kanamycin positive LB
agar plates and allowed to grow overnight at 37°C in a bacterial incubator (Binder). Single
clones were then picked and grown overnight at 37°C in 5 ml of LB medium supplemented

with 30 pg/ml kanamycin on a shaker at 250 rpm (New Brunswick scientific, Innova 42).

2.7.2 MiniPrep plasmid purification

Overnight cultures were pelleted at 4000 rcf for 10 min at 4°C and re-suspended in 250 pl
of buffer P1 (50 mM Tris HCI, pH 8, 10 mM EDTA) supplemented with RNase A (100
pg/ml final concentration). For lysis, 250 ul of buffer P2 (200 mM NaOH, 1% SDS) was
added and mixed by inverting the tubes several times. The reaction was stopped by
adding 350 pl of high-salt buffer N3 (4.2 M Gu-HCI, 0.9 potassium acetate, pH 4.8). The
tubes were then centrifuged for 10 min at 15000 rcf to precipitate the genomic DNA and
debris. Supernatants were then transferred to QIAprep spin columns and centrifuged at
15000 rcf for 1 min. The flow-through was discarded and the columns were washed with
750 pl of PE buffer (10 mM Tris HCI, pH 7.5, 80% ethanol) followed by centrifugation to
remove any residual PE buffer. To elute DNA, 30-50 pl of buffer EB (10 mM Tris HCI, pH
8.5) was added to the columns, incubated for 1 min followed by centrifugation for 1 min at

15000 rcf. The purified plasmid was then stored at -20°C.
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Plasmid concentration was determined using a Nanodrop 1000 (Thermoscientific) and the
quality checked on a 1% agarose gel. Sequence analysis was performed to verify that no

mutations were inserted into the plasmid during the amplification/replication process.

2.7.3 MaxiPrep plasmid purification

A maxi prep was performed to amplify the amount of plasmid and to improve the quality of
the DNA. Bacterial cells were transformed with the previously selected plasmid; colonies
were picked and grown in 5 ml of LB selective medium. The bacterial culture was then
diluted 1:100 in 100 ml LB selective medium and grown overnight at 37°C at 200-250 rpm
on a shaker (New Brunswick scientific, Innova 44).

Bacterial cultures were centrifuged at 4°C for 15 min at 6000 rcf (Beckman Coulter, Avanti
J26 XP) and re-suspended in 10 ml buffer P1 (50 mM Tris HCI, pH 8, 10 mM EDTA),
supplemented with RNase. For lysis, 10 ml of buffer P2 (200 mM NaOH, 1% SDS) was
added and incubated for 5 min at RT. 10 ml of pre-chilled buffer P3 (3 M potassium
acetate, pH 5.5) was added; the contents were transferred to a QIAfilter Maxi Cartridge
and incubated for 10 min at RT. The lysate was filtered through a QIAGEN-tip 500 pre-
equilibrated in 10 ml of buffer QBT (750 mM NaCl, 50 mM MOPS pH 7.0, 15%
isopropanol, 0.15% triton X-100), allowed to drain fully, followed by two washes with 30 ml
of buffer QC (1 M NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol). Finally, the DNA was
eluted in 15 ml of a high-salt buffer QF (1.25 M NaCl, 50 mM Tris HCI, pH 8.5, 15%
isopropanol).

DNA was precipitated with 10.5 ml of 100% isopropanol and samples centrifuged at 4000
rcf for 60 min at 4 °C. The supernatant was removed carefully and the DNA pellet washed
with 70% ethanol followed by centrifugation at 4000 rcf for 60 min at 4 °C. The ethanol
was removed and pellets were left to air dry at RT. The pellets were then dissolved in 200-
500 ul TE buffer (10 mM TrisHCI, pH 8, 1 mM EDTA). Plasmid quality and sequence were

checked as described in section 2.7.2.
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2.7.4 Site-directed mutagenesis

Primers, 25-45 bases in length with a melting temperature of (T,,) = 78 °C, were designed
for site-directed mutagenesis by using equation 2.4 as suggested by the manufacturer. N
corresponds to the primer length in bases, while % GC and % mismatch respectively
correspond to the percentage of GC bases and the percentage of mismatching bases
relative to the total number of bases.

2.4 Tm = 81.5+ 0.41 (%GC) — 675/N — % mismatch

Primers were designed to generate mutations of two adjacent bases without changing the
XRCC1 amino acid sequence in order to obtain an RNAI resistant pCMV XRCC1 plasmid
(XRCC1 RNAI-R). The oligonucleotides designed for the mutagenesis site-directed
reaction were as follows: forward
(5'CTCCCAAAGGGAAGAGGAAACTGGATTTGAACCAAGAAGSI)), and reverse
(5'CTTCTTGGTTCAAATCCAGTTTCCTCTTCCCTTTGGGAG?).

A PCR reaction was prepared containing 5 ng of DNA template, 1X PfuTurbo buffer (200
mM Tris-HCI pH 8.8, 100 mM (NH,4),SO,4, 100 mM KCI, 1% (v/v) Triton X-100, 1 mg/mL
BSA), 125 ng of both primers, 0.2 mM dNTPs mix, 0.5 U/ul of PfuTurbo DNA polymerase
and H,O to a final volume of 50 pul. The following PCR programme was used: 1 cycle at
95°C for 2 min followed by 25 cycles of 95°C for 30 sec, 50°C for 60 sec, 68°C for 8 min
(Imin/kb of plasmid length) and a final step at 68°C for 20 min. 0.2 U/ pl of Dpn |
restriction enzyme was directly added and incubated at 37°C for 1 h to digest the
methylated parental DNA. Finally, PCR products were checked on a 1% agarose gel.
Transformation of XL1 blue competent bacterial cells was performed. Plasmids were
purified (MiniPrep) and sequenced (section 2.7.2), followed by a MaxiPrep purification

step (section 2.7.3).
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2.8 Cell cycle and apoptosis analysis

2.8.1 Cell cycle assay

Cells were detached using Trypsin-EDTA solution, re-suspended in 5 ml PBS-1%FBS and
counted. 5 x 10° cells were used for cell cycle analysis, while the remaining cells were
used for western blotting.

Cells were centrifuged at 250 rcf for 5 min and the supernatant was then carefully
removed. Ice-cold 70% ethanol (1 ml) was added and incubated for 30 min on ice to
permeabilise the cells. Ethanol was removed after centrifugation at 250 rcf for 5 min and
cells were incubated at 37°C for 30 min in 1 ml PBS supplemented with 100 ug/ml RNase
to cleave the RNA. After incubation, the cell suspension was supplemented with 20 pug/mi
propidium lodide (PI) and incubated at RT for 15 min in the dark to stain the DNA. Sample
acquisition was then performed using FACSort (BD). Data analysis was performed with
ModFit software. An example of the analysis performed using ModFit is shown in figure

2.1

2.8.2 Apoptosis assay

Cells were deatched using Trypsin-EDTA and counted to give 2.5 x 10° cells per sample.
The remaining cells were used for western blotting analysis. Cells were then centrifuged
at 250 rcf for 5 min, re-suspended in 500 pl of 1X AnnexinV binding buffer (Apoptosis kit,
Abcam) and incubated for 10 min at RT. For each sample, 5 pl of Annexin V-FITC and 5
ul PI (Apoptosis kit, Abcam) were added to each sample and incubated for 15 min at RT in
the dark. Sample acquisition was performed using FACSort (BD). Since FITC and PI
emission spectra overlap, compensation techniques were applied to minimise FITC
positive cells being considered as PI positive cells, and vice versa. Figure 2.2 displays a
representative acquisition of Annexin V-FITC only and PI only control samples acquired
after the compensation was applied. Acquisition of the samples stained with both

fluorophores was performed. FlowJo software was used to analyse the acquired data.
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Figure 2.1: Example of the analysis of cell cycle data using ModFit programme.

Gate R1 represents the main cell population (a), whereas gate R2 represents the population to be
analysed, excluding cell doublets (b). The graph represents the distribution of the cells in the cycle
phases analysed by ModFit software (c).
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Figure 2.2: Example of the resulting dot plots obtained after compensation was applied.

The left panel displays a dot plot obtained following acquisition of Annexin V-FITC-stained cells. The
right panel displays a representative acquisition of Pl-stained cells. Cells with Annexin-associated
fluorescence only are confined to the upper left quadrant of the dot plot, whereas PI-stained cells are
confined to the lower right quadrant. Compensation is then required to facilitate the analysis of cells
with both Annexin and Pl-associated fluorescence.
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2.9 Statistical analysis

When statistical analysis was required, average values and the standard error (S.E.) of
three independent experiments were determined. Values were normalised against the
control samples and plotted on a histogram graph. The p-values were calculated using a
two-tailed Student’s t-test. For this study, the following legend was adopted: n.s., non-

significant, *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001.
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3. Persistent DNA strand breaks lead to induction

of ARF expression

3.1 ARF induction is triggered by persistent DNA SBs

3.1.1 Moderate induction of ARF protein levels in response to acute DNA damage

To study ARF induction, HelLa cells were chosen as a model since ARF expression can
be detected and the protein level can be modulated up and down (Zhang et al., 1998).
Moreover, ARF induction can be tolerated in these cells without triggering cell cycle arrest
or apoptosis, because p53 accumulation is impaired; in fact, p53 degradation is constantly
stimulated by the presence of the human papilloma virus E6 protein, which promotes the
interaction of p53 with the E3 ubiquitin ligase E6AP (Scheffner et al., 1993).

Firstly, it was assessed if ARF is induced in response to acute DNA damage treatment as
has been previously reported (Eymin et al., 2006; Khan et al., 2004). HelLa cells were
treated with 150 ym H,O, for 15 min or exposed to 10 Gy IR to generate DNA damage. It
is known that PARPL1 recognises SBs, binds at the site of the DNA nicks and synthetises
PAR polymers due to the activation of its enzymatic activity (Gradwohl et al., 1990; Okano
et al., 2003; Singh et al., 1985). Therefore, the synthesis of PAR can be used as a marker
for DNA damage formation. Analysis of ARF protein levels detected a 15-20% increase in
ARF levels 1-2 h after treatment (figure 3.1); however, ARF levels are restored to control
levels 4 h post- treatment. This result indicates that ARF is only moderately induced in

response to acute DNA damage.
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Figure 3.1: Moderate induction of ARF in response to H,O, and IR treatment.

Hela cells were treated with 150 ym H,O, for 15 min (a) or exposed to IR at a dose of 10 Gy
(b). NT stands for non-treated samples. The cells were harvested at the time points indicated
after treatment (h) and WCEs were prepared. The level of ARF was analysed by SDS-PAGE
and immunoblotting with ARF, PAR and B-actin (loading control) antibodies. ARF signal was
quantified and normalised against B-actin signal. Values were then normalised to the control

(NT). The images displayed are representative of three independent experiments.
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H,0, and IR treatments generate oxidative and SB lesions. To verify the formation of DNA
lesions and to assess the DNA repair kinetics, an alkaline comet assay was performed
following treatment with either H,O, or IR. An untreated sample (Cont) was used to check
whether the treatment generates DNA SBs (Cont and. 0 h time points). As shown in
figure 3.2, approximately 80% of the SBs are repaired 30 min after treatment, suggesting
that the DNA repair system is capable of promptly repairing the damage generated by
these treatments. It was thus concluded that DNA damage itself, if it is promptly repaired,

does not lead to the accumulation of ARF.

3.1.2 ARF upregulation occurs in response to unrepaired SBs

ARF accumulates in aging tissue and in senescent cells (Dimri et al., 2000; Krishnamurthy
et al., 2004). Senescence can be triggered by the persistence of DNA damage (Rodier et
al., 2009). In the previous section, it has been demonstrated that promptly repaired DNA
lesions do not lead to ARF accumulation. Thus, it was hypothesised that persistent DNA
damage may be the reason for ARF induction. The DNA macromolecule is inherently
unstable and the formation of DNA base lesions occurs via the attack of endogenous
sources, such as ROS (Lindahl, 1993). The major pathway involved in the repair of base
lesions is BER. It has been shown that when XRCC1 is depleted, the ligation step during
BER is impaired, leading to the accumulation of DNA SBs (Brem and Hall, 2005).
Therefore, the BER pathway was disabled by depleting XRCCL1 to test whether persistent
DNA damage triggers ARF induction. To do so, HeLa cells were transfected with XRCC1
RNAi for 72 h. Figure 3.3 shows that XRCC1 is efficiently depleted under the
experimental conditions. To assess whether there was an accumulation of unrepaired SB
lesions, PAR signal was examined. The PAR signal increases 2-fold when comparing
lipofectamine with XRCC1 RNAI samples, thus showing that XRCC1 depletion generates
persistent SB lesions (figure 3.3). Therefore, the XRCC1-depleted system can be
exploited to create persistent DNA lesions and to assess whether ARF is induced in this
situation (see section 7.1).
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Figure 3.2: SB lesions are efficiently repaired by DNA repair machinery.

Hela cells were treated for 15 min with 150 um H,O, (white bars) or exposed to IR at a dose of
10 Gy (black bars). Untreated samples were also prepared (Contr). A comet assay in alkaline
conditions was performed at different repair time points. The graph represents the average +
S.E. of three independent experiments.
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Figure 3.3: XRCC1-depleted cells show an accumulation of unrepaired DNA SBs.

HeLa cells were transfected with either lipofectamine only (-) or in combination with 200 pmol
XRCC1 RNAI (+) for 72 h. WCEs were prepared and analysed by SDS-PAGE. XRCC1 and
PAR levels were analysed by immunoblotting; B-actin was used as a loading control. The
images displayed are representative of three independent experiments.
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The level of ARF was assessed 72 h after XRCC1 knockdown. The efficient depletion of
XRCC1 and the formation of PAR are confirmed as shown in figure 3.4.a. It was then
shown that the level of ARF increases 2-fold following the formation of SBs (Figure 3.4.a);
indeed ARF was upregulated by an average of 3-fold in three independent experiments
(figure 3.4.b). It was then concluded that ARF is induced in response to the accumulation
of unrepaired SB lesions.

To exclude the possibility of RNAi off-target effects, XRCC1 complementation was
performed. A pCMV mammalian vector expressing wild type XRCC1 (XRCC1 WT) was
used to prepare an RNAI resistant version (XRCC1 RNAI-R). Firstly, to verify that XRCC1
overexpression does not affect ARF protein levels, HeLa cells were transfected with
XRCC1 WT and XRCC1 RNAI-R plasmids. It was confirmed that the level of ARF does
not change upon XRCC1 overexpression (figure 3.5.a).

To perform the rescue of XRCC1, Hela cells were transfected with either lipofectamine or
XRCC1 RNAI followed by transfection with XRCC1 RNAI-R vector. The analysis of ARF
levels was carried out by western blotting (figure 3.5.b) and the quantification of three
independent experiments was performed (figure 3.5.c). The increase of ARF levels is
reverted following XRCC1 complementation, confirming that the RNAi sequence used has
no off-target effects. These data suggest that ARF upregulation is driven by the

accumulation of persistent DNA SBs provoked by XRCC1 depletion.

3.1.3 The accumulation of persistent SBs is necessary to trigger the induction of

ARF

The majority of endogenous SBs are generated by the endonuclease activity of APE1
during BER. APEL1 catalyses the cleavage of the DNA backbone in proximity to AP sites,
generated either by DNA glycosylases or by the spontaneous hydrolysis of the

nitrogenous bases (Wilson and Barsky, 2001).
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Figure 3.4: ARF levels are upregulated in response to SB accumulation.

a) Hela cells were transfected with either lipofectamine only (-) or in combination with 200 pmol
XRCC1 RNAI (+). PAR, XRCC1 and ARF protein levels were assessed by SDS-PAGE and
western blotting; B-actin was used as loading control. The displayed images are representative
of three independent experiments.

b) ARF signal for both lanes was quantified and normalised against B-actin signal in
lipofectamine only (Lipo) or in XRCC1-depleted (XRCC1 RNAI) samples. Values were then
normalised to the control (Lipo). The graph represents the average + S.E. of three independent
experiments. P-value was calculated by the Student’s t-test (*p<0.05).
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Figure 3.5: Expression of RNAi-resistant XRCC1 plasmid prevents ARF induction
generated by XRCC1 knockdown.

a) Hela cells were transfected with lipofectamine only (-) or in combination with either 250 pmol
of XRCC1 WT (WT) or XRCC1 RNAI-R (RNAI-R) plasmids for 18 h. WCEs were prepared and
analysed by SDS-PAGE. XRCC1, ARF and [B-actin (loading control) protein levels were
assessed by immunoblotting. The displayed images are representative of three independent
experiments.

b) HelLa cells were transfected with lipofectamine only (-) or in combination with 200 pmol
XRCC1 RNAI (+) for 30 h and subsequently transfected with 150 pmol of XRCC1 RNAIi-R
(RNAI-R) plasmid for an additional 18 h. WCEs were prepared and analysed by SDS-PAGE.
XRCC1, ARF and B-actin (loading control) protein levels were assessed by immunoblotting. The
displayed images are representative of three independent experiments.

¢) Quantification of data shown in (b). ARF signal was normalised against B-actin. Values of
each sample were then normalised to the control (Lipo). The graph represents the average *
S.E. of three independent experiments and the p-value was calculated by the Student’s t-test
(*p<0.05).

98



3. Persistent DNA strand breaks lead to induction of ARF expression 99

To assess the possibility that ARF induction was dependent on the persistence of
endogenous SBs, APEl endonuclease was depleted to reduce the amount of SBs
generated. HelLa cells were depleted of either XRCC1 or APEL or both proteins using
RNAI for 72 h. Figure 3.6 shows that ARF levels do not change in APE1-depleted cells
(lane 1 and lane 3), suggesting that the accumulation of AP sites does not trigger ARF
induction. More importantly, an increase in ARF levels is prevented when cells are
depleted of APEL in a XRCC1 knockdown background (lane 2 and lane 4, figure 3.6),
showing that ARF is induced when SBs are created (by APE1 endonuclease activity) and
when they are persistent (by depleting XRCC1). Hence, the formation and the persistence
of SB lesions induce ARF.

To demonstrate that ARF protein levels correlate with the amount of SB lesions produced,
a time course experiment following XRCC1 RNAI transfection was performed. HelLa cells
were transfected with XRCC1 RNAi and the kinetics of PAR and ARF induction were
analysed by western blotting (figure 3.7). The figure shows that PAR accumulates in a
time-dependent manner, reflecting the accumulation of SBs. As expected, the kinetics of
ARF induction follows the same time-dependent pattern of PAR, showing a correlation
between the level of PAR and ARF. Thus, an increasing amount of unrepaired SB lesions

correlates with increasing amount of ARF levels.
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Figure 3.6: APE1 knockdown reduces the induction of ARF by persistent SBs.
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Hela cells were transfected with lipofectamine only (-) or in combination with APE1 RNAi (+) or
XRCC1 RNAI (+) or with both the RNAi sequences (200 pmol each). After 72 h cells were
harvested and WCEs were prepared. APE1, ARF, XRCC1 and B-actin (loading control) protein
levels were assessed by SDS-PAGE and western blotting. ARF signal was quantified and
normalised against f3-actin signal. Values were then normalised to the control (Lipo). The

displayed images are representative of three independent experiments.
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Figure 3.7: Kinetics of PAR and ARF induction following XRCC1 knockdown.

Hela cells were transfected with 200 pmol XRCC1 RNAi and harvested at the indicated (h) time
points after transfection. WCEs were prepared and analysed by SDS-PAGE and western
blotting. XRCC1, ARF, PAR and B-actin (loading control) protein levels were assessed. ARF
signal was quantified and normalised against 3-actin signal. Values were then normalised to the
control (NT). The displayed images are representative of three independent experiments. NT
stands for non-treated cells.
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3.2 Increase in transcription of ARF mRNA levels causes ARF

accumulationin response to SBs

3.2.1 ARF stability is not affected by persistent SBs

The data presented shows that ARF is induced in response to the accumulation of SB
lesions. The level of proteins is regulated through the induction of the mRNA transcription
and PTMs, which itself can affect both the stability and the activity. To assess if the
molecular mechanism responsible for the increase in ARF levels was affecting ARF
stability, CHX treatment following XRCC1 knockdown was performed. CHX inhibits the
ribosomal activity by blocking the mRNA translation process (Korner, 1966); therefore, the
synthesis of new protein is prevented, allowing the evaluation of the protein lifetime. HeLa
cells were transfected with XRCC1 RNAI for 72 h and then treated with 50 ug/ml of CHX.
The level of ARF was assessed by western blotting. The resulting images confirm the
validity of CHX treatment since ARF protein levels decrease upon treatment (figure
3.8.a). The average ARF levels of three independent experiments were plotted as a
histogram as displayed in figure 3.8.b. By comparing lipofectamine and XRCC1 RNAi
samples, it can be observed that ARF kinetics are similar, thus implying SB formation has

no impact on ARF stability.

3.2.2 ARF induction is regulated at the transcriptional level

According to the results described in the previous section, it was investigated if ARF
induction was regulated at the transcriptional level. To verify this hypothesis ARF mRNA
levels were assessed after XRCC1 depletion. HeLa cells were seeded and XRCC1 RNAI
transfection was performed for 72 h. The RNA quality was checked on an agarose gel to
confirm the 2:1 ratio between the 28S and the 18S ribosomal subunits (figure 3.9.a). The
analysis of ARF transcription in three independent experiments indicates that persistent
SBs lead to an average 3-fold upregulation of ARF mRNA levels (figure 3.9.b). It was

then concluded that unrepaired SBs increase the transcription of the ARF tumour
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Figure 3.8: ARF stability is not affected by SB formation.

a) Hela cells were transfected with either lipofectamine only (Lipo) or in combination with 200
pmol XRCC1 RNAi (XRCC1 RNAI). After 72 h cells were treated with 50 pg/ml CHX and
harvested at the indicated (h) time points. WCEs were prepared; SDS-PAGE and western
blotting assays were carried out. XRCC1, ARF and B-actin (loading control) protein levels were
assessed. The displayed images are representative of three independent experiments.

b) Quantification of the data shown in (a). ARF signal was normalised against 3-actin. Values of
each group of samples were normalised to the respective control (0O h time point). The graph
represents the average + S.E. of three independent experiments.
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Figure 3.9: Increase of ARF transcription in response to unrepaired SBs.

a) Hela cells were transfected with either lipofectamine only (-) or in combination with 200 pmol
XRCC1 RNAI (+). After 72 h, cells were harvested and RNA extraction was performed. 1 ug of
total RNA was loaded on a 1% agarose gel. The 2:1 ratio between the amount of the 28S and
the 18S rRNA subunits was determined.

b) cDNAs of lipofectamine only (Lipo) and of XRCC1-depleted (XRCC1 RNAI) samples were
synthesised and gPCR was performed. ARF mRNA levels and GAPDH mRNA levels (loading
control) were evaluated. Values were normalised to the control (Lipo). The graph represents the
average + S.E. of three independent experiments and the p-value was calculated by the
Student’s t-test (*p<0.05).
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suppressor gene, consequently raising ARF protein levels.

The ARF gene is known to be part of the INK4a-ARF locus (Gazzeri et al., 1998). ARF
and pl6 (encoded by INK4a gene) mRNAs are both transcribed from this locus. The two
transcripts shares exon 2 and 3, but they have two distinct exons 1 and two separate
promoter regions (Mao et al., 1995; Quelle et al., 1995). To assess whether the entire
locus was activated in response to the accumulation of SBs, p1l6 mRNA levels were
assessed in XRCC1-depleted samples. The graph displayed in figure 3.10, representing
analysis of three independent experiments, shows that pl6 mRNA levels were not
upregulated in response to SBs. This result indicates that the increase in ARF mRNA
levels is not due to the induction of transcription of the entire locus, but is instead specific

for the ARF gene.
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Figure 3.10: SB formation does not lead to the transcriptional activation of the entire
INK4-ARF locus.

gPCR was performed using the cDNAs previously synthetised for lipofectamine only (Lipo) and
XRCC1-depleted (XRCC1 RNAI) samples. P16 mRNA levels and GAPDH mRNA levels
(loading control) were measured. Values were normalised to the control (Lipo). The graph
represents the average + S.E. of three independent experiments and the p-value was calculated
by the Student’s t-test (p=n.s., non significant).
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Altogether, these findings highlight that ARF induction can be driven by unrepaired SBs,
thus enforcing the importance of maintaining an intact and functional ARF gene. Hence,
when DNA repair mechanisms cannot cope with the number of DNA lesions produced,
ARF is induced and signals the presence of unrepaired DNA damage that could
eventually lead to genomic instability. Moreover, these data support the idea that the ARF
tumour suppressor gene could be part of the DDR, proposing a novel role for ARF. A work
in progress model for the molecular mechanism responsible for ARF induction in response

to DNA damage is shown in figure 3.11.

Unrepaired DNA :
wepaired ONA | NP [ ARF incroase

Figure 3.11: Model in progress for ARF induction.
Unrepaired SBs generated upon XRCC1 depletion increase ARF levels through upregulation of
ARF mRNA levels.

It was then hypothesised that the proteins involved in sensing SBs could be responsible
for triggering ARF upregulation. PARP1 is the major sensor of SBs and the synthesis of
PAR is stimulated by binding to DNA nicks. In this chapter, a correlation between PARP1
activation and ARF levels has been shown. Therefore, it was then speculated that there is
a possible role for PARP1 in inducing the tumour suppressor gene ARF. The aim of the
following chapter is to address this hypothesis and to better characterise the link between

SB formation and the upregulation of ARF levels.
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4. PARP1 induces ARF transcription by modulating

cellular NAD" levels

4.1 ARF induction is dependent on PARPL1 activation

4.1.1 Induction of ARF by persistent SBs requires PARPL1 protein

In accordance with previously published data (Gradwohl et al., 1990; Singh et al., 1985),
the formation of SBs can lead to an increase in PAR synthesis following depletion of
XRCC1 (figure 3.3). Production of PAR is mainly catalysed by PARP1, which is a known
sensor of SBs (Ame et al., 1999; Caldecott, 2008). It was then hypothesised that PARP1
could be responsible for the upregulation of ARF mRNA levels. To address this possibility,
HelLa cells were transfected with XRCC1 and PARP1 RNAi sequences or with a
combination of both. The results presented in figure 4.1 show that PARP1 is knocked
down efficiently ~ 80%. ARF is moderately induced upon PARP1 depletion when
comparing lane 1 and lane 3, suggesting that PARP1 is not required for maintaining ARF
levels in an unperturbed situation. XRCCl1-treated cells show both an increase in ARF (3-
fold) and PAR formation when comparing lane 1 and lane 2 in figure 4.1. However, when
PARP1 is depleted in combination with XRCC1 (lane 4, figure 4.1), both the synthesis of
PAR and the induction of ARF are reduced. Indeed, ARF induction is 1-fold reduced when
comparing lane 2 and lane 4. These results show that PARP1 is necessary for an
increase in ARF levels in response to unrepaired SBs, suggesting a new role for PARP1

in signalling DNA damage.
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Figure 4.1: ARF induction in response to persistent DNA SBs is reduced in response to

PARP1 knockdown.

Hela cells were transfected with lipofectamine only (-) or in combination with either XRCC1
RNAI (+) or PARP1 RNAI (+) (200 pmol), or a mixture of both for 72 h. WCEs were prepared
and analsyed by SDS-PAGE. The level of XRCC1, PAR, PARP1 and ARF were analysed by
immunoblotting, probing the membrane with the specific antibodies. (-actin was used as a
loading control. ARF signal was quantified and normalised against 3-actin signal. Values were
then normalised to the control (Lipo). The images displayed are representative of three

independent experiments.
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However, PAR synthesis and ARF induction are not completely abolished. These results
might be a consequence of either an incomplete depletion of PARP1 or it might indicate
that other PARP proteins might be involved in the regulation of ARF protein levels in
response to SB accumulation.

A second sequence against PARP1 (PARP1_2 RNAIi) was employed to rule out the
possibility that the effect measured on ARF levels could be caused by an off-target effect
produced by the RNAi sequence used. HelLa cells were then transfected with either
XRCC1 or PARP1_2 RNAI only or with a combination of both sequences. Similarly, figure
4.2 shows PARPL is efficiently knocked down (~ 80%) by PARP1 2 RNAIi and that the
induction of ARF is prevented by the depletion of PARP1 in XRCC1-depleted cells (lane 2
and lane 4, figure 4.2). It is important to note that PARP1_2 RNAI sequence causes a
50% decrease in ARF levels in an unperturbed situation (lane 1 and lane 3, figure 4.2);
however, the 1.5-fold difference between lane 2 and lane 4 suggests PARP1 requirement
for ARF induction in response to SBs despite the use of PARP1_2 RNAi sequence. These
data suggest that ARF induction is regulated by PARP1 and not by the off-target effects
produced by using the RNAIi technology. Altogether, these findings suggest that the
increase in ARF levels in response to SB formation requires the presence of PARP1,

which is known to be important in the detection and the signalling of SB lesions.

4.1.2 PARP1 activity is necessary to induce ARF transcription

To assess if PARP1 activity is required for ARF induction, XRCC1 was depleted in HelLa
cells and cells were then treated with 200 uM of the PARP inhibitor, NU1025 (Bowman et
al., 1998). XRCC1 depletion was confirmed and accumulation of PAR was used as a
marker for PARP1 activation (figure 4.3). Analysis of PAR synthesis confirms that
treatment with NU1025 leads to PARP1 inhibition; in fact, after 4 h treatment the PAR

signal is completely abolished despite the lack of XRCC1 (lane 2 and lane 3, figure 4.3).
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Figure 4.2: The use of a second RNAIi sequence against PARP1 suggests that the effect
on ARF levels is not caused by any RNAI off-target effects.

Hela cells were transfected with lipofectamine only (-) or in combination with either XRCC1
RNAI (+) or PARP1_2 RNAI (+) (200 pmol), or a mixture of both for 72 h. WCEs were prepared
and assessed by SDS-PAGE. XRCC1l, PARP1 and ARF levels were analysed by
immunoblotting. B-actin was used as a loading control. ARF signal was quantified and
normalised against f3-actin signal. Values were then normalised to the control (Lipo). The
images displayed are representative of three independent experiments.
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Figure 4.3: Inhibition of PARP1 activity reduces ARF accumulation induced by XRCC1
depletion.

Hela cells were transfected with lipofectamine only (-) or in combination with XRCC1 RNAi (+)
(200 pmol) for 72 h. The cells were then treated with PARP1 inhibitor NU1025 (200 uM) and
harvested at the indicated times (h) after treatment. WCEs were prepared and analysed by
SDS-PAGE. XRCC1, PAR and ARF levels were analysed by immunoblotting. $-actin was used
as a loading control. ARF signal was quantified and normalised against B-actin signal. Values
were then normalised to the control (Lipo 0 h). The images displayed are representative of three
independent experiments.
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ARF is still induced at 4 h and 8 h post-treatment, although ARF levels appear to slightly
decrease as shown by the quantification (lane 3 and lane 4 respectively, figure 4.3), while
a 1.8-fold decrease was identified 24 h after PARPL1 inhibition. These results show that an
increase in ARF correlates with the sustained PARP1 activity in response to SB formation.
Moreover, these data suggest that PAR formation has also got a role in the regulation of
proteins which are not part of the DNA repair machinery, such as the ARF tumour
suppressor protein.

In chapter 3 it was shown that an increase in ARF correlates with the upregulation of ARF
MRNA levels; therefore, it was investigated whether PARP1 activation is important for
sustaining ARF mRNA synthesis in response to SB accumulation. To determine ARF
MRNA levels, HelLa cells were transfected with XRCC1 RNAI and subsequently treated
with 200 pM of the PARP inhibitor NU1025. To check the quality of the RNA isolated, the
total RNA was loaded on a 1% agarose gel and the 2:1 ratio between the 28S and the
18S rRNA subunits was determined (figure 4.4.a). Analysis of ARF mRNA levels confirms
an increase in ARF transcription as previously shown in figure 3.9, when comparing
lipofectamine-treated cells with XRCC1 RNAi-treated cells (figure 4.4.b). Interestingly,
ARF mRNA levels are restored to control levels when PARP1 activity is inhibited
(comparing Lipo with NU1025 treated samples, figure 4.4.b). It is important to note that a
24 h untreated NU1025 XRCCl-treated control should have been included in the
experiment displayed in figure 4.3 and figure 4.4 in order to assess whether ARF was
remained induced 96 h following XRCC1 knockdown. This additional control would have
provided further evidence for a potential correlation between PARP inhibition and a
reduction in ARF levels, excluding the possibility of this observation occurring due to a
decrease in ARF induction with time. However, ARF mRNA levels are 1-fold reduced 4 h
and 8 h following NU1025 treatment, suggesting PARP inhibition plays a role in reducing

ARF induction in response to persistent SBs.
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Figure 4.4: Inhibition of PARP1 reduces ARF expression.

a) Hela cells were transfected with lipofectamine only (-) or in combination with XRCC1 RNAI
(+) (200 pmol) for 72 h. The cells were then treated with PARP1 inhibitor NU1025 (200 yM) and
harvested at the indicated time (h) post treatment. RNA extraction was performed and 1 pg of
total RNA was loaded on a 1% agarose gel to assess the RNA quality. The 2:1 ratio between
the amount of 28S and 18S rRNA subunits was assessed.

b) cDNA was prepared and gPCR was performed to analyse ARF expression. GAPDH mRNA
was used as a loading control. Values were normalised to the control (Lipo 0 h). The graph
represents the average + S.E. of three independent experiments. The related p-values were
calculated using the Student’s t-test (*p<0.05; **p<0.01).

114



4. PARP1 induces ARF transcription by modulating cellular NAD+ levels 115

These results imply that PARP1 activity is required to stimulate ARF mRNA synthesis in
response to SB formation. It was then concluded that in response to persistent SBs
PARP1 is involved in promoting a signalling transduction cascade which leads to an

induction of ARF at the transcriptional level.
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4.2 PARPl-dependent NAD" consumption triggers ARF

upregulation

4.2.1 ARF induction correlates with PARP1-dependent NAD" depletion

It is known that the enzymatic reaction catalysed by PARP1 requires NAD" as a co-factor,
thus allowing the synthesis of the PAR polymer (Singh et al., 1985). It has been reported
that the depletion of NAD" occurs when PARP1 is activated by genotoxic stress
(Nakamura et al., 2003). In previously published work (Brem and Hall, 2005; Nakamura et
al., 2003), PARP1 activation has been also evaluated by monitoring the depletion of NAD*
in XRCC1-depleted cells. It was therefore hypothesised that NAD* consumption could be
the cellular signal responsible for ARF induction. Therefore, in order to assess whether
NAD"* was consumed by PARP1 in XRCC1-depleted cells, HeLa cells were transfected
with XRCC1 RNAI. After 48 h, cells were harvested and half of the pellet was used to
quantify the amount of intracellular NAD* and the other half was analysed by western
blotting. The graph presented in figure 4.5.a shows that in XRCC1-depleted cells, the
level of NAD" was, in fact, significantly reduced compared to the lipofectamine-treated
cells in accordance with previously published data (Brem and Hall, 2005; Nakamura et al.,
2003). Western blotting confirms that XRCCL1 is depleted, PAR is synthesised and ARF is
20% induced (figure 4.5.b). The lesser degree of ARF upregulation displayed in figure
4.5.b could be explained by the fact that ARF levels were assessed 48 h and not 72 h
following XRCC1 knockdown. Such observation is in agreement with the data displayed in
figure 3.5 where ARF protein levels were found to be 50% induced 48 h following XRCC1
knockdown. Taken together, these results suggest that ARF induction might correlate with
PARP1-dependent NAD" consumption. The following section focuses on proving that ARF

upregulation might be triggered by NAD" depletion.
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Figure 4.5: ARF induction correlates with PARP1-dependent NAD" depletion.

a) Hela cells were transfected with lipofectamine only (-) or in combination with XRCC1 RNAi
(+) (200 pmol) for 48 h. Cells were then harvested and counted. 2 x 10° cells were used for
measuring the amount of intracellular NAD" using a colorimetric assay and the obtained values
were normalised to the control (Lipo). The graph represents the average * S.E. of three
independent experiments and the p-value was calculated using the Student’s t-test (*p<0.05).

b) The remaining treated cells were used to prepare WCEs. The levels of XRCC1, PAR and
ARF were analysed by SDS-PAGE and by immunoblotting. B-actin was used as a loading
control. ARF signal was quantified and normalised against -actin signal. Values were then
normalised to the control (Lipo). The images displayed are representative of three independent
experiments.
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4.2.2 Depletion of NAD" by NAMPT knockdown triggers ARF induction

According to the above data, it was then suggested that the depletion of NAD" could be
the “warning signal” for triggering ARF induction. To assess this hypothesis, it was
necessary to find a PARP1-independent system to chemically decrease the amount of
NAD*, thus mimicking its consumption. The nicotinamide phosphoribosyltransferase
(NAMPT) enzyme has been reported to take part in the NAD" salvage pathway, thus
contributing to the recovery of the NAD" pool (Revollo et al., 2004). Therefore, NAMPT
activity was inhibited using the compound FK866 (Thakur et al., 2012). Initially, to confirm
that the inhibitor was effectively depleting the intracellular NAD" pool, HelLa cells were
treated with 30 nM FK866. The chart in figure 4.6.a shows that the inhibitor is efficiently
depleting NAD" from the cells, achieving a 100% decrease in intracellular NAD" when
comparing treated (TR) to untreated (NT) samples. This result shows that it is, indeed,
possible to reduce NAD" in a PARP1-independent manner using the inhibitor FK866. It
was then assessed whether ARF levels are upregulated by NAD" depletion. In order to do
this, HelLa cells were treated with 30 nM FK866 and then harvested at different time points
after treatment (figure 4.6.b). ARF protein levels are incresed in response to NAMPT
inhibition, with a 60% increase being observed 24 h following FK866 treatment. These
results suggest NAD" depletion upon FK866 treatment leads to ARF induction. A 48 h
treatment was then performed to assess whether ARF is induced in response to a longer
depletion of NAD*. However, longer treatments with FK866 lead to extensive cell death
(data not shown) agreeing with previously published data (Billington et al., 2008;
Hasmann and Schemainda, 2003). Therefore there are technical limitations in assessing if
long-term depletion of NAD" leads to ARF induction using the inhibitor FK866.

However, in multiple myeloma (MM) cancer cells it has been reported that NAMPT
depletion effectively decreases the amount of intracellular NAD", abolishing the action of
the NAD" salvage pathway (Cea et al., 2012). It was then possible to test if depletion of

NAD" for a longer period increases ARF levels.
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Figure 4.6: ARF levels increase in response to FK866 treatment.

a) Hela cells were treated with 30 nM FK866. After 24 h, untreated (NT) and treated (TR) cells
were harvested and counted. 2 X 10° cells were used for measuring the intracellular NAD"
concentration and the obtained values were normalised to the control (NT). The graph
represents the average + S.E. of three independent experiments and the p-value was calculated
using the Student’s t-test (***p<0.001).

b) HelLa cells were treated with 30 nM FK866 and harvested at the indicated time points (h).
WCEs were prepared and analysed by SDS-PAGE. The level of ARF was analysed by
immunoblotting; B-actin was used as a loading control. ARF signal was quantified and
normalised against B-actin signal. Values were then normalised to the control (FK866 Oh). The
images displayed are representative of three independent experiments.
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Figure 4.7: NAMPT knockdown leads to NAD" depletion.

a) Hela cells were transfected with lipofectamine only (-) or in combination with NAMPT RNAi
(+) (200 pmol) for 72 h. WCEs were prepared and analysed by SDS-PAGE. The level of NAMPT
was assessed by immunoblotting; B-actin was used as a loading control. The images displayed
are representative of three independent experiments.

b) Following RNAI trasfection, 2 X 10° cells were used to measure the intracellular NAD"
concentration and the obtained values were normalised to the control (Lipo). The graph
represents the average + S.E. of three independent experiments and the p-value was calculated
using the Student’s t-test (***p<0.001).
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To do so, HelLa cells were transfected with NAMPT RNAI for 72 h. Figure 4.7.a shows
efficient depletion of NAMPT (80-90%) using RNAi. To measure the amount of NAD" in
NAMPT-depleted cells, HeLa cells were transfected with NAMPT RNAi and a NAD*/NADH
colorimetric assay was carried out. The graph in figure 4.7.b represents the average
amount of NAD" in three independent experiments following NAMPT depletion. The
intracellular NAD" level decreases by 80% after 72 h compared to lipofectamine only
treated cells (Lipo) with NAMPT knockdown cells (NAMPT RNAI). Therefore, NAMPT
depletion can be used as a tool to study the effect of prolonged NAD" depletion on the
ARF tumour suppressor gene.

To analyse the effect on ARF levels following NAMPT depletion, HeLa cells were
transfected for 72 h. NAMPT protein is efficiently depleted as shown in figure 4.8 and
NAMPT depletion leads to a 1.7-fold increase in ARF levels. To exclude the possibility
that this increase is caused by changes in the level of both XRCC1 and PARP1 in
NAMPT-depleted cells, XRCC1 and PARP1 levels were also determined. Since neither
XRCC1 nor PARP1 are affected by the reduction of NAMPT as shown in figure 4.8, it was
concluded that an increase in ARF is caused by a decrease in the intracellular level of
NAD®. These data suggest that the concentration of NAD" is the intracellular messenger
reporting an accumulation of SBs, thus triggering ARF upregulation.

Since ARF induction was previously shown to occur via upregulation of its mRNA levels, it
was speculated that NAD" depletion could trigger the increase in ARF levels by activating
a transcriptional mechanism. To evaluate the level of the ARF mRNA in NAD" depleted
conditions, HelLa cells were transfected with NAMPT RNAI for 72 h. To assess the quality
of the mRNA, the total mMRNA was loaded on 1% agarose gel and the 2:1 ratio between
the 28S and the 18S rRNA subunits was determined (figure 4.9.a). ARF mRNA levels

were measured and GAPDH mRNA levels were used as loading control.
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Figure 4.8: NAMPT knockdown promotes ARF increase by depleting NAD".

HeLa cells were transfected with lipofectamine only (-) or in combination with NAMPT RNA.I (+)
(200 pmol) for 72 h. WCEs were prepared and analysed by SDS-PAGE. The levels of PARP1,
XRCC1, NAMPT and ARF were assessed by immunoblotting; B-actin was used as a loading
control. ARF signal was quantified and normalised against 3-actin signal. Values were then
normalised to the control (Lipo). The images displayed are representative of three independent
experiments.

122



4. PARP1 induces ARF transcription by modulating cellular NAD+ levels 123

a
NAMPT RNAI - +
28S | M —
18S : —
b
ARF mRNA level
4 A
S 31
&
G 27 I
k)
1]
0

Lipo NAMPT RNAI

Figure 4.9: NAMPT knockdown promotes ARF transcription.

a) HelLa cells were transfected with lipofectamine only (-) or in combination with NAMPT RNAI
(+) (200 pmol) for 72 h. RNA extraction was performed and 1 pg of total RNA was loaded on a
1% agarose gel to assess the RNA quality. The 2:1 ratio between the 28S and the 18S rRNA
subunits was then determined.

b) cDNA was prepared and gPCR was performed to analyse ARF expression. GAPDH mRNA
levels were used as a loading control. Values were normalised to the Lipo-treated control. The
graph represents the average * S.E. of three independent experiments. The p-value was
calculated using the Student’s t-test (*p<0.05).
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Figure 4.9.b shows that in NAMPT-depleted samples (NAMPT RNAIi), ARF mRNA levels
are increased by 2-fold compared to the control samples (Lipo). These results provide the
link between SB formation, PARP1 activation and ARF mRNA upregulation.

These findings suggest that in response to persistent SBs ARF mRNA levels are
upregulated, through the activation of DNA damage signalling via PARP1, by modulating
the NAD™ pool. A work in progress model for ARF regulation in response to persistent SBs

is represented in figure 4.10.

Unrepaired DNA
strand breaks

] ]

PARP1 activation » NAD* consumption

ARF increase

Figure 4.10: Model in progress for ARF induction.
Persistent SBs lead to PARP1 activation followed by NAD" depletion and consequently ARF
upregulation.

In this chapter, PARP1 activity was linked to an increase in the ARF tumour suppressor
gene for the first time, strengthening the function of this enzyme in response to unrepaired
SBs. Hence, unrepaired SBs are detected by PARP1 and signalled via NAD*
consumption. This process can be considered as a mechanism to assess the amount of
DNA damage; in fact, the more SBs, the more PARP1 units are activated, the more NAD"
is consumed and the more ARF mRNA synthesis (and possibly other components) is
induced. It can be speculated that once the minimal threshold of intracellular NAD" is
reached, ARF levels are upregulated to convey the message that the DNA damage
accumulated cannot be resolved and perhaps to activate other types of cellular
responses, such as cell cycle arrest.

Finally, it was demonstrated that ARF is induced by persistent SBs at the transcriptional
level and that PARP1 activation and consumption of NAD" are required. Since it was
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previously shown that the ARF promoter is regulated by the transcription factor E2F1
(Komori et al., 2005) which is in turn regulated by the NAD'-dependent deacetylase
SIRT1 (Wang et al., 2006), it was next tested whether induction of ARF by SBs is SIRT1

and E2F1-dependent.
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5. SIRT1 and E2F1 regulate ARF transcription in

response to unrepaired SBs

5.1 SIRT1 inhibition leads to ARF induction

5.1.1 SIRT1 activity is inhibited through PARP1-dependent depletion of NAD"

As discussed in the previous chapter, PARP1-dependent regulation of ARF requires the
reduction of the intracellular level of NAD*. However, the PARP protein family is not the
only class of enzymes that use NAD" as a co-factor. The class Ill histone deacetylase
proteins, called sirtuins, are the major consumers of NAD" in a cell together with PARP1
(Frye, 1999; Langley et al.,, 2002). Indeed, SIRT1 and PARP1 have been reported to
regulate each other’s activity throughout the consumption of the available NAD" (Bai et al.,
2011, Caito et al., 2010; Kolthur-seetharam et al., 2006), suggesting that SIRT1 was the
possible candidate to be potentially involved in the regulation of ARF levels.

To test this hypothesis, it was first assessed whether SIRT1 activity is inhibited in XRCC1-
depleted cells by checking the acetylation status of known-targets of SIRT1. Deacetylation
of histone 3 on lysine 9 (H3K9) has been reported to increase in SIRT1-depleted cells
(Vaquero et al., 2004). Therefore, HelLa cells were transfected with a SIRT1 specific RNAI
sequence to confirm that SIRT1 depletion affects the acetylation status of H3K9 in this
cellular system. Figure 5.1. shows that SIRT1 knockdown was efficiently achieved with a
~ 80% decrease of SIRT1 levels. Moreover, SIRT1 depletion mildly increases total H3 (H3

TOT) levels (10%), whereas a 1.9-fold increase is observed in acetylation of H3K9
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(H3AcK9). Therefore acetylated H3K9 can be used to indirectly monitor SIRT1 activity in
Hela cells and if SIRT1 inhibition were to occur, the upregulation of the H3AcK9 would be
detected. To confirm if SIRT1 activity was inhibited in response to unrepaired SBs, HelLa
cells were transfected with XRCC1 RNAI for 72 h. Figure 5.2.a shows that XRCC1
knockdown is efficiently achieved and the SIRT1 protein level is not affected by XRCC1
depletion, thus proving that any effects on SIRT1 targets are not caused by changes in
the protein level. Analysis of the acetylation status of H3K9 reveals that the XRCC1-
depleted samples show an increase in the H3AcK9 form compared to the lipofectamine
treated samples. The ratio between the acetylated form and total H3 was calculated and
the average of three independent experiments is displayed in figure 5.2.b. The chart
shows that a consistent 50% increase in the acetylated H3K9 form was obtained in
XRCC1 knockdown cells. These results suggest that SIRT1 activity is inhibited in
response to the formation of persistent SBs. Together, these data indicate that SB
formation leads to inhibition of SIRT1 deacetylase activity as a consequence of PARP1-
dependent NAD" consumption. In accordance with previously published data (Bai et al.,
2011; Liu et al., 2009; Pang et al., 2011), these results suggest that the interplay between
PARP1 activation and SIRT1 inhibition might be important for the regulation of their

downstream targets, such as the newly identified target ARF.

5.1.2 SIRT1 depletion leads to ARF upregulation

To test whether SIRT1 inhibition is necessary for triggering an increase in ARF, HelLa
cells were treated with SIRT1 RNAI, thus mimicking the inhibition of the protein itself.
Figure 5.3 shows that there is indeed a 3.3-fold upregulation in the ARF protein level in
SIRT1-depleted cells suggesting that SIRT1 activity antagonises an increase in ARF.
XRCC1 was assessed to rule out that its protein level was not affected by SIRT1
knockdown. As shown in figure 5.3, XRCC1 protein levels show only a slight decrease

(~15%) in SIRT1-depleted cells.
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Figure 5.1: SIRT1 depletion increases the acetylation status of H3K9.

HelLa cells were transfected with lipofectamine only (-) or in combination with SIRT1 RNAi (+)
(200 pmol) for 72 h. WCEs were prepared and analsyed by SDS-PAGE. The level of SIRT1, H3
TOT and H3AcK9 were analysed by immunoblotting. B-actin was used as a loading control.
H3AcK9 and H3 TOT signals were quantified and normalised against (3-actin signal. Values
were then normalised to the control (Lipo). The displayed images are representative of three

independent experiments.
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Figure 5.2: XRCC1 depletion reduces SIRT1 activity.
a) Hela cells were transfected with lipofectamine only (-) or in combination with XRCC1 RNAI
(+) (200 pmol) for 72 h. WCEs were prepared and analsyed by SDS-PAGE. The level of SIRT1,
XRCC1, H3 TOT and H3AcK9 were analysed by immunoblotting. $-actin was used as a loading
control. The displayed images are representative of three independent experiments.
b) H3TOT and H3AcK9 signals were quantified and normalised against the 3-actin signal. The
H3AcK9/H3 TOT ratio was calculated and the average values were plotted on an histogram
graph. Values were normalised to the control (Lipo). The graph represents the average + S.E. of
three independent experiments and the p-value was calculated by the Student’s t-test (*p<0.05).
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Figure 5.3: SIRT1 depletion triggers ARF induction.

HeLa cells were transfected with lipofectamine only (-) or in combination with SIRT1 RNAI (+)
(200 pmol) for 72 h. WCEs were prepared and analsyed by SDS-PAGE. The level of SIRT1,
XRCC1 and ARF were analysed by immunoblotting. B-actin level was used as a loading control.
ARF signal was quantified and normalised against 3-actin signal. Values were then normalised
to the control (Lipo). The displayed images are representative of three independent

experiments.
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Therefore, these results indicate that SIRT1 inhibition is necessary to increase ARF
levels, suggesting that SIRT1 deacetylase activity might prevent the upregulation of

expression of the ARF tumour suppressor gene.

5.1.3 ARF transcription is induced in SIRT1-depleted cells

In chapters 3 and 4, it has been shown that ARF regulation occurs at transcriptional level
by increasing the synthesis of ARF mMRNA levels. Therefore, to further study the molecular
mechanism leading to ARF upregulation in SIRT1 knockdown cells, it was firstly examined
whether ARF stability is affected by SIRT1 depletion. To assess this hypothesis, HelLa
cells were transfected with SIRT1 RNAi for 72 h and then treated with 50 ug/ml of CHX.
Figure 5.4.a shows that an efficient SIRT1 knockdown is achieved and that ARF levels
decrease in response to treatment, thus confirming the validity of CHX treatment.
However, ARF stability does not change when comparing lipofectamine-treated (Lipo) and
SIRT1-depleted (SIRT1 RNAI) sample kinetics following treatment (figure 5.4.a). Finally,
the average of the obtained values from three independent experiments was then plotted
on a bar chart as shown in figure 5.4.b.

The analysis of ARF mRNA levels was carried out after SIRT1 depletion. HeLa cells were
treated with SIRT1 RNAI for 72 h. To verify the quality of the RNA obtained, the total RNA
was loaded on agarose gel and the 2:1 ratio between the 28S and the 18S rRNA subunits
was determined (figure 5.5.a). Once the quality of the total RNA was verified, ARF mRNA
levels were assessed and then normalised against GAPDH mRNA levels. The graph
displayed in figure 5.5.b shows that there is a 2-fold increase in ARF mRNA levels in
SIRT1 RNAIi samples compared to lipofectamine-treated (Lipo) samples.

These findings indicate that inhibition, mimicked by downregulating SIRT1 by RNAI,
triggers the upregulation of ARF mRNA levels. Together, these data suggest that
persistent SBs lead to PARP1-dependent NAD® depletion, thus inhibiting SIRT1

deacetylase activity and enabling the induction of ARF expression.
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Figure 5.4: ARF stability is not affected by SIRT1 depletion.
a) HelLa cells were transfected with either lipofectamine only (Lipo) or in combination with 200
pmol SIRT1 RNAI. After 72 h cells were treated with 50 pyg/ml CHX and harvested at the
indicated (h) time points. WCEs were prepared; SDS-PAGE and western blotting assays were
carried out. SIRT1, ARF and B-actin (loading control) protein levels were assessed. The
displayed images are representative of three independent experiments.

b) ARF signals (a) were quantified and normalised against $-actin signals. Values of each group
of samples were normalised to the respective control (O h time point). The graph represents the
average + S.E. of three independent experiments.
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Figure 5.5: SIRT1 depletion triggers an increase of ARF transcription.

a) Hela cells were transfected with either lipofectamine only (-) or in combination with 200 pmol
SIRT1 RNAI (+). After 72 h, cells were harvested and RNA extraction was performed. 1 ug of
total RNA was loaded on a 1% agarose gel .The 2:1 ratio between the amount of the 28S and
the 18S rRNA subunits was determined.

b) cDNAs of lipofectamine only (Lipo) and of SIRT1-depleted (SIRT1 RNAI) samples were
synthesised and qPCR was performed. ARF mRNA levels and GAPDH mRNA levels (loading
control) were evaluated. Values were normalised to the control (Lipo). The graph represents the
average + S.E. of three independent experiments and the p-value was calculated by the

Student’s t-test (**p<0.01).
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5.2 E2F1 transcription factor is required for ARF induction in
response to unrepaired SBs

SIRT1 deacetylase activity has been reported to have a role in directly regulating gene
expression by targeting histone tails, thus promoting chromatin condensation and
suppression of gene transcription (Fatoba and Okorokov, 2011; He et al., 2011; Vaquero
et al., 2004). Even though SIRT1 has a role in regulating the status of histone proteins,
SIRT1 has also been shown to target non-histone proteins, such as the E2F1 transcription
factor (Wang et al., 2006). Moreover, it has been shown that E2F1 overexpression leads
to ARF upregulation by binding the ARF gene promoter, thus stimulating ARF mRNA
transcription (Komori et al., 2005). Therefore, it was hypothesised that an ARF mRNA
increase requires SIRT1 inhibition to enhance E2F1 activity, thus promoting ARF
transcription.

To test this hypothesis, E2F1 acetylation was assessed in response to SIRT1 and XRCC1
knockdown. Since antibodies which recognise acetylated E2F1 were not commercially
available, immunoprecipitation (IP) of endogenous E2F1 was performed by using two
different antibodies (data not shown). The IP samples were analysed by SDS-PAGE and
the membrane probed with two different pan-acetylated antibodies. However, it was not
possible to assess the E2F1 acetylated status since no band of with the correct molecular
weight was observed (data not shown). Despite the fact it was not feasible to assess
whether E2F1 acetylation increases in response to unrepaired SBs, it was investigated
whether ARF upregulation requires the presence of E2F1. In fact, if E2F1 is indispensable
for ARF increase, then the depletion of the transcription factor should abolish ARF
induction.

Firstly, it was evaluated if E2F1 was required for ARF upregulation in SIRT1-depleted
cells. To test this hypothesis, HelLa cells were treated with SIRT1 RNAi or E2F1 RNAi or

with a combination of both for 72 h. The efficiency of E2F1 and SIRT1 knockdowns was
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checked (figure 5.6). E2F1 depletion leads to a 40% decrease in ARF levels (lane 1 and
lane 2, figure 5.6), thus suggesting that in this cellular system ARF expression requires
the presence of the E2F1 transcription factor. The simultaneous depletion of both E2F1
and SIRT1 abolishes the 3-fold upregulation of ARF following SIRT1 knockdown (lane 3
and lane 4, figure 5.6). These results show that the E2F1 protein is important for ARF
induction in response to SIRT1 depletion. To assess whether E2F1 is required for ARF
regulation as described in the previous model, it was necessary to verify that the E2F1
protein is essential for ARF induction in response to NAD® depletion (discussed in
chapter 4) and to persistent SBs formation (discussed in chapter 3). HeLa cells were
transfected with E2F1 RNAI sequence only or in combination with either NAMPT or
XRCC1 RNAI sequences for 72 h. Figures 5.7.a and 5.7.b show that E2F1, NAMPT and
XRCCL1 proteins are efficiently depleted. NAMPT depletion leads to a 2.2-fold increase in
ARF (lane 3, figure 5.7.a) and this effect is reverted when E2F1 is simultaneously
depleted (lane 4, figure 5.7.a), thus indicating that E2F1 is required for ARF upregulation
in response to NAD" depletion. Figure 5.7.b further confirms that ARF induction depends
on the presence of E2F1 in response to SB formation following XRCC1 knockdown (lane
3 and lane 4, figure 5.7.b).

It is important to note that ARF levels are 40-50% decreased in E2F1-depleted cells (lane
1 and lane 3, figure 5.6 and figure 5.7), suggesting a role for E2F1 in maintaining ARF
basal levels. However, the reduction in ARF protein levels when cells are simultaneously
depleted of E2F1 and either SIRT1, NAMPT or XRCC1, is 1-2-fold (lane 2 and lane 4,
figure 5.6 and figure 5.7), suggesting that E2F1 may also be required for the induction of

AREF in the assessed conditions.
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Figure 5.6: E2F1 is required for ARF induction in SIRT1-depleted cells.

HeLa cells were transfected with lipofectamine only (-) or in combination with either SIRT1 RNAI
(+) or E2F1 RNAI (+) (200 pmol), or a mixture of both for 72 h. WCEs were prepared and
analsyed by SDS-PAGE. The level of SIRT1, E2F1 and ARF were analysed by immunoblotting.
B-actin level was used as a loading control. ARF signal was quantified and normalised against
B-actin signal. Values were then normalised to the control (Lipo). The images displayed are
representative of three independent experiments.
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Figure 5.7: E2F1 is required for ARF induction in response to NAD® depletion and,
ultimately, to persistent SBs.

a) HelLa cells were transfected with lipofectamine only (-) or in combination with either NAMPT
RNAI (+) or E2F1 RNAI (+) (200 pmol), or a mixture of both for 72 h. WCEs were prepared and
analsyed by SDS-PAGE. The level of NAMPT, E2F1 and ARF were analysed by
immunoblotting. B-actin level was used as a loading control. ARF signal was quantified and
normalised against 3-actin signal. Values were then normalised to the control (Lipo). The
images displayed are representative of three independent experiments.

b) HelLa cells were transfected with lipofectamine only (-) or in combination with either XRCC1
RNAI (+) or E2F1 RNAI (+) (200 pmol), or a mixture of both for 72 h. WCEs were prepared and
analsyed by SDS-PAGE. The level of XRCC1, E2F1 and ARF were analysed by
immunoblotting. B-actin level was used as a loading control. ARF signal was quantified and
normalised against B-actin signal. Values were then normalised to the control (Lipo). The
images displayed are representative of three independent experiments.
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Altogether these novel findings uncover a new molecular mechanism of regulation of ARF
gene expression that involves PARP1-dependent NAD" depletion, SIRT1 inhibition and

E2F1 activation as shown in figure 5.8.

Unrepaired DNA
strand breaks

¥ L)

ARF increase

PARP1 activation E2F1 activation
NAD* consumption » SIRT1 inhibition

Figure 5.8: Proposed model for ARF gene induction in response to unrepaired SBs.
Activation of PARP1 following the detection of SBs leads to the depletion of NAD" and
consequently to the inhbition of the NAD-dependent SIRT1 enzyme, activation of E2F1 and
induction of ARF gene transcription, eventually resulting in an increase in ARF protein levels.

It was then decided to address what are the physiological consequences of ARF induction
in HelLa cells. The following chapter focuses on getting a better understanding on whether

ARF upregulation plays a role in triggering cell cycle arrest or apoptosis.
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6. ARF induction delays cell cycle progression in

normal human fibroblasts

6.1 ARF accumulation does not affect cell cycle and cell viability
following SB formation in p53-deficient cells

It was decided to assess whether an increase in ARF perturbs cell cycle progression in a
p53-independent way in response to the accumulation of unrepaired SBs. To do so, HeLa
cells were used since p53 accumulation is prevented by the E6 protein (Scheffner et al.,
1993). Cells were depleted of XRCC1 using RNAi for 72 h and 5x10° cells were
subsequently prepared for the cell cycle assay, whereas the remaining cells were used for
western blotting. Analysis of XRCC1 and ARF levels confirms XRCC1 depletion and ARF
induction as shown in figure 6.1.a. Analysis of three independent experiments shows that
cell cycle progression is not affected by the accumulation of persistent SBs (figure 6.1.b)
(cell cycle profiles displayed in Appendix Il). It was then concluded that ARF induction
does not trigger the activation of checkpoint in a p53-independent in response to
persistent SBs in HelLa cells. These data are in accordance with previously published
results (Hemmati et al., 2005; Weber et al., 2002) which show ARF-dependence on p53
for modulating the cell cycle following cellular stress. It was then evaluated whether ARF
induction affects cell viability by measuring cell death. To do so, HelLa cells were
transfected with XRCC1 RNAI for 72 h and apoptosis assay was carried out. XRCC1

depletion and ARF induction was confirmed by western blotting (figure 6.2.a). ARF
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induction does not trigger cell-death in HelLa cells as seen in figure 6.2.b which
represents data from three independent experiments (FlowJo dot plots displayed in
Appendix IlIl). It was then concluded that ARF accumulation in response to persistent SBs

might require p53 for eliciting both cell cycle arrest and apoptosis in HelLa cells.
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Figure 6.1: ARF induction does not affect cell cycle progression in p53-deficient HeLa
cells.

a) HelLa cells were transfected with lipofectamine only (Lipo) or in combination with XRCC1
RNAI (200 pmol) for 72 h. Cells were collected, counted and 5x10° cells were used for cell cycle
analysis, whereas the remaining cells were used for western blotting. WCEs were prepared and
analsyed by SDS-PAGE. The level of ARF and XRCC1 were analysed by immunoblotting. 8-
actin was used as a loading control. ARF signal was quantified and normalised against 3-actin
signal. Values were then normalised to the control (Lipo). Images are representative of three
independent experiments.

b) Cells were fixed in ethanol and subsequently stained with Pl. Sample acquisition was
performed by using a FACSort machine and the cell cycle profile was analysed by Mod-Fit
software. The graph shows the distribuition of the percentage of cells in the different cell cycle
phases of lipofectamine-treated (black bars) and XRCC1-depleted (white bars) samples. Data
represents the average + S.E. of three independent experiments.
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Figure 6.2: ARF increase does not trigger cell death in p53-deficient HeLa cells.

a) HelLa cells were transfected with lipofectamine only (Lipo) or in combination with XRCC1
RNAI (200 pmol) for 72 h. Cells were collected, counted and 2.5x10° cells were used for the
apoptosis assay, whereas the remaining cells were used for western blotting. WCEs were
prepared and analsyed by SDS-PAGE. The level of ARF and XRCC1 were analysed by
immunoblotting. B-actin was used as a loading control. ARF signal was quantified and
normalised against $-actin signal. Values were then normalised to the control (Lipo). Images are
representative of three independent experiments.

b) Cells were stained with Pl and Annexin V for the apoptosis assay. Sample acquisition was
performed using a FACSort machine and analysed by FlowJo software. The graph shows the
percentage of live cells (black bars), apoptotic cells (grey bars) and necrotic cells (white bars) in
either lipofectamine-treated (Lipo) or XRCCl1-treated (XRCC1 RNAI) samples. Data represents
the average of + S.E. of three independent experiments.

142



6. ARF induction delays cell cycle progression in normal human fibroblasts 143

6.2 ARF induction is required for G1 arrest in response to SB

formation in normal human fibroblasts

6.2.1 SB formation triggers an ARF increase in human primary fibroblasts

It was then decided to characterise the downstream effects of an increase in ARF using
p53-proficient human primary TIG-1 fibroblasts. Firstly, it was investigated whether ARF
could be induced in response to SB accumulation. To do so, TIG-1 cells were transfected
with XRCC1 RNAI for 72 h. Figure 6.3 shows that XRCCL1 is efficiently depleted and the
synthesis of PAR occurs, suggesting that formation of persistent SBs also occurs in
normal cells when BER is disabled. Once it was demonstrated that the same conditions
obtained in HelLa cells could be reproduced in TIG-1 cells, ARF protein levels were
assessed. Upon XRCC1 depletion, ARF levels display a 30% increase in TIG-1 cells (lane
1 and lane 3, figure 6.4). Furthermore, p53 levels are slightly increased in response to SB
formation. It was then hypothesised that ARF accumulation may be limited due to the
presence of functional p53. In fact, ARF expression has been reported to be regulated by
a p53 negative feedback loop (Robertson and Jones, 1998; Zeng et al., 2011); therefore
when ARF is upregulated, p53 increases and restores ARF basal levels. It was then
speculated that p53 depletion would indeed allow a greater detection of ARF
accumulation by SB formation. To verify this hypothesis, TIG-1 cells were transfected with
a combination of XRCC1 or p53 RNAIi sequences. Figure 6.4 shows that p53-depletion
does not affect ARF levels when compared to lipofectamine-treated samples (lane 1 and
lanes 2); however, when XRCC1 and p53 are simultaneously depleted, a 50% increase in
ARF protein levels is observed, suggesting ARF levels are maintained low by the action of

the p53 negative feedback loop (lane 1 and lane 4).
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Figure 6.3: XRCC1-depletion leads to SB formation in TIG-1 cells.

TIG-1 cells were transfected with lipofectamine only (-) or in combination with XRCC1 RNAI (+)
(200 pmol) for 72 h. WCEs were prepared and analsyed by SDS-PAGE. The level of PAR and
XRCC1 were analysed by immunoblotting. B-actin was used as a loading control. Images are
representative of three independent experiments.
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Figure 6.4: ARF induction in response to unrepaired SBs is controlled by the p53
negative feedback loop in TIG-1 cells.

TIG-1 cells were transfected with lipofectamine only (-) or in combination with either XRCC1
RNAI (+) or p53 RNAI (+) (200 pmol), or a mixture of both for 48 h. WCEs were prepared and
analsyed by SDS-PAGE. The level of XRCC1, p53 and ARF were analysed by immunoblotting.
B-actin level was used as a loading control. ARF signal was quantified and normalised against
B-actin signal. Values were then normalised to the control (Lipo). Images displayed are
representative of three independent experiments.
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In order to also assess whether ARF upregulation is triggered by NAD" depletion and
SIRT1 inhibition in normal cells, TIG-1 cells were seeded and transfected using NAMPT,
SIRT1 and p53 RNAI sequences or a combination of those ones as indicated in figure
6.5.a and figure 6.5.b. NAMPT and SIRT1 silencing leads to an increase in ARF protein
levels as displayed in figure 6.5.a and figure 6.5.b respectively. However, when p53 is
depleted in combination with either NAMPT or SIRT1 proteins, ARF accumulation is
substantially increased, further suggesting that the p53 feedback loop limits an ARF
increase.

Together these data indicate that ARF is induced in response to persistent SBs in normal
TIG-1 fibroblasts and that p53 keeps the accumulation of ARF under control in this

pathway.

6.2.2 DNA SB signalling leads to ARF-dependent G1 arrest in human primary

fibroblasts

It has been previously shown that ARF accumulation does not influence cell cycle
progression and does not trigger apoptosis in HelLa cells (figure 6.1 and figure 6.2). To
assess whether the formation of SBs would lead to cell cycle arrest, TIG-1 cells were
transfected with XRCCL1. Furthermore, to assess whether ARF is required for coordinating
cell cycle progression in response to persistent SBs, ARF was depleted using RNAI.
Figure 6.6 represents the average amount of cells distributed between the cell cycle
phases in three independent experiments (cell cycle profiles displayed in Appendix V).
XRCC1-depleted samples show a statistically significant increase in the amount of cells in
Gl-phase when compared to lipofectamine-treated samples, suggesting that the
accumulation of SBs leads to G1 arrest. Moreover, the amount of cells entering S-phase
is reproducibly reduced (lipo and XRCC1 RNAi samples), confirming the arrest in G1. The
cells lacking ARF show a similar cell cycle profile compared to the lipofectamine ones,
thus indicating that ARF is not required in unperturbed situation and does not affect the
cell cycle progression.
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Figure 6.5: ARF is induced in response to NAMPT and SIRT1 depletion in TIG-1 cells
when p53is knocked down.

a) TIG-1 cells were transfected with lipofectamine only (-) or in combination with either NAMPT
RNAI (+) or p53 RNAI (+) (200 pmol), or a mixture of both for 48 h. WCEs were prepared and
analsyed by SDS-PAGE. The level of NAMPT, p53 and ARF were analysed by immunoblotting.
B-actin level was used as a loading control. ARF signal was quantified and normalised against
B-actin signal. Values were then normalised to the control (Lipo). Images displayed are
representative of three independent experiments.

b) TIG-1 cells were transfected with lipofectamine only (-) or in combination with either SIRT1
RNAI (+) or p53 RNAI (+) (200 pmol), or a mixture of both for 48 h. WCEs were prepared and
analsyed by SDS-PAGE. The level of SIRT1, p53 and ARF was analysed by immunoblotting. 3-
actin was used as a loading control. ARF signal was quantified and normalised against B-actin
signal. Values were then normalised to the control (Lipo). Images are representative of three
independent experiments.
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Figure 6.6: ARF is required for G1 arrest in response to persistent SBs in TIG-1 cells.
TIG-1 cells were transfected with lipofectamine only (Lipo) or in combination with either XRCC1
RNAI or ARF RNAI (200 pmol), or a mixture of both for 48 h. Cells were harvested, counted,
fixed in ethanol and subsequently stained with Pl. Sample acquisition was performed using a
FACSort machine and the cell cycle profile was analysed by Mod-Fit software. The graph shows
the distribuition of the percentage of cells in the different cell cycle phases (black bars for the
G1 phase, grey bars for the S-phase and white bars for the G2/M phase). Data represents the
average = S.E. of three independent experiments. The p-values were calculated by the
Student’s t-test (**p<0.01; ***<0.001).
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However, in response to the formation of SBs, the cells depleted of ARF show a defective
G1 arrest along with a partially restored S-phase population compared to the cells lacking
XRCCL1 only. These data indicate that ARF is required for G1 cell cycle arrest in response
to persistent SBs in p53-proficient TIG-1 cells.

To complete the above data, it was investigated whether ARF-dependent regulation of the
cell cycle is p53-mediated by checking the level of p21, the main p53 target responsible
for cell cycle arrest. TIG-1 cells were transfected using either XRCC1 or ARF RNAI
sequences or with a combination of both. In response to the formation of SBs upon
XRCC1 depletion, p53 increases is ~ 10%; however, p21 level is 60% increased as shown
in figure 6.7. When ARF is downregulated in a XRCC1 background, the p21 level is
reduced (30%) suggesting that ARF may have a role in triggering G1 arrest by sustaining
p21 induction. However, it is important to note that ARF depletion leads to a decrease in
p21 basal levels (lane 1 and lane 3, figure 6.7), suggesting that ARF may also have a role
in maintaining p21 levels in unperturbated conditions. Altogether these data indicate that
an increase in ARF is important in reporting DNA damage, thus regulating cell-cycle
progression and avoiding the accumulation of DNA mutations which could lead to

genomic instability.
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Figure 6.7: ARF downregulation reduces p21 induction in response to SBs in TIG-1 cells.
TIG-1 cells were transfected with lipofectamine only (Lipo) or in combination with either XRCC1
RNAi or ARF RNAI (200 pmol), or a mixture of both for 48 h. WCEs were prepared and analsyed
by SDS-PAGE. The level of XRCC1, p53, p21 and ARF were analysed by immunoblotting. B-
actin level was used as a loading control. p21 and p53 signals were quantified and normalised
against B-actin signal. Values were then normalised to the control (Lipo). Images are
representative of three independent experiments.
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7. Discussion

7.1 Overview

The data presented in this thesis provide a novel mechanism of induction for the tumour
suppressor gene ARF in response to persistent DNA damage (Figure 7.1). As shown in
chapter 3, XRCC1 depletion has been used as a tool to create persistent DNA damage.
PAR accumulation was used to monitor the incurrence of persistent DNA damage.
Moreover, XRCC1-depleted cells have been shown to accumulate DNA damage as
assessed by alkaline comet assay (data not shown). These data are in agreement with
other previously published data suggesting accumulation of DNA damage upon XRCC1
depletion, eventually leading to the induction of SCEs (Brem and Hall, 2005; Fan et al.,
2007). Moreover, deficiency in the repair of SBs has been also investigated in XRCC1 -/-
CHO E9 cells, suggesting that the lack of XRCC1 leads to unrepaired SBs (Caldecott,
2003b). Indeed, XRCC1 depletion disables the ligation step of the BER pathway, thus
creating a situation in which the repair of endogenous lesions cannot be completed (Brem
and Hall, 2005; Fan et al., 2007; Shen et al., 1998). In this study, it has been shown that
XRCC1 depletion correlates with an increase in the ARF protein levels as a consequence
of induction of ARF transcription. Moreover, a correlation between PARP1 activation and
ARF upregulation has been described. Indeed, as shown in chapter 4, PARP1 activity is
required for the upregulation of ARF at both protein and mRNA levels. Since, PARP1 uses
NAD" for its catalytic activity (Singh et al., 1985), it has been shown that NAD" depletion
correlates with the induction of ARF, possibly through the consumption of the metabolite

by PARP1. To mimic the depletion of NAD" in a PARP1-independent manner, the NAD"
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salvage pathway has been disabled by knocking down NAMPT, one of the enzymes
responsible for the reconstitution of the NAD" pool (Cea et al., 2012; Revollo et al., 2004).
Indeed, ARF induction is directly triggered by a decrease in NAD", thus suggesting that
PARP1-dependent depletion of NAD" is the stimulus necessary for upregulating ARF.
NAD" is used as a co-factor by other proteins such as the SIRT1 deacetylase protein
(Frye, 1999; Langley et al., 2002). As detailed in chapter 5, SIRT1 inhibition is necessary
to increase ARF levels and to stimulate ARF transcription, linking PARP1-dependent
NAD" depletion and ARF upregulation. Finally in this chapter, the E2F1 transcription
factor, which is negatively regulated by SIRT1 deacetylase activity (Wang et al., 2006),
has been shown to be required for an increase in ARF levels in response to SB formation.
It is important to note that the amplitude of ARF upregulation was found to be variable
between experiments from 0.5 to 3-fold induction. It was observed that early passage cells
display a greater ARF induction compared to late passage cells, suggesting that
upregulation of ARF might be affected by the prolonged maintenance of cells in culture.
Since cells accumulate DNA damage overtime, it can be speculated that ARF might be
gradually induced until a plateau is reached. Thus, when XRCC1 is depleted the
amplitude of the induction would be smaller if ARF levels are already high. However,
further investigation is required to assess such hypothesis.

Finally, the biological relevance of ARF upregulation has been investigated in chapter 6.
Since ARF function is linked to p53 function (Sherr, 2006), it is necessary to study the
downstream effects of ARF upregulation in a p53-proficient cell line. HeLa cells were used
since in these cells ARF induction can be tolerated because p53 accumulation is impaired
in the presence of the E6 protein (Scheffner et al., 1993). However, to assess the
consequences of ARF induction in response to SB accumulation in a p53-profiencent
cellular system TIG-1 cells were used. Firstly, in response to persistent SBs ARF
induction is limited by the negative p53 feedback loop which maintains low levels of ARF.

More importantly, it has been shown that ARF is required for G1 arrest in response to SB
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formation, thus suggesting an important role for ARF in reporting DNA damage and

avoiding genomic instability.

Unrepaired DNA PARP1 NAD* SIRT1
strand breaks activation consumption inhibition

p53 «— MDM2 l_ ARF «__ E2F1
increase inhibition increase activation

Figure 7.1: Proposed model for ARF upregulation in response to persistent DNA SBs.

Unrepaired SBs lead to arf upregulation via PARP1-dependent NAD" consumption which leads
to SIRT1 inhibition and E2F1 activation. In normal human fibroblasts the amplitude of ARF
upregulation in response to persistent SBs is kept under control by the p53 negative feedback

loop.
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7.2 ARF is induced in response to persistent DNA damage

The ARF tumour suppressor gene has been found to be deleted, mutated or the promoter
hypermethylated in several cancers (Ozenne et al., 2010), such as breast cancer (Silva et
al., 2001) and colorectal carcinoma (Esteller et al., 2000; Zheng et al., 2000). Thus, the
loss of ARF expression correlates with tumour development, indicating that the correct
regulation of ARF levels is important to avoid the onset of cancer.

At the molecular level, ARF function is regulated by modulating the expression of the ARF
gene and by protein levels. The E3 ubiquitin ligase ULF and SIVAL1 have been found to
promote ARF degradation through the ubiquitination of the N-terminus (Chen et al., 2010;
Wang et al., 2013). At the transcriptional level, E2F1 has been found to bind to the ARF
promoter stimulating its transcription (Komori et al., 2005), whereas overexpression of c-
MYC has been found to upregulate ARF mRNA (Zindy et al., 1998). Additionally, c-MYC
has been reported to stabilise ARF levels by limiting the ARF-ULF interaction (Chen et al.,
2010). In mouse cells, Arf induction has been shown to be triggered by hyperproliferative
stimuli. For instance, abnormal oncogene activation, such as Ras hyperactivation, leads to
Arf upregulation (Barradas et al., 2009; Lin and Lowe, 2001).

Regarding the regulation of ARF in response to DNA damage, results in the current
literature are still contradictory. For example, the upregulation of ARF in response to
genotoxic treatment has been reported in several studies (Eymin et al., 2006; Khan et al.,
2004; Li et al., 2012), whereas other studies suggest that DNA damage does not trigger
ARF upregulation (Chen et al.,, 2013; Velimezi et al., 2013). Moreover, the molecular
mechanism that leads to ARF induction in response to DNA damage has not been
investigated. In this study, a novel model for ARF upregulation has been described. The
creation of endogenous lesions and the persistency of SBs have been shown to stimulate
the transcription of the ARF gene and, as a consequence, protein accumulation.
Interestingly, a recent publication reports that ARF levels are induced in response to ATM
depletion (Velimezi et al., 2013). The authors describe a mechanism which regulates ARF
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protein levels in response to the loss of ATM, excluding the possibility of transcriptionally
inducing ARF gene. However, they do not exclude the possibility that ATM depletion could
induce an accumulation of endogenous DNA damage. Indeed, ATM regulates the activity
of several proteins involved in DNA repair and is responsible for correct checkpoint
activation to avoid genomic instability (Shiloh and Ziv, 2013). Therefore, it is reasonable to
speculate that the induction of ARF could still be a consequence of persistent DNA
damage which accumulates as a result of the loss of ATM. Indeed, results presented in
this work correlate with the findings that ARF is upregulated in response to BRCA2
deletion, confirming that the accumulation of DNA damage is responsible for ARF
induction (Carlos et al., 2013). However, the molecular mechanism of ARF induction has
not been addressed in this paper, although ATM and ATR have been found to be
necessary for triggering ARF upregulation.

An important role for E2F1 in controlling ARF mRNA levels has been described. Indeed,
E2F1 has been reported to be important for the transcription of G1/S transition genes
(Gregori et al., 1995); however, in response to DNA damage treatments with etoposide
and doxocycline, it has been shown that E2F1 activates the transcription of pro-apoptotic
genes, such as TP73 (which encodes for p73), by directly binding to the promoter of the
gene (Pediconi et al., 2009; Stanelle et al., 2002; Wang et al., 2006). These results
confirm that the specificity of E2F1 binding to promoters might change according to the
cellular conditions. Under normal conditions, E2F1 could sustain cell cycle progression,
whereas in a stress-induced situation, other genes such as ARF, might be preferentially
activated to help make the decision between cell cycle progression and cell death.

The major role for ARF is to regulate the amount of p53 by inhibiting the E3 ubiquitin
ligase MDM2, thus allowing p53 accumulation (Zhang et al., 1998). p53 has been reported
to bind to the ARF gene promoter and to repress ARF expression; in this way, the
upregulation of p53 by ARF leads eventually to ARF downregulation via a negative

feedback loop (Stott et al., 1998). This study has shown that ARF upregulation is indeed
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kept under control by the presence of p53. In response to an accumulation of DNA
damage, ARF levels are detectable only when the p53 negative feedback loop is
abrogated, by depleting p53 itself. Therefore, in p53-proficient cells, ARF levels are tightly
controlled in the presence of p53, thus making it difficult to study ARF induction under
these conditions. However, these results confirm that ARF induction indeed occurs in
normal cells in response to unrepaired SBs, indicating the importance of maintaining the
ARF gene intact, in order to avoid genomic instability. Indeed, analysis of the cell cycle
profiles of normal cells suggests that ARF is required for blocking the cell cycle in G1 in
response to unrepaired SBs in a p53-p21-dependent way, indicating a fundamental role
for ARF in triggering the p53 response. These data are in agreement with previously
published results that show that ARF overexpression leads to cell cycle arrest in p53-
proficient cells (Weber et al., 2002).

Finally, in this study ARF induction in response to persistent SBs has been unveiled,
suggesting a role for ARF in reporting DNA damage accumulation, thus avoiding genome
instability. It can be then speculated that the loss of ARF expression could contribute to
create the conditions necessary for genome instability to occur, eventually leading to

cancer development.
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7.3 A novel role for PARP1 in the DDR

DNA base lesions and SBs are mainly repaired by the BER pathway. SBs have been
shown to dramatically induce the activation of PARP1, enabling recruitment of the BER
proteins and to protect the DNA nicks until repair occurs (Caldecott et al., 1996; El-
Khamisy et al., 2003; Woodhouse et al., 2008). The binding of PARP1 to the DNA nicks
stimulates its activation, thus leading to the synthesis of PAR polymers using NAD" as a
co-factor (Okano et al., 2003). Despite PARP1 having been reported to be important for
the recruitment of BER enzymes, it does not have a direct role during the repair itself.

In the last ten years, several studies have investigated the possibility of other roles for
PARP1 as a regulator in cell biology (Gibson and Kraus, 2012; Luo and Kraus, 2012).
Generally speaking, PARP1 has been identified to be a stress response protein. Indeed, it
has been found to be part of different signalling networks, such as the NF-kB inflammatory
pathway and the heat shock protein response (Luo and Kraus, 2012). A role for PARP1 in
DNA damage signalling has been hypothesised. For instance, PARP1-dependent p53
parylation has been found to positively regulate the binding of the transcription factor in
response to 5-FU treatment, suggesting a possible role for PARP1 in sensing and
signalling the presence of DNA damage to p53 (Lee et al., 2012). However, little is known
about other possible tumour suppressor proteins activated by PARP1. The findings
described in this work are in agreement with a putative role for PARP1 in the induction of
tumour suppressor proteins. The novel discovery that PARPL1 activation is indeed required
for ARF upregulation through a complex cascade of signal transduction highlights the
broad spectrum of functions of this enzyme in avoiding tumour development. Indeed,
Parpl KO mice are known to be more sensitive to DNA damage, eventually developing
tumours (Masutani et al., 2000; de Murcia et al., 1997). Therefore, the loss of PARP1
could be responsible not only for the accumulation of DNA lesions, but also for the lack of

induction of tumour suppressor mechanisms governed by ARF and p53.
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More interestingly, this work shows that the depletion of NAD* by PARP1 triggers ARF
upregulation. NAD" depletion by PARP1 has been described to be able to trigger cell
death in neuronal cells, but also in cancer cells and MEFs (Alano et al., 2004, 2010;
Andrabi et al., 2006; Wang et al., 2011). This type of cell death, called parthanatos, is
activated by hyperactivation of PARP1 in response to DNA damage and is characterised
by NAD" depletion, ATP depletion and AIF release from mitochondria through a caspase-
independent mechanism (Luo and Kraus, 2012). It can be speculated that the level of
damage correlates with a certain level of PARP1 activation; once the minimum threshold
of the intracellular concentration of NAD" is reached, cell death is triggered to avoid the
accumulation of unrepaired DNA lesions and genome instability. In this way, PARP1
detection of SBs can be seen as a way of measuring the amount of DNA damage to be
repaired. If the cells can cope with the amount of lesions generated, DNA repair will occur;
otherwise hyperactivation of PARP1 will lead to cell death as a mechanism to avoid
genomic instability. The upregulation of ARF in response to PARP1 hyperactivation
(obtained in this study following XRCC1 depletion) is probably a mechanism that works in
parallel and with a final aim to accumulate p53 in order to trigger cell cycle arrest (or even
senescence) and eventually cell death. It can be speculated that ARF is not the only
targets activated by PARP1-dependent NAD" depletion, but possibly other proteins could
be regulated by this mechanism.

The intracellular depletion of NAD" by PARP1 inhibits the activity of proteins which
exercise their catalytic activity using NAD" as a cofactor. For instance, sirtuin proteins use
NAD" to deacetylase and/or monoribosylate their substrates (Frye, 1999; Langley et al.,
2002). Among the seven sirtuins family members, SIRT6 and SIRT1 localise both in the
nucleus and are therefore likely to share the nuclear NAD" pool with PARP1. Indeed,
SIRT1 deacetylase and PARP1 have been reported to regulate each other’s activity
through the consumption of the available NAD" (Bai et al., 2011; Caito et al., 2010;

Kolthur-seetharam et al., 2006; El Ramy et al., 2009). For instance, SIRT1 KO cells show
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an increase in the activity of PARP1 in response to DNA damage, indicating the presence
of an interplay between PARP1 and SIRT1 in the regulation of each other’s activity (El
Ramy et al., 2009). In this work, an additional outcome of this interplay has been
described. Indeed, it has been shown that in response to unrepaired SBs SIRT1 activity is
inhibited possibly as a consequence of PARP1-dependent depletion of NAD", thus leading
to ARF upregulation. These data are in accordance with previous published data in which
it has been shown that the amount of DNA damage increases with age and this correlates
with PARP1 activation and NAD" depletion (Braidy et al., 2011). In this work, although
ARF levels have not been assessed, an increase in the acetylation of p53, a known target
of SIRT1, has been found, confirming that PARP1-SIRT1 interplay regulates the cellular
response to DNA damage (Braidy et al., 2011).

It is important to consider that PARP1 activation has been targeted for the treatment of
cancer (Rouleau et al., 2010). The use of PARP inhibitors in cancer treatment has been
debated by the scientific community over the last ten years. PARP inhibition leads to the
accumulation of unrepaired SB lesions which are converted to replicative DSBs, which are
repaired by HR. Nonsense and frameshift mutations or deletions at either the BRCA1 or
BRCAZ2 genes, combined with LOH, results in HR-deficiency. Thus, the combination of
PARP inhibitory treatment with the genetic background of these cancers leads to a
synthetic lethality phenomena, which affects the tumour, but not the normal tissue (Bryant
et al., 2005; Helleday, 2011). However, PARP1 has been shown to have multiple
functions in cellular biology beyond its role in DNA repair. Indeed, the protein might also
act as a tumour suppressor in different genetic backgrounds by stimulating cellular death
in response to an excessive accumulation of DNA damage. Moreover, the recent finding
that PARP1 activation is important for p53 activity and for ARF upregulation, as described
in this thesis, confirms the importance of this protein for the activation of a tumour
suppressive response. Therefore the use of PARP inhibitors might actually be deleterious

for normal cells, because of the reduction of a potential tumour suppressive ability. Hence,
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the evaluation of the use of these drugs for cancer treatment needs to be carefully
assessed because of the possibility of creating tumour prone conditions for normal
tissues.

Finally, a new tumour suppressive role for PARP1 during the DDR has been described by
linking PARP1 activation to ARF upregulation, via NAD" depletion and SIRT1 inhibition. A
better understanding of the multiple function of this enzyme is fundamental to developing
new personalised strategies for cancer treatment based on the genetic background of the

tumour.

160



7. Discussion 161

7.4 Genome instability, cellular metabolism and cancer

Genomic instability has recently been classified as one of the characteristics which
promotes tumour formation, enabling accumulation of mutations (Hanahan and Weinberg,
2011). Cancer metabolism has been also inserted amongst the emerging hallmarks which
characterise tumour biology (Hanahan and Weinberg, 2011). It is then reasonable to
hypothesise that an increase in DNA damage might promote a metabolic shift which might
contribute to sustaining tumour development. However, very little is known about the link
between genomic instability and cellular metabolism.

A connection between nucleotide metabolism and genomic instability has been shown.
Indeed, the production of nucleotides has been found to decrease in cancer, leading to
genomic instability (Bester et al., 2011; Hu et al., 2012). The fragile histidine triad (FHIT)
gene, which encodes for a protein involved in purine metabolism, has been found deleted
in several cancers, such as colon and lung (Ohta et al., 1996; Sozzi et al., 1996). Studies
in mice have shown that the loss of this gene promotes genome instability and eventually
tumour formation (Saldivar et al., 2012). The ribonucleotide reductase enzyme (RNR),
which catalyses the conversion of ribonucleotides to deoxyribonucleotides, is another
possible candidate (Xu et al., 2008). The expression of a stable mutant of the small
subunit of RNR, the RRM2 subunit, leads to genome instability due to an imbalance in the
nucleotide pool. More interestingly, RRM2 ubiquitination is abrogated in response to DNA
damage to allow stabilisation of the protein and the production of nucleotides for DNA
repair (D’Angiolella et al., 2012).

It is important to consider an alternative scenario- that genome instability might contribute
to the reprogramming of cellular metabolism. Reprogramming of metabolism during
neoplastic transformation has been the focus of several studies which underline the
difference between normal proliferating cells and cancer cells (Cantor and Sabatini, 2012;
Locasale, 2013; Schulze and Harris, 2012). Cancer metabolism has been found to rely on
the uptake of glutamine and glucose for sustaining a high rate of cell proliferation and an
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increase in both protein and lipid biosynthesis (DeBerardinis et al., 2007; Vander Heiden
et al., 2009). Moreover, cancer cells do not rely on the tricarboxylic acid (TCA) cycle for
energy, because of the hypoxic growth conditions within the tumour microenvironment.
However, mitochondrial function is still important for lipid biosynthesis and for restoring the
NAD" pool, necessary for glycolysis (Schulze and Harris, 2012). The NAD" molecule and
its derivate NADH are fundamental for production of the energy necessary to achieve
cellular function. In particular, the intracellular levels of NAD" are also involved in the
regulation of the activity of several enzymes, such as sirtuins, which coordinate chromatin
status, DNA repair, stress responses and cellular fate (Michan and Sinclair, 2007). Also,
PARP1 consumes NAD" for the synthesis of PAR in response to SB formation (Okano et
al., 2003). Therefore, the NAD" metabolite seems to work as a bridge between DNA
damage and cellular metabolism (Luna et al., 2013). It can be hypothesised that PARP1
chronic activation stimulates the depletion of NAD" and this might contribute to a
reprogramming of the metabolism towards a cancer-like metabolism. For instance, it can
be speculated that a decrease in the amount of NAD" would impair the TCA cycle; indeed,
each cycle of TCA uses 6 NAD" molecule, reducing NAD" to NADH.

More interestingly, NAD" depletion is the trigger for the activation of the p53 tumour
suppressor protein, through the abrogation of the activity of SIRT1 (Braidy et al., 2011).
The change in the intracellular levels of NAD" activates a p53 response, indicating that the
homeostasis of the cellular metabolism might represent another important sensor to check
tissue health and potentially an activator of a stress response mechanism. Indeed,
PARP1-dependent depletion of NAD" leads to ARF upregulation. Moreover, prolonged
NAD" depletion triggers both p53 and ARF upregulation in normal cells, indicating that
NAD" levels might tightly control the cellular response, suggesting the activation of tumour
suppressive barrier. Although these are preliminary findings, they suggest a connection
between DNA damage and cellular metabolism, in particular with NAD* metabolism,

showing that the two entities are interlinked and they contribute to the activation of a
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tumour suppressive response. Investigating whether and how the activity of the proteins
involved in these biological processes are interlinked would be important in gaining a

better understanding on the concomitant role of these proteins in tumour development.
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7.5 Future work

7.5.1 Investigating whether PARP1-ARF axis in response to persistent SBs triggers

cellular senescence

In chapter 6 it has been shown that ARF is important for the activation of G1 arrest in
response to SBs (figure 6.6), suggesting that cell cycle progression is blocked until the
DNA damage is repaired. Persistent DDR is known to trigger senescence. Thus, it would
be interesting to investigate if a prolonged XRCC1 depletion could eventually lead to
senescence. In order to do that, it would be necessary to establish an inducible XRCC1
shRNA system using human primary fibroblasts, such as the TIG-1 cell line as a cellular
model. The induction of senescence-markers, such as B-galactosidase and p21, could be
assessed along with the accumulation of ARF. Moreover, the link between PARP1 chronic
activation and senescence has not been characterised. Therefore, it would be interesting
to assess the role of PARPL1 in this process. To do so, it would be necessary to create a
PARP1 KO cell line and subsequently establish the same inducible XRCC1 shRNA
system using TIG-1 cells. In this way, it would be possible to investigate whether PARP1

is involved in triggering senescence in response to persistent DNA damage.

7.5.2 Investigating the role of PARPL1 in triggering changes in gene expression in

response to SB accumulation

Results presented in this thesis show a link between DNA damage accumulation, PARP1
activation and the induction of the tumour suppressor gene ARF. However, other genes
might be regulated by PARP1 activation. It would be interesting to find other potential
targets of this network by doing a microarray analysis of the gene expression levels
between non-treated and XRCC1-treated cells. To ensure that the change in the mRNA
levels of the target gene is dependent on PARP1, XRCC1 and PARP1-cotreated RNAI
samples would be included in the microarray analysis as a control. The validation of the

targets would be assessed by qPCR and priority would be given to the targets that are
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known to be involved in cancer development. The further steps of this work will be to
elucidate the molecular mechanisms of activation of the candidates and to investigate the

biological relevance in terms of DDR and cell fate.
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Appendix | — List of materials and reagents

REAGENTS/MATERIALS SUPPLIER
0.2 ml Thin-walled tubes MOLECULAR BIO-PRODUCTS
1 ml syringes BD
1.1 mm needles BD
1.5 ml Eppendorf tube GREINER BIO-ONE
10 cm dishes GREINER BIO-ONE
15 ml falcon tubes GREINER BIO-ONE
50 ml falcon tubes GREINER BIO-ONE
50X TAE BIO-RAD
75 cm? flasks GREINER BIO-ONE
96-well flat bottom plates CORNING
96-well PCR plates THERMOSCIENTIFIC
ABsolute Blue SYBR Green ROX THERMOSCIENTIFIC
Adhesive PCR films THERMOSCIENTIFIC
Agarose BIO-RAD
amicon ultra 0.5 ml tubes MILLIPORE
Annexin V-FITC ABCAM
AnnexinV binding buffer (10X) ABCAM
Aprotinin CALBIOCHEM
Bradford BIO-RAD
Bromophenol blue powder SIGMA
BSA BIO-RAD
Buffer EB QIAGEN
Buffer N3 QIAGEN
Buffer P1 QIAGEN
Buffer P2 QIAGEN
Buffer P3 QIAGEN
Buffer PE QIAGEN
Buffer QBT QIAGEN
Buffer QC QIAGEN
CHX SIGMA
Chymostatin CALBIOCHEM
Cuvettes FISHER
DEPC H,O AMBION
DMEM GIBCO
DMSO SIGMA
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REAGENTS/MATERIALS SUPPLIER
DNA gel cassettes BIO-RAD
DNA gel tanks BIO-RAD
dNTPs mix BIOLINE
Dpn | restriction enzyme NEB
DTT 0.1M INVITROGEN
EDTA BDH
Equipment for protein electrophoresis NOVELL
Ethanol (100%) FISHER
FBS GIBCO
First strand buffer (5X) INVITROGEN
FK866 powder CALBIOCHEM
Gel Loading dye 6X, Blue NEB
Glycerol FLUKA
Gradient-mixer device AMERSHAM
H.O, SIGMA
Heating blocks EPPENDORF
Immobilon-FL MILLIPORE
Immobilon-FL PVDF MILLIPORE
Isopropanol (100%) FISHER
KCI BDH
Leupeptin CALBIOCHEM
Lipofectamine 2000 INVITROGEN
Methanol (100%) FISHER
MgCl, SIGMA
MMS ACROS
NAD cycling buffer mix ABCAM
NAD cycling enzyme mix ABCAM
NADH developer ABCAM
NADH standard ABCAM
NADH/NAD extraction buffer ABCAM
NEM SIGMA
Kanomycin SIGMA
Nonidet P-40 SIGMA
NU1025 powder CALBIOCHEM
Odyssey blocker buffer LI-COR
PBS SIGMA
Pepstatin CALBIOCHEM
PfuTurbo buffer (10X) AGILENT
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REAGENTS/MATERIALS SUPPLIER
PfuTurbo DNA polymerase AGILENT
PMSF SIGMA
Power suppliers BIO-RAD
Pre-cast 4-20% Tris-glycine gels NOVELL
Propidium lodide SIGMA
Protein LoBind 1.5 ml tubes EPPENDORF
QIAfilter MaxiCartridge QIAGEN
QIAGEN-tip 500 QIAGEN
QIAprep spin column QIAGEN
RLT buffer QIAGEN
RNAaseZAP detergent SIGMA
RNAI max lipofectamine INVITROGEN
RNase 100 mg/ml QIAGEN
RNase H enzyme NEB
RNase-free water QIAGEN
RNaseOUT (40 U/ul) INVITROGEN
RPE buffer QIAGEN
RW1 buffer QIAGEN
SDS FISHER
Sponges for the WB transfer NOVELL
SuperScript Il RT enzyme INVITROGEN
Tris/glycine buffer (10X) BIO-RAD
Tris/glycine/SDS buffer (10X) BIO-RAD
Triton-X 100 SIGMA
Trizma (Tris HCI) SIGMA
Trypan blue INVITROGEN
Trypsin-EDTA GIBCO
TSA CALBIOCHEM
Tube roller STOVALL
Tube rotor LABINCO
Western blot apparatus NOVELL
XL1- blue competent bacterial cells AGILENT
B-ME for bacterial transformation AGILENT
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Appendix II: Cell cycle profiles of HeLa cells in response to XRCC1 knockdown obtained
using Mod-Fit software.

HeLa cells were transfected with lipofectamine only (Lipo) or in combination with XRCC1 RNAI
(200 pmol) for 72 h. Cells were collected, counted and 5x10° cells were used for cell cycle
analysis. Cells were fixed in ethanol and subsequently stained with Pl. Sample acquisition was
performed by using a FACSort machine and the cell cycle profile was analysed by Mod-Fit
software. Images are representative of three independent experiments.
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Appendix lll: FlowJo dot plot data of HeLa cells in response to XRCC1 knockdown.

HelLa cells were transfected with lipofectamine only (Lipo) or in combination with XRCC1 RNAI
(200 pmol) for 72 h. Cells were collected, counted and 2.5x10° cells were used for cell cycle
analysis. Cells were stained with Pl and Annexin V for the apoptosis assay. Sample acquisition
was performed using a FACSort machine and analysed by FlowJo software. Images are
representative of three independent experiments.
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Appendix 1V: Cell cycle profiles of TIG-1 cells in response to XRCC1l and ARF
knockdowns obtained using Mod-Fit software.

TIG-1 cells were transfected with lipofectamine only (Lipo) or in combination with either XRCC1
RNAI or ARF RNAIi (200 pmol), or a mixture of both for 48 h. Cells were harvested, counted,
fixed in ethanol and subsequently stained with Pl. Sample acquisition was performed using a
FACSort machine and the cell cycle profile was analysed by Mod-Fit software. Images are
representative of three independent experiments.
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