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Scope of this thesis

The crucial factor for the survival of an organism resides in genetic stability. In fact the
integrity of the DNA sequence, that carries out and regulates genetic information, can be
impaired by inaccurate maintenance processes, endogenous metabolites or exogenous
agents. Therefore, a sophisticated network of efficient DNA damage response mechanisms,
including DNA repair, checkpoint mechanisms and damage tolerance processes, are
dedicated to remove or bypass most of these genomic insults and is known as the DNA
Damage Response (DDR). The relevance of this multi-protein DDR response is illustrated
by the severe clinical symptoms associated with inherited defects in the DDR factors.
Chapter 1 introduces the different DNA lesions, the DDR response and the most
appropriate technical approach to study the different DDR factors. The various DDR-
associated diseases are also presented in this chapter.

Most of the mechanisms presented in Chapter 1 necessitate a DNA re-synthesis step that is
carried out by several replication factors: the tethering of DNA polymerases for further
repair synthesis is carried out by PCNA, a sliding ring-shaped clamp that needs to be
opened and loaded around the DNA by a clamp loader. In regular DNA replication, the
RFCp140 (or RFC1)-containing Replication Factor C complex is responsible for this
function, while Replication Protein A (RPA) stabilizes the ss-DNA. Hence in Chapter 2, a
focus is made on the very accurate process of DNA replication (that is also crucial for
genetic stability) as well as on the DDR-associated DNA synthesis mechanisms. The
biological properties of the replication factors RFC, RPA and PCNA, as well as their tightly
regulated interplay within replication and damage-associated replication, are also
extensively described and discussed in this chapter.

An important repair mechanism that allows removal of UV-induced lesions in the cell is
Nucleotide Excision Repair (NER). NER is initiated by a lesion recognition step, which is
followed by dual incision, leading to a single-stranded DNA patch that is filled in during
repair synthesis. In Chapter 3 the coordination between incision and the start of DNA
repair synthesis within NER is described. We propose a “cut-patch-cut-patch” mechanism
whereby following 5’ cleavage by ERCC1-XPF, the repair synthesis machinery is recruited
and repair synthesis is initiated prior to 3’ cleavage by XPG. This latter cleavage appears to
occur subsequently, may be induced upon stalling of the polymerase and allows the
completion of repair synthesis.

Chapter 4 is dedicated to the repair synthesis step of NER. In this chapter, we provide a
model where RFC displays other functions in repair replication besides loading of PCNA
during NER repair synthesis. Surprisingly, RFC does not seem to be required for recruiting
PCNA to NER sites but appears to be crucial for loading PCNA, in order to confer it into a
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replication-competent status that allows the recruitment of pol § and initiation of repair
synthesis.

Tagged proteins represent a powerful tool to determine the spatio-temporal distribution of
vital processes such as replication, transcription and DNA repair. In chapter 5, we keep
our focus on the behavior of replication factors in NER. By using tagged versions of these
proteins, we show that PCNA, RPA and RFC have a very different kinetic behavior than the
other pre-incision NER factors, since they accumulate at prolonged periods at sites of UV
repair. This suggests that these factors may have additional functions besides their known
functions in repair synthesis. RPA is actually the only factor that is involved both in the pre-
and post-incision steps of NER and displays differential dynamic properties.

In Chapter 6 of this thesis, we have focused on a more quantitative understanding of NER
repair complexes assemblies and dynamic interactions in living cells. This analysis is based
on Kkinetic measurements of seven GFP-tagged core NER factors and mathematical
modeling and brings about the conclusion that all core NER proteins exchange
continuously and rapidly between chromatin-bound and freely diffusing states. Moreover
their assembly is not sequential but rather stochastic and reversible. We also highlight the
finding that a major component of protein affinity is the state of the DNA substrate.

Besides tagged proteins, many additional tools, like in vivo DNA labeling by DNA-stains
such as the anthraquinone derivate Drag5, are also important to visualize the interaction of
GFP-fused proteins with the target substrate and to determine different chromatin
compaction levels. In the technique-orientated Chapter 7, the suitability of combining
Dragb staining with protein dynamic measurements is verified and brought to caution,
since Drag5 intercalation modifies the localization and dynamic behavior of several
chromatin-binding proteins, which results in an inhibition of the corresponding cellular
functions of these factors.

When the cell enters S-phase, many UV-induced lesions have not been removed by NER.
This leads to a stalling of the classical DNA polymerase, which triggers a bypass mechanism
known as Translesion Synthesis (TLS) that requires alternative sets of polymerases. The
main TLS polymerase for CPDs bypass in an error-free fashion is pol 1, which co-localizes
with another TLS polymerase, pol 1, at UV-induced replication foci. In Chapter 8, we show
that the two polymerases are highly mobile at sites of damage, with pol t being even more
mobile than pol n. Moreover PCNA ubiquitination facilitates but is not essential for
accumulation of pol n into the foci. Finally, the polymerases seem to be continuously but
transiently probing the DNA/chromatin.

Pol n does not localize to TLS sites exclusively during S phase, but also to UV-induced
damage sites in G1 cells in a focal pattern, as shown by an interesting report of 2009 by
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Soria et al. in Cell Cycle. Indeed several lines of evidence have shown that the TLS
polymerases may have additional functions beyond TLS, such as NER repair synthesis for
pol k or Revl and HR for pol n. In Chapter 9 we try to interpret the meaning of this
surprising finding as regards to these reports: indeed pol n might also be implicated in NER
or another repair pathway. Alternatively the localization of pol n to foci may support a
model known as “be-ready-for”, supporting the idea that several DDR factors may
accumulate in high local concentrations (foci) near the damage, in order to remain
disposable if necessary.
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1. DNA damage induction and biological consequences

1.1. Genotoxic insults

The genomic identity of all living organisms is stored in long nucleic acid polymers of four
different nucleotides (the basic building blocks of nucleic acids) that are commonly but not
exclusively in the form of DNA (Deoxyribose Nucleic Acid). DNA consists of two anti-
parallel complementary long polymers folded as a double helical molecule. The main
function of DNA is to ensure that the hereditary information, encrypted by the sequence of
nucleotides, can be properly read and propagated to the progeny, or daughter cells. The
maintenance and faithful transmission of DNA integrity are therefore some of the most
crucial parameters for life. Although DNA is a relatively stable molecule, many endogenous
and external threats can compromise its stability during the entire lifetime of an organism.
Table 1 summarizes the types of lesions than can occur on DNA, as well as the causes and
processing of these lesions.

The first type of DNA damaging sources originates from the intrinsic chemical properties
of DNA and unavoidable biochemical reactions that are fundamental to life, i.e. respiration
and metabolism. (By) products of cellular metabolism, markedly reactive oxygen species
(ROS) generated by oxidative respiration and lipid peroxidation, endogenous alkylating
agents and others, lead to numerous types of lesions such as oxidative base modifications
(8-oxoGuanine) and single-strand breaks [de Bont and van Larebeke, 2004]. The
nucleotides are also subjected to spontaneous hydrolysis and to hydrolytic deamination
resulting respectively in abasic sites and modified bases like Uracil [Lindahl, 1993]. Finally
errors occurring during DNA replication and collapse of the replication fork trigger
respectively nucleotide mismatches and the very hazardous double-strand breaks.

Additional to these endogenously produced lesions, all organisms are also exposed to
ubiquitous and genotoxic environmental hazards, such as electro-magnetic radiations and
contacts with chemical agents. Ultra-violet (UV) light (present in sun light) induces the
photoproducts cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine-pyrimidone
dimers (6-4 PPs); while ionizing radiation (IR) (gamma- and Rontgen radiations) generate
a whole variety of lesions among which oxidative base modifications and single- and
double-strand breaks [Hoeijmakers, 2001]. Numerous chemical agents present in our
environment are also highly genotoxic since they can form bulky adducts on the DNA
(such as benzopyrene, present in cigarette smoke and charred food, or psoralen used in
treatment of the skin diseases psoriasis and vitiligo), interstrand cross-links (e.g. nitrogen
mustard) and intrastrand crosslinks (the chemotherapy drug cisplatin) [Friedberg et al,
DNA Repair and Mutagenesis].
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Lesion Causative agent/process Repair system
Mismatches Replication errors MMR
Modified bases Cellular metabolism BER
Abasic sites Hydrolysis BER
Single-strand breaks Cellular metabolism, IR BER
Double-strand breaks DNA replication defects, IR NHEJ and HR
Inter-strand crosslinks Chemical agents, IR NHEJ,HR, FA
Intra-strand crosslinks Cisplatin, IR NER
CPDs uv NER
6-4 PPs uv NER
Bulky base adducts Smoke, food NER

Table 1: summary of DNA lesions, causative agents and dedicated repair pathways
The dedicated repair pathways with their respective abbreviations are presented throughout this
chapter.

1.2. Consequences of DNA lesions on cells and organisms

Several parameters determine the cellular consequences of DNA lesions: the type and the
frequency of the lesions, the genomic location and the phase of the cell cycle in which the
cell encounters these lesions [Essers et al, 2006]. Lesions directly interfere with the main
functions of DNA, i.e. transcription and replication. Lesions disturbing DNA replication
and transcription induce cell death (apoptosis) or irreversible cell cycle arrest (senescence),
triggering degenerative changes implicated in ageing. In addition, some lesions affect the
fidelity of replication, causing mutations in the nucleotide sequence and DNA strand breaks
induce chromosomal aberrations, both leading to carcinogenesis. Finally, the type,
efficiency and fidelity of the pathway(s) implicated in the repair or bypass of the damage are
crucial for its further processing (last column of Table 1) [Hoeijmakers, 2001; Garinis et al,
2008].

Indeed, thousands of DNA damages are formed in each cell every hour. As an example,
around 600 single-strand breaks (SSBs) and apurinic/apyrimidinic (AP) sites are formed in
each cell per hour, while 50 DBSs are formed per cell per cell cycle [Vilenchik and Knudson,
2003]. It has been estimated that each cell is confronted with approximately 1-5.10* lesions
per day [Lindahl et al, 1993]. Hence, an impressive multi-faceted network of genome
surveillance mechanisms has evolved in order to counteract the disastrous effects of DNA
lesions on the cell and the organism. This network, or DNA Damage Response (DDR), can
be subdivided into three interdependent processes: since no single repair process can cope
with the whole diversity of damages, several repair pathways act complementarily to
remove the different types of lesions (as seen in the last column of Table 1). These pathways
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are discussed subsequently in this chapter. Furthermore an integration of these repair
pathways with cell cycle control is achieved via the triggering of a damage signaling cascade
that temporally pauses cell cycle progression by activating several cell cycle checkpoints.
Finally when lesions are not completely removed before replication occurs, damage bypass
processes get activated.

The biological importance of DDR on the scale of the organism is demonstrated by the fact
that defective genome maintenance processes give rise to different complex human
syndromes with a multitude of severe clinical symptoms. Cellular consequences of DNA
damage listed above imply that these diseases are all characterized either by abnormally
high cancer incidence, by premature ageing features or by a mixed phenotype, in addition
to multiple side clinical features. The impact of repair processes, cell cycle regulation and
damage bypass on the organism is illustrated in Table 2 [Friedberg et al, DNA Repair and
Mutagenesis].

Disease Gene Pathway Symptoms
mutated disrupted ymp
. GG-NER Cancer, Neurodegeneration
Xeroderma Pigmentosum | XPAto-G TC-NER
Progeria, Neurodegeneneration
Cockayne Syndrome CSA, CSB TC-NER g g
Developmental problems
. - XPB, XPD, GG-NER Neurodegeneration
Trichoth h - -
richothiodistrophy TTDA TC-NER Progeria, Immunodeficiency
Checkpoint Cancer, Immunodeficiency
Ataxia Telangectasia ATM signaling Neurodegeneration, Progeria
DSB Repair Developmental problems
Niimegen Breakade Cancer, Immunodeficiency
Jmeg g NBS1 DSB Repair Progeria, Developmental
Syndrome
problems
Crosslink Cancer, Progeria
Fanconi Anemia Repair Crosslink Repair ; T0g
Developmental problems
genes
Brcal DSB Repair
Breast Cancer 1, 2 . P . Cancer
Brca2 Crosslink repair
Recombination Cancer, Progeria
Werner Syndrome WRN Telomere ; T0g
. Developmental problems
maintenance
Mitotic Cancer, Immunodeficiency
Bloom Syndrome BLM L Progeria, Developmental
Recombination
problems
Xeroderma Pigmentosum Pol Translesion Cancer
Variant N Synthesis

Table 2: Clinical impacts of diseases associated with DDR gene mutations
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2. The DNA damage response

2.1. DNA Repair pathways

While some lesions are subjected to direct protein-mediated reversal, most DNA insults are
repaired by a sequence of catalytic events involving multiple proteins. These pathways all
include damage recognition, processing and resolution steps. The most direct way of
removing DNA lesions is achieved by a first excision of lesions or mismatches that is
followed by DNA synthesis and sealing of the resulting gap. This general cut and patch
principle is divided over three main pathways that are dedicated to the different types of
DNA aberrations presented earlier in this chapter: base excision repair (BER), nucleotide
excision repair (NER) and mismatch repair (MMR). Both BER and MMR will be shortly
summarized below, while NER will be discussed in more detail as this process is the main
topic of investigation in this thesis. Correct processing of these repair pathways require
specific sets of enzymes. Particularly, replication factors implicated in the DNA synthesis
steps of these pathways, their recruitment and coordination at these sites of repair
replication, with a special focus on NER, and the activation of specialized pathways that are
able, at stalled replication forks, to bypass DNA lesions without repairing them are the main
object of studies and are discussed in a separate chapter (Chapter 2).

Direct Reversal

Direct reversal is a relatively simple repair system that does not require an incision of the
DNA sugar-phosphate backbone or a base excision. Exogenous (such as Methyl Methane
Sulfonate, MMS) and endogenous alkylating agents cause a variety of O-alkylated and N-
alkylated adducts, such as O6-methylguanine (O6-meG). Part of these lesions can be
removed by a specific protein, the O6-meG-DNA methyltransferase (MGMT) that transfers
the methyl group to a cysteine residue in an irreversible reaction, thereby destroying its own
activity. Obviously this non-enzymatic suicide action has only limited repair capacity and is
backed-up mainly by Base Excision Repair (discussed below). Another direct damage
reversion is achieved by a group of enzymes referred to as photolyases, which are able to
repair UV-induced photoproducts such as CPDs and 6-4 PPs. These flavoproteins bind to
the UV-DNA complexes and use photon energy from the visible light spectrum to repair
the damage. These photolyases are strongly conserved in evolution and present in all
kingdoms of live. However, placental mammals, in contrast to marsupials, do not possess
photolyases and have developed more complex mechanisms to cope with UV-induced
lesions [Eker et al, 2009].
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Repair of base damages and single-strand breaks: BER and SSBR

Base damages triggered by alkylation, oxidation and deamination, are repaired by a more
complex pathway known as Base Excision Repair (BER). Recognition of the damaged base
is performed by a collection of DNA glycosylases that each have affinity for a specific
(group of) lesion(s). These glycosylases remove the damaged base from the sugar-phosphate
backbone, thereby creating an abasic or a-purinic/a-pyrimidinic site (AP site) that is incised
by AP-endonuclease-1 (APE-1) or the lyase activity of a DNA glycosylase, leading to a
single-strand break (SSB). SSBs can also arise directly from reactive oxygen species (ROS),
ionizing radiation or incomplete DNA topoisomerase action, in each case SSBs are swiftly
recognized by poly-ADP-ribose polymerase 1 (PARP-1). PARP binding further triggers the
poly-ADP-ribosylation of different (PAR) targets, including PARP1 and is thought to play
an important regulatory role in BER processing [D’Amours et al, 1999]. Different DNA
termini may arise from these various processes and need to be restored to the conventional
3’-OH and 5'-P moieties for the further gap filling and ligation steps to occur. Thus, this
end processing step requires several enzymes including APE-1, polynucleotide kinase
(PNK) or the dRP-lyase activity of DNA polymerase P [reviewed in Caldecott, 2007;
Robertson et al, 2009]. Further repair is accomplished via two sub-pathways known as short
patch repair (insertion of a single nucleotide) and long patch repair (insertion of 2 to 10
nucleotides). The scaffold protein XRCC1 coordinates short-patch repair which is mainly
supported by pol p and DNA-ligase 111 [Barnes and Lindahl, 2004]. Long patch-repair, on
the other hand, is coordinated by PCNA and will be discussed in Chapter 2.

Mismatch Repair (MMR)

Base-base mismatches are produced during normal replication, and from replication of
deaminated, alkylated or oxidized nucleotides, such as 8-oxoguanine. In addition, small
loops of a few nucleotides (short single-strand deletions or insertions) resulting from
replication slippage on highly repetitive genomic sequences, are also a substrate for
mismatch repair (MMR). Mismatch Repair is a crucial process that prevents these
mismatches from becoming stable mutations and serves to further improve the already high
fidelity of replicative DNA synthesis [Kunkel and Erie, 2005; Jiricny, 2006; Li et al, 2008;
Hoeijmakers, 2001]. Mismatch recognition is supported by two ATPases, the MutSa dimer
(MSH2 and MSHG6) for base-base mismatches and MutSp (MSH2 and MSH3) for
insertion/deletion mispairs. Another complex is then recruited, MutLa (MLH1 and PMS1)
or MutLp (PMS2) that searches for strand discontinuity. Discrimination between the
parental (correct) and the daughter (incorrect) strands is executed in bacteria via DNA
methylation (hypomethylated daughter strand). In eukaryotes it is possibly the nearby
replication machinery that plays a role in this strand-discrimination. Degradation past the
mismatch (ssDNA fragment of ~150 nucleotides) is supported by the exonuclease Exo I.
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Following gap filling synthesis by the replication machinery, sealing is supported by DNA
Ligase I.

Nucleotide Excision Repair (NER)

Nucleotide Excision Repair (NER) eliminates in a “cut and patch” mechanism involving
more than 30 polypeptides, a broad range of structurally unrelated DNA lesions [Gillet and
Scharer, 2006; Friedberg, 2003; de Laat et al, 1999]. These lesions only have in common that
they locally impair proper Watson and Crick base pairing, and include on one hand the
main UV-induced photoproducts (cyclobutane pyrimidine dimers or CPDs and 6-4
pyrimidine-pyrimidone dimers or 6-4-PPs) and on the other hand, bulky chemical adducts
such as those induced by benzopyrene and aflatoxins.

NER can be sub-divided into two pathways that share many similarities but differ by their
lesion recognition mechanism. While Global Genome-Nucleotide Excision Repair (GG-
NER) detects lesions located anywhere in the genome in order to initiate the NER reaction,
Transcription Coupled-Nucleotide Excision Repair (TC-NER) is only active on the
transcribed strand of active genes when a lesion obstructs transcription [Venema et al, 1992;
Fousteri and Mullenders, 2008; Bohr et al, 1985].

Lesion recognition: two mechanisms

Lesion recognition in GG-NER is achieved by the concerted action of two protein
complexes, the XPC-containing complex and the UV-DDB complex. XPC is part of a
hetero-trimeric complex further harboring HR23B and Centrin 2 [Araki et al, 2001]. This
DNA binding protein complex displays a stronger affinity for damaged DNA and
recognizes mainly unpaired short stretches [Sugasawa et al, 1998]. XPC does not bind to
lesions directly but rather recognizes the non-damaged DNA opposite the DNA injury
[Sugasawa and Hanaoka, 2007]. This recognition is mediated by two aromatic residues that
confer to XPC an aversion to damaged strands and a preference for single-stranded DNA
[Buterin et al, 2005; Maillard et al, 2007]. This preferential binding to non-damaged DNA
opposite a lesion is confirmed by the crystal structure of Rad4, the yeast homologue of XPC
[Min and Pavletich, 2007]. Although the exact functions of the HR23B and Centrin2
components in this complex are not known so far, one function of HR23B is to stabilize the
XPC protein [Ng et al, 2003] and the distortion-sensing role of XPC is achieved through its
binding to HR23B [Sugasawa et al, 1997]. HR23B is one of the two mammalian orthologs of
the yeast NER protein Rad23. The other mammalian ortholog, HR23A, is less abundantly
expressed than HR23B and only trace amounts are found to co-purify with XPC, though
this protein can functionally substitute for HR23B in vitro [Sugasawa et al, 2001]. Centrin 2
stabilizes the complex [Araki et al, 2001].

The second complex, the damaged DNA-binding heterodimer UV-DDB, containing DDB1
and DDB2 (p48, mutated in XPE), as its name indicates, has a strong affinity for damaged
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DNA, such as 6-4PPs and CPDs [Payne and Chu, 1994]. Since XPC shows very little
affinity to CPDs in vitro [Hey et al, 2002, Kusumoto et al 2001], the role of UV-DDB might
be crucial in damage recognition. And indeed, UV-DDB is stimulating XPC binding
[Moser et al, 2005]. One proposed mechanism is that it induces a kink in the DNA which
facilitates the recruitment of the XPC complex [Tang and Chu, 2002].

XPC gets polyubiquitinated in a reversible manner following DNA damage [Sugasawa et al,
2005]. However, rather than leading to its degradation, this process increases its affinity for
DNA. XPC ubiquitination is dependent on functional UV-DDB activity. Both XPC and
DDB2 get polyubiquitinated by the UV-DDB ligase-complex [Sugasawa et al, 2005], though
the effect is very different: XPC ubiquitination increases its affinity for damaged and non-
damaged DNA, while ubiquitinated DDB?2 is targeted for degradation. XPC is also modified
by sumoylation in an XPA-dependent manner, which might contribute to its stabilization
[Wang et al, 2005].

Lesion recognition in TC-NER is initiated when elongating RNA polymerase 1l encounters
a distorting lesion that blocks its progression [Laine and Egly 2006]. Hyperphosphorylated
RNA pol Il mediates the recruitment of Cockayne Syndrome B and A (CSB and CSA)
proteins which, in brief, allow the recruitment of subsequent repair factors, among which
TFIIH [Fousteri et al, 2006; van den Boom et al, 2004].

It is worth noting that since 6-4 PPs are more helix distorting than CPDs, they are
recognized and therefore repaired much more efficiently by NER. In mammals, 6-4 PPs are
repaired by NER in four to six hours, while CPDs can be present up to twenty-four hours
post-irradiation and will therefore play an important role in UV-induced mutagenesis.

Opening of the helix: the transcription factor TFIIH

Following damage recognition, GG-NER and TC-NER channel into a common mechanism
which starts with the opening of a the DNA double helix around the lesion by the ten-
subunit transcription factor TFIIH [Yokoi et al, 2000; Volker et al, 2001, Fousteri et al,
2006]. TFIIH was originally identified as an essential transcription initiation factor for RNA
polymerase | and Il transcribed genes [Drapkin et al, 1994; Iben et al, 2002] and turned out
to be pivotal for NER as well, with differential kinetic properties [Schaeffer, 1993, Science;
Giglia-Mari et al, 2004; Hoogstraten, 2002]. TFIIH consists of a seven-subunit core complex
(XPB/p89, XPD/p80, TTDA/p8, p34, p44, p52 and p62) as well as a cyclin-activated kinase
(CAK) complex, containing Cdk7, Cyclin H and MAT1. XPB and XPD, together, apply
their respective DNA-dependent ATP-ase and helicase activities to open up the DNA helix
around the lesion. Open complex formation depends on functional TFIIH and a two-step
mechanism is employed in which TFIIH mediates the initial opening (8-10 nucleotides)
after which RPA, XPA and XPG bind to obtain full opening of ~ 30 nucleotides around the
lesion [Evans et al, 1997; Evans et al, 1997, Mu al, 1997]. During this process, XPA
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stimulates specifically the ATPase activity of TFIIH while RPA and XPG stabilize the
partially unwound repair intermediate, which allows the full opening around the lesion.
The binding of XPA to damaged DNA is greatly enhanced by RPA. Simultaneous binding
of RPA to the undamaged strand and of XPA to the kinked DNA duplex allows the
detection of base-pair and backbone distortions which contributes to the lesion specificity
of NER [Camenisch et al, 2006]. RPA and XPA, together, act therefore as a sensor probe
that carries out damage verification before dual incision occurs.

Dual incision and post-incision steps

The presence of RPA on the undamaged strand is also important to properly orient the
NER endonucleases that will incise around the lesion on the damaged strand [de Laat et al,
1998]. Dual incision is achieved by the concerted action of two structure-specific
endonucleases: the complex ERRCC1/XPF incises 5'to the lesion and XPG 3’ to the lesion.
In Chapter 3 of this thesis, we have studied the sequential action of these endonucleases that
leads to the creation of a 24-32 nucleotide single-stranded DNA gap.

This ss-DNA gap is filled in during a process called DNA repair synthesis. While RPA coats
the single-stranded DNA, PCNA is loaded by RFC and allows tethering of the polymerases
§, € and eventually pol k. The nick is sealed by Ligase I1l/Ligase | and chromatin structure is
restored upon action of CAF-1. The dual action of RPA as well as DNA repair synthesis and
subsequent steps are discussed in Chapter 2.

The different NER factors and their mode of action are illustrated within a schematic
representation in Figure 1.

The very broad clinical symptoms associated with inherited NER defects, might in part be
derived from the multiple functions (transcription, replication or multiple repair pathways)
that several NER factors display. XP patients (who display mutations in the XPA to -G
genes) are hypersensitive to sunlight and exhibit an extreme susceptibility for UV-induced
skin cancer. Cockayne Syndrome patients (who display mutations in CSA and CSB) are not
cancer prone but display other clinical features such as premature ageing. And finally TTD
patients, who carry mutations in TFIIH subunits (XPB, XPD, p8/TTDA), present many
features similar to CS in addition to specific features such as brittle hair and nails.
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Figure 1: schematic representation of NER.
Adapted from: G. Giglia Mari, A. Zotter and W. Vermeulen, Chapter one DNA damage
response, in Cold Spring Harbor; Perspective The Nucleus, 2010.

Choreography of the NER factors

NER is performed by complexes that are assembled from individual components at the
lesion site rather than by binding of a pre-assembled complex [Houtsmuller et al, 1999;
Hoogstraten et al, 2002]. Hence, the current model is that incorporation of NER
components into the pre-incision complex follows a sequential order; however the dynamic
interactions between NER components during this assembly are unknown. In Chapter 6 of
this thesis, we have used kinetic measurements of seven-GFP tagged NER proteins
associated to a mathematical model to develop a quantitative understanding of repair
complexes assembly in living cells.

These three excision repair mechanisms (NER, BER, MMR), have in common that they
only allow repair of DNA lesions when located in one strand of the double helix, as after
excision of the lesions the subsequent resynthesis will use the sequence information of the
non-damaged complementary strand. However, DNA lesions involving both strands (i.e.
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double strand breaks and interstrand crosslinks) require more complex processes to convert
these structures into normal Watson and Crick B-form DNA. Repair processes dealing with
these structures will be discussed below.

Repair of Double-Strand Breaks: NHEJ and HR

Double-strand breaks (DSBs) are extremely cytotoxic lesions caused by ionizing radiation
and upon replication stress. In addition, they can arise from physiological processes such as
V(D)J recombination and class switch recombination in developing lymphocytes or during
meiotic recombination. Two different repair processes deal with these DSBs; homologous
recombination (HR) and non-homologous end joining (NHEJ). HR is only active in S and
G2 phases where a homologous copy of the genome is available that is required for this
process (see below) and is thus an important double-strand break processing mechanism in
rapidly dividing cells. In G1 and GO phases of the cell cycle however the only option to seal
breaks is by NHEJ [Mahaney et al, 2009].

NHEJ is based on straightforward ligation of DNA ends. Since some processing of DNA
ends is required in most cases to create ligatable termini, NHEJ can lead to nucleotide loss,
and is potentially an error-prone mechanism. NHEJ is triggered by the binding of the
Ku70/80 heterodimer to the extremities of the broken DNA strand [Walker et al, 2001],
allowing the recruitment of DNA-PKcs (for DNA protein kinase catalytic subunit)
[Gottlieb and Jackson, 1993]. DNA-PK belongs to the serine-threonine kinase family of
PIKKs (phosphatidylinositol 3-kinase-like kinases), which all share the characteristic
catalytic domain of PI-3 (phosphoinositide) kinases and stand out as very large
polypeptides that range from 300 to >500 kDa. SMG-a, TOR, ATM and ATR (see below)
belong also to this family of PIKKs [Abraham, 2001].

After its recruitment, a key event is the auto-phosphorylation of DNA-PKcs [Chan and
Lees-Miller, 1996] and the alignment of the DNA ends in a synaptic complex. Following
DNA end processing by Artemis [Ma et al, 2002], ligation of the DNA ends is carried out by
the Ligase IV/XRCC4 complex [Grawunder, et al, 1997; Mari et al, 2006]. The
XLF/Cernunnos probably stimulates this process [Ahnesorg et al, 2006; Buck et al, 2006].
There is increasing evidence that several other proteins, including MRN (at least in yeast),
are involved in NHEJ [Mahaney et al, 2009].

Homologous recombination (HR) requires the presence of a second copy of the sequence,
the sister chromatid, since it is based on exchange of genetic information between
homologous DNA molecules. HR is initialized by binding of the Mrell-Rad50-Nbsl
complex, which together with CtIP proceeds to the resection of the 5’-ends of the break,
creating 3’ overhangs [Lee et al, 1998; Tauchi et al, 2002]. The produced single-strand DNA
is covered by the single-stranded DNA binding protein RPA. Subsequently, monomers of
the Rad51 recombinase assemble into a nucleoprotein filament on the sSDNA ends [Park et
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al, 1996]. This assembly is influenced by BRCA2 and several RAD51 paralogs. The RAD51
filament then searches for homology and invades the homologous dsDNA template (a
process known as first strand invasion), forming a joint molecule called a displacement loop
(D-loop). The 3’ end then serves as a primer for DNA synthesis. This step is promoted by
the dsDNA-dependent ATPase Rad54. Following the extension of the invading end the
reaction can channel into different paths. The second end can invade the homologous
template in a Rad51-mediated reaction (second strand invasion), or anneal to the displaced
strand of the homologous duplex. The single-strand annealing activity of Rad52 promotes
this process. These two pathways can lead to the formation of cross-stranded structures
called Holliday Junctions (HJs). Alternatively, the first end extended by a DNA polymerase
can be displaced from the joint molecule and re-anneal with the second end of the break in
a process called synthesis-dependent strand annealing (SDSA) [Lisby and Rothstein, 2009;
Sung and Klein, 2006; Heyer et al, 2006].

Interstrand Cross-link (ICL) repair

Chemical compounds such as the chemotherapeutical cisplatin and Mitomycin C induce
interstrand cross-links (ICLs) which, if unrepaired, are highly lethal [Magana-Schwencke et
al, 1982]. ICLs are resolved by the Fanconi Anemia pathway. FA patients display twelve
complementation groups and the FANC genes products operate in a common pathway that
is poorly understood. In brief, the current model indicates that recognition of the ICL is
mediated by stalling of the replicative polymerase during replication. The ICL is incised on
one side, leading to a DSB. A helicase unwinds around the incised ICL. A second incision
on the same strand of the ICL but on its other side, leads to a gap that is later filled in by
TLS polymerases. The residual damage in the opposite strand is removed by excision (NER
or BER) and the integrity of the DNA template is restored. Finally, the DSB that was created
during the first incision is repaired by HR [Niedernhofer et al, 2005]. The endonuclease
ERCC1-XPF is required for the multi-step incisions of the ICL. PCNA and RPA are
implicated for DNA synthesis during repair of inter-strand crosslink (ICL) caused by
chemical agents such as psoralen [Li et al, 2000]. They might also be involved in the incision
step of this process [Zhang et al, 2003].

2.2. Cell cycle checkpoints

The DNA Damage Response does not only consist of a subset of different repair pathways
but also involves cell cycle checkpoints that delay or temporally arrest the cell cycle
progression, which provides more time for the cells to repair the damage. Each cycle
comprises two cell growth phases (G1 and G2), one DNA replication phase (S) and a
mitosis or M-phase in which the cell splits into two identical daughter cells. A whole array
of proteins is dedicated to control or check for correct processing of crucial events
throughout every phase of the cell cycle as it is indispensable that each phase gets fully
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completed before progression to the next step. When within a certain stage of the cell cycle
a problem is encountered, by e.g. the induction of DNA damage that interferes with
replication, one or several appropriate repair or bypass mechanism(s) are triggered. On top
of this, so-called intra-S-phase checkpoints are activated which temporally arrest cell cycle
progression until the insults are removed

In response to genotoxic insults, a signaling cascade is activated that triggers checkpoint
activation and subsequently blocks the cell cycle in G1/S or G2/M, or that retards the
completion of S-phase (intra-S). Alternatively, apoptosis can be triggered if too many
lesions are encountered. This cell cycle signaling pathway is initiated by sensing of damaged
or abnormally structured DNA to finally coordinate cell cycle progression with the DNA
repair process. Signal transduction that connects damage sensors to effector proteins
(which regulate the passage throughout the different phases of the cell cycle) is supported
by the two core PI-3 kinases related ATM (Ataxia-Telangectasia Mutated) and ATR (Ataxia
Telangectasia and Rad3-related), which have distinctive though partially overlapping
functions [Zhou and Elledge, 2000]. These kinases are at the basis of a signaling cascade that
resembles standard signal transduction pathways in that signal transmission and
amplification are based on an array of differential protein phosphorylation reactions
leading to different downstream targets [Matsuoka, et al 2007].

DNA damage-induced signaling

In undamaged cells ATM resides as a catalytically inactive dimer or higher order multimer
and gets phosphorylated at Ser'®®" in response to ionizing radiation [Bakkenist and Kastan,
2003]. Initially, it was thought that the damage itself was sufficient to initiate this process.
However, it turned out that the Mrel11-Rad50-Nbsl (MRN) complex is also a key factor for
the recruitment and activation of ATM by double strands breaks [Abraham and Tibbetts,
2005; Lee and Paull, 2005]. Next to auto-phosphorylation, ATM acetylation by Tip60
appeared also important for ATM activation, although its exact role and mechanism remain
elusive [Sun and Price, 2005].

In human cells ATR resides in a stable complex with ATRIP (ATR-interacting protein) and
gets activated in response to different DNA damaging agents (UV, alkylating agents, double
strand breaks) and replication stress [Cortez et al, 2001]. ATR-mediated signaling is
initiated after binding of ATRIP to a common intermediate, ss-DNA that is covered with
Replication Protein A (RPA) [Zou and Elledge, 2003]. RPA is a trimeric replication factor
that coats single-stranded DNA and, as such, is also involved in many repair processes.
More details on this protein will be discussed in Chapter 2. Next to a role for ATR
activation, RPA bound to ss-DNA s involved in the recruitment of another important
checkpoint initiator that is in addition also a substrate for ATR: the RAD17 complex, which
in turn loads around the DNA the RAD9-HUS1-RAD1 (9-1-1) complex.
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During regular DNA replication, a circular sliding clamp, PCNA (Proliferating Cell Nuclear
Antigen), acts as a platform that tethers replication factors, among which polymerases, to
the DNA. The loading of PCNA around the DNA is performed by the replication complex
RFC (Replication Factor C), which contains RFC1 and four other subunits [Tsurimoto and
Stillman, 2001].

PCNA and RFC are key replication and repair factors that were extensively studied in this
thesis and are being discussed separately in Chapter 2. The 9-1-1 complex is a ring-shape
protein complex that resembles the PCNA structure, while the RAD17-RFC like complex
presents structural similarity to RFC since the four small subunits of these factors are
commonly shared [Caspari et al, 2000; Venclovas and Thelen, 2000; Burtelow et al, 2001].
The RAD17 complex is recruited independently of ATR-ATRIP [Zou et al, 2002],
recognizes the junctions between single-and double-stranded DNA and loads the 9-1-1
checkpoint complex onto the DNA. The 9-1-1 complex interacts also with TopBP1
(topoisomerase IIp binding protein 1), a protein that stimulates the ATR-ATRIP protein
kinase activity [Lee et al, 2007; Delacroix et al, 2007]. In addition, a last factor, claspin, is
recruited to chromatin in a process independent of ATR and 9-1-1 but that requires ATR-
mediated phosphorylation of RAD17 [Lee et al, 2003; Wang et al, 2006]. Claspin is required
for the subsequent ATR-mediated activation of CHK1.

Interestingly, the role of RAD17 and the 9-1-1 complex is not limited to checkpoint
signaling. Several studies showed that these proteins are also implicated in translesion
synthesis (TLS, see below) (in yeast) and different repair pathways, such as HR [Wang et al,
Oncogene 2006; Pandita et al, 2006; Budzowska, et al, 2004] and BER [Wang et al, 2004;
Friedrich-Heineken et al, 2005].

DNA damage-induced signal transduction

ATM interacts with and phosphorylates a wide range of substrates that eventually control
multiple checkpoints throughout the entire cell cycle. The G1/S checkpoint is controlled
through p53 phosphorylation [Banin et al, 1998, Canman et al, 1998]. All the different
proteins targeted by these processes are too numerous to summarize here and only a few
targets will be evaluated. p53 activation is also indirectly controlled by ATM via CHK2 and
MDM2 phosphorylation. The intra-S checkpoint is regulated via interaction with several
proteins among which NBS1 and SMC1 [Wu et al, 2000; Kim et al, 2002]. BRCA1 gets
phosphorylated in S and G2/M transitions [Cortez et al, 1999]. ATM phosphorylates also
CHK1 and CHK2.

ATR-phosphorylated Rad 17 interacts with claspin and allows its phosphorylation, which
promotes recruitment, phosphorylation and activation of CHK1 [Wang et al, 2006]. Once
phosphorylated and activated, CHK1 and CHK2 are able to phosphorylate downstream cell
cycle proteins such as CDC25C, WEE1 and CDC25A phosphatase, which in turn can
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dephosphorylate and activate some of the cyclin-dependent kinases CDKs [Mailand et al,
2000; Falck et al, 2001].

CDKs, together with cyclins, are the downstream active players of cell cycle progression or
arrest. Cyclins are quantitatively and qualitatively specific of each cell cycle phase and bind
to the CDKs. The levels of CDK proteins remain stable during normal cell cycle, are
regulated by cyclin levels that oscillate through the cell cycle and are responsible for the
major transitions throughout the cell cycle. Regulators of cyclin-CDK formation also
include CDK inhibitors such as p21. The transcription level of p21 can be regulated by p53.
Interestingly, the replication factor PCNA is a downstream target of p53 and interacts with
p21 and cyclin D [Xiong et al, 1992; Shivakumar et al, 1995; Morris et al, 1996].

2.3. Replication over damaged DNA

Despite the whole network of efficient DNA repair and checkpoint mechanisms, entirely
dedicated to the removal of the different genomic insults, a number of lesions escape direct
removal before replication starts. Moreover in some cases the cell is already in S-phase
when the lesion is inflicted. Finally, the replication fork itself can collapse and induce
hazardous lesions such as DSBs. The price to pay for the stringency of DNA polymerases is
that they cannot accommodate these damaged bases. This triggers a block in the
progression of the replication fork that may, in the worst case, lead to a definitive arrest of
replication and cell death.

Two pathways have evolved in order to avoid the damage and are therefore known as
damage tolerance mechanisms or postreplication repair (PRR) processes. The first of these
consists of the incorporation of nucleotides opposite the damage (in other words,
synthesizing DNA past the lesion or translesion synthesis, TLS). This pathway uses a set of
specialized TLS polymerases and appears to be predominant in mammalian cells. The
Translesion Synthesis process is illustrated by the gravity of the genetic disorder Xeroderma
Pigmentosum Variant (XPV), in which one of these TLS polymerases, polymerase ), is
mutated. Despite the fact that these patients have the ability to carry out normal NER, they
still show a very high incidence of sunlight-induced skin cancer, caused by a higher UV-
induced hypermutability. Another damage avoidance process mainly present in
prokaryotes and uni-cellular eukaryotes (such as Saccharomyces. cerevisiae) consists of a
recombinational mechanism to copy genetic information from the undamaged sister duplex
to restore the lost information. This process is considered as error-free. PCNA
ubiquitination regulates the transition from regular DNA polymerases to TLS polymerases
and guides the cell towards these two different damage tolerance processes. Moreover, RFC
and RPA are also involved in these processes. Post-replication repair is described further in
Chapter 2.
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3. Detection of proteins involved in DNA repair

All the proteins involved in replication, repair and cell cycle control display specific sub-
cellular localization and dynamic properties. These characteristics are tightly linked to their
intrinsic biochemical properties but also to their biological role(s), i.e. their interactions
with other complexes and/or the DNA/chromatin. Genetic and biochemical studies have
provided very interesting insights on the structure and function of these proteins. However,
to provide more accurate and realistic information, within the context of the complexity of
the mammalian cell nucleus, on the spatio-temporal properties and interactions of
replication and repair factors, cell biological approaches are necessary. These approaches
have been widely used in the studies described in the different chapters of this thesis.

3.1. Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChlP) allows the identification of proteins that associate
with specific regions of the genome, by using specific antibodies that recognize a specific
protein or a specific modification of a protein [Fousteri et al, 2006]. The initial step of ChlIP
is the cross-linking of protein-protein and protein-DNA in live cells with formaldehyde.
After cross-linking, the cells are lysed and crude extracts are sonicated to shear the DNA.
Proteins together with cross-linked DNA are subsequently immunoprecipitated. Cross-
linking ChIP uses chromatin fixed with formaldehyde and fragmented by sonication. We
have widely used this technique in Chapter 4 of this thesis.

3.2. Fluorescence studies

The mammalian cell is a very complex environment where a huge amount of various
proteins are involved in multiple processes. To study a factor or a process in particular, it is
necessary to be able to distinguish it clearly and specifically from the cellular environment.
As this regard, fluorescence, that displays strong resolution and specific illumining, is a very
useful and powerful tool. Fluorescence occurs when a fluorescent molecule absorbs light of
a specific wavelength and following this absorption, re-emits light at a higher wavelength.

Immunofluorescence studies

In the case of immunofluorescence, a specific antibody (or secondary antibody) is
covalently coupled to a fluorescent molecule. Sub-cellular localization of replication and
repair factors can be studied using immuno-fluorescence experiments which require
fixation and permeabilization of the cells and lead therefore to an immobilization of the
factors at the sites of replication and repair. This can facilitate greatly, for example, the
visualization of complexes that are only transiently interacting with the DNA/chromatin or
with other partners. Moreover, in the case of ubiquitous proteins that present a diffuse
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nuclear pool and a more immobilized chromatin fraction, an additional pre-fixation
washing step allows removal of the more diffuse proteins.

These procedures (ChiP and immunofluorescence) are highly powerful and bring very
useful information on protein biochemistry, interactions and sub-cellular localization.
However they have their limitations since they do not allow any insight into the dynamics
of molecular transactions and may reveal artificially enhanced structures as fixation may
bias the accumulation of certain reaction intermediates that are frozen by this procedure.
To get a global view on replication, repair and damage tolerance mechanisms and to study
in-depth the dynamic properties of these factors in these processes, it is therefore necessary
to use a more dynamical approach.

Fluorescence coupled to live cell imaging

In order to visualize dynamics in live cells, it is necessary to tag the protein of interest with a
fluorescent dye that is not toxic for the cell and that in the same time, does not inhibit the
proper functioning, the biochemical and dynamic properties of the protein.

A real breakthrough occurred in the field of biology with the crucial discovery of a 28kDa
fluorescent protein, green fluorescent protein (GFP), which fills in all these properties. GFP
was originally isolated from the jellyfish Aequoria Victoria and emits green light at a
wavelength of 508 nm when excited by blue light, with two wavelengths, the major at 395
nm and the minor at 475 nm. Wild type GFP has been modified to several GFP variants
with different excitation and emission wavelengths, which can be properly used for live cell
studies, as we have done in Chapters 4, 5, 6, 7 and 8 of this thesis [Cubitt et al, 1995;
Shimomura et al, 1962; Tsien et al, 1998]. The most important application of this live cell
fluorescent marker comes from the possibility to clone the encoding cDNA to the gene
encoding the protein of interest. Once fused to the protein of interest, the recombinant
protein must be tested for its functionality in living cells. Subsequently, it can be monitored
in situ in real time thanks to the extensive use of confocal microscopy

Confocal microscopes are more sophisticated than conventional fluorescent microscopes
since they are able to block out the “out-of-focus light” which is often encountered with
thick samples. With a confocal microscope, point illumination is realized with a laser and
fluorescence is detected through a pinhole in front of the detector, which allows sole
detection of in-focus fluorescence and results in a better image quality than with a
fluorescent microscope.

Confocal microscopy is also a powerful tool to realize photobleaching experiments and
determine protein dynamics. Photobleaching is based on the property of fluorescent
molecules to become non-fluorescent after a certain number of excitation-emission cycles.
Hence, a high intensity laser-pulse induced by a confocal microscope can lead to
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photobleaching of a fluorescent molecule. When this fluorophore, such as GFP, is tagged to
a protein of interest, several procedures are available to measure the dynamics of this
recombinant protein at sites of replication and repair for example.

With FRAP (Fluorescence Recovery After Photobleaching), the recombinant protein is
bleached out in a certain area of the cell and the subsequent recovery of fluorescence in the
bleached area is monitored over time. FRAP can be combined with FLIP (Fluorescence Loss
in Photobleaching), in which the loss of fluorescence is monitored outside of the bleach
region (represented in Chapter 5 of this thesis). These two protocols allow a determination
of the diffusion and binding times of replication and repair factors and have been
extensively used in Chapters 4, 5, 6, 7 and 8 of this thesis. The bleach and monitoring
parameters (areas, time...) can be adapted in order to visualize transient binding, such as
the “box-frap” protocol designed in Chapter 8.

The development of several systems to locally introduce DNA damage or immobilize DDR
factors in cultured living cells in combination with GFP technology has been beneficial in
the study of DNA repair: (i) irradiation through a filter or mask that partly shield the cells
[Nelms et al, 1998; Katsumi et al, 2001; Moné et al, 2001]; (ii) micro-beam laser irradiation,
with or without photo-sensitizers, at sub-nuclear areas [Cremer et al, 1980; Tashiro et al,
2000; Lukas et al, 2003; Meldrum et al, 2003; Lan et al, 2004; Dinant et al, 2007]; (iii) guided
a-particle and heavy iron radiation [Jakob et al, 2003; Aten et al, 2004; Hauptner et al,
2004]. ; (iv) integration of rare-cutting endonucleases [Lisby et al, 2004; Rodrigue et al,
2006, Soutoglou et al, 2007]; (v) DDR protein tethering to specific integrated amplified
(arrays) sequences [Soutoglou and Misteli, 2008].

3.3. In vivo-DNA labeling

Spatio-temporal dynamics studies on DNA-related processes such as replication,
transcription and DNA repair are greatly facilitated by adequate stains that differentiate
chromatin compaction since these processes are tightly regulated by chromatin
condensation and DNA conformation. An example is studied in Chapter 7 of this thesis,
where we study the cellular consequences and suitability of the anthraquinone-derivate
Dragb that has been utilized in Chapter 8.

3.4. DNA synthesis inhibitors

DNA synthesis inhibitors such as aphidicolin (that inhibits polymerase a by competing for
nucleotide incorporation), or HU/AraC (that compete with the polymerase and trigger also
a depletion of the nucleotide pool), are very useful to study the interactions between
replication and repair proteins and replicating DNA. The impact of HU/AraC on DNA
synthesis, especially at repair synthesis sites of NER, is used in Chapters 4, 5 and 6 of this
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thesis. Live cells are incubated in the presence of these inhibitors and can then be subjected
to the previous techniques or to live cell dynamic studies presented above.

All these techniques combined together represent a very powerful tool to determine the
mechanisms that underlie protein interactions and recruitments to sites of replication and
repair. For the rest of this thesis, we will focus exclusively on three replication factors,
PCNA, RFC and RPA. The role of these replication factors in the different repair pathways
listed above is summarized in Table 3. In Chapter 2, we study in details the biochemical
properties and the involvement of these proteins in replication, repair (with a focus on
NER) and in damage bypass mechanisms.

Table 3: implications of Replication Factors PCNA, RPA and RFC in the DDR
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1. Replication of undamaged DNA

1.1. Basic principles of the replication process

DNA replication requires extreme precision and specificity; hence, its timing and frequency
must be tightly controlled by regulatory factors. In bacteria, the whole genome is replicated
from a single replication point or replication origin. By contrast, eukaryotic chromosomes
contain multiple origins that must fire once during each cell division, thus demanding a
tight coordination. DNA replication is initiated by the formation of a pre-replication
complex at the origins during G1. Subsequently, activation of the origin by at least two
kinases triggers the transition to actual DNA replication during S phase, which involves the
ordered assembly of replication factors that allow DNA unwinding and loading of several
DNA polymerases for the further elongation step.

Replication initiation

Origin activation starts with origin licensing, i.e. the assembly, on replication origins, of
initiator proteins, forming the pre-replication complexes (pre-RC) [Diffley et al, 1994].
Origin licensing occurs during late mitosis and early G1 while the CDKs, the downstream
players of cell cycle progression, are still inactive. The first initiator which selects the sites
for subsequent initiation of replication is the six-subunit ATPase complex ORC (Origin
Recognition Complex) [reviewed in Bell and Stillman, 1992; Bell and Dutta, 2002]. Two
other factors, CDC6 and Cdtl (CDC10-dependent transcript 1), are then required for the
key step in pre-RC assembly, i.e. the loading of the six MCM2-7 (Mini-Chromosome
Maintenance) proteins. Once the MCM proteins have been loaded, ORC and CDC6 are
removed from the chromatin without preventing subsequent replication. Displacement of
Cdtl from MCM2-7 may be triggered by MCM10 (see below). The current hypothesis is
that the MCM2-7 complex serves as DNA helicase to open the DNA ahead of the
replication machinery [as reviewed in Bell and Dutta, 2002].

All origins are licensed approximately synchronously, but origin firing (the conversion of
pre-RC into replication forks) occurs in a temporally regulated manner during S phase,
which makes it possible to distinguish early- and late-firing origins [Zou and Stillman
1998]. This replication timing correlates with the local chromatin environment: early
replicating origins tend to be associated with transcriptionally active euchromatic regions,
while late replicating origins associate with transcriptionally repressed genes in
heterochromatin [Diller et al, 1994; Friedman et al, 1996].

The further assembly of MCM10 and Cdc45 requires the control of the CDK and DDK

(Dbf4-dependent Cdc7 kinase) kinases. Subsequent origin unwinding requires both the
presence of Cdc45 and of MCM2-7, as well as stabilization of the created sSDNA by RPA
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[Walter and Newport, 2000]. Cdc45, as well as S. cerevisiae Dpb11 (mammalian TOPBP1)
are at last required for further recruitment of the DNA polymerases [Masumoto et al, 2000].

Importantly, each part of the genome needs to be replicated once and only once. Control of
a sole and unique replicating event is achieved via several mechanisms. CDKs have a dual
role, including a regulatory one: elevated levels of CDKs allow the activation of origins
upon entry into S phase but they also ensure that origin licensing cannot occur again during
the S, G2 and M phases. Moreover, together with geminin, CDKSs regulate the DNA binding
and degradation of the different pre-RC components, ensuring that origin activation does
not occur twice. Soon after initiation the replication-licensing factor Cdtl is degraded,
which also prevents re-initiation of replication. This degradation occurs via poly-
ubiquitination by the Cul40-DDB1-Rocl complex. Although Cdtl binds DDB1 directly,
poly-ubiquitination is initiated by the binding of Cdt to PCNA [Arias and Walter, 2006;
Senga et al, 2006]. Cdtl is also a target of geminin.

The actual de novo synthesis of DNA catalyzed by the DNA polymerases (see below) first
requires the synthesis of an RNA primer, as DNA polymerases need base-pared duplex
DNA to start synthesis. The initial RNA primer production is catalyzed by the DNA
polymerase a/primase complex that consists of four subunits: p180 is responsible for the
DNA polymerase activity, p70 may tether the complex to Cdc45 and the RNA-primase
activity is achieved by the p48 and p58 proteins [Lehman and Kaguni, 1989]. It synthesizes
short RNA/DNA primers of ~12 RNA nucleotides and ~ 20 DNA nucleotides [Conaway
and Lehman, 1982]. The ssDNA binding protein RPA represents an auxiliary factor that
stabilizes this pola/primase complex and enhances fidelity [Maga et al, 2001].

Replication elongation

After unwinding, initiation occurs at the junction between ds- and ssDNA, at the so-called
replication fork. DNA synthesis can only occur in the 5’ to 3’ direction, however both DNA
strands should be duplicated, but after unwinding this can only happen on one strand. This
strand, referred to as leading strand, is replicated continuously over about 5-10 kb, until the
polymerase encounters the previously replicated DNA fragment. The lagging strand on the
other hand is replicated in a discontinuous manner, via the formation of small DNA pieces
called Okazaki fragments that are about 180-200 bp in size and are ligated. Okazaki
fragments are initiated by DNA polymerase a/primase. DNA elongation is executed by the
DNA polymerases 6 and € (Pol § and Pol €). Therefore, a so-called polymerase switch from
pol a to either pol § or pol € is required. Recruitment and tethering of the polymerases
during elongation is facilitated by the sliding clamp protein PCNA, which on its turn is
loaded by the RFC complex (both PCNA and RFC are detailed below) in an ATP-
dependent manner. The loading of PCNA at the 3'-OH end of the nascent DNA triggers the
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displacement of pol a by one of the two elongating polymerases [Maga et al, 2000;
Tsurimoto et al, 1990; Tsurimoto and Stillman, 1991].

RFC dissociates after PCNA has been loaded [Podust et al, 1998]. PCNA, together with pol
§ or pol g forms a highly processive holoenzyme that extends the RNA-DNA primer
without dissociating from the template. The presence of PCNA increases the activity and
processivity of pol § up to ~100 fold [Prelich et al, 1987]. Mammalian pol § consists of four
subunits, p12, p50, p66 and p125 that is the catalytic subunit and harbors the proofreading
3'-5’ exonuclease activity [Hughes et al, 1999; Liu et al, 2000]. The human pol ¢ also
comprises four subunits, a large catalytic one (p261) and three associated subunits (p12, p17
and p59) [Li et al, 2000]. It is also loaded by PCNA, but its processivity is not dramatically
stimulated by PCNA [Eissenberg, et al, 1997].

The division of tasks between pol § and pol ¢ is not clearly identified, though they do not
display redundant functions, as pol § cannot be substituted by pol € and vice versa [Fukui et
al, 2004; Waga and Stillman, 1998]. Additionally Pol ¢ interacts with proteins of the
checkpoint machinery [Post et al, 2003] and could therefore be involved, on top of its
function in replication, in checkpoint controlling of the replicated DNA. Similarly, DNA
replication can restart downstream of a lesion at a stalled fork and this activity, dependent
on PCNA, pol § and pol ¢, contributes to the phosphorylation of CHK1 and therefore to
checkpoint activation [Lopes et al, 2006; Heller and Marians, 2006; Van et al, 2010].

When during lagging strand synthesis pol § or pol € encounters the 5end of the RNA
strand of the previously synthesized Okazaki fragment, this fragment will be displaced,
forming a flap structure. RPA binds to this structure and triggers dissociation of pol § from
PCNA. Subsequently the FEN-1 endonuclease and the helicase/nuclease DNA2 are
recruited to PCNA and this complex catalyzes the removal of the flap structure [Bae et al,
2000]. The resulting nick is sealed by DNA Ligase | [Hubscher and Seo, 2001]. DNA Ligasel
has been shown to interact with PCNA through its PCNA Interacting Peptide (PIP) motif
[Montecucco et al, 1998], as well as with RFC [Levin et al, 2004].

The multiple interactions of PCNA are regulated by CDK-mediated phosphorylation of
proteins, among which are RPA, RFC, FEN-1, Ligase | and possibly also pol 6. Hence,
phosphorylation appears very important in controlling DNA replication by sequentially
disrupting the interactions between PCNA and replication proteins: (i) CDKSs inhibit the
activity of pol a; (ii) the calmodulin-dependent protein kinase I (CAMKII) and CDKs act
together to dissociate the pol § holoenzyme from DNA; (iii) CAMKII and the CDKSs disrupt
the interactions between FEN1, Ligase 1 and PCNA, which ends the lagging strand
processing; (iv) RPA phosphorylation triggers its dissociation from DNA [Henneke et al,
2003; Xiong et al, 1992].
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DNA replication and chromatin assembly

During DNA replication, parental nucleosomes ahead of the replication fork are transiently
disrupted and the corresponding histones redistributed onto daughter DNA behind the
fork [Gruss et al, 1993]. On top of this, newly synthesized histones must be deposited to
obtain the full nucleosome complement on the nascent DNA [Verreault, 2000]. This
process occurs in two steps, with a first deposition of H3-H4 that is followed by H2A-H2B.
Histones are escorted by chaperones from their sites of synthesis up to their delivery sites
for nucleosome assembly [Mello et al, 2001]. The heterotrimeric complex CAF-1 is one of
these chaperones and delivers histones H3 and H4 to replicating DNA during S phase
[Smith and Stillman, 1989]. This complex contains three subunits (p150, p60 and p48).
CAF-1 is targeted to replication sites through the interaction of the large subunit with
PCNA, via its two PIP domains [Rolef Ben-Shahar et al, 2009; Zhang et al, 2000]. More
specifically, the kinase Cdc7-Dbf4 promotes the interaction of the p150 subunit of CAF-1
with PCNA [Gerard et al, 2006]. Interestingly, one histone chaperone that has the potential
to remove H3/H4 from replicating chromatin, Asfl (anti-silencing function), has been
shown to interact in yeast with RFC [Franco et al, 2005].

Replication foci

Eukaryotic chromosomal DNA replication is divided into hundreds to thousands of
independent subunits of replication called replicons. Moreover, adjacent origins of
replication throughout a chromosomal region are activated synchronously during the S
phase of the cell cycle [Hand, 1978]. Immunofluorescence microscopy experiments using
incorporated biotin-labeled dUTP or BrdU showed that in mammalian cells, newly
synthesized DNA localizes to discrete and numerous subnuclear sites known as replication
foci [Nakayasu and Berezney, 1989; Nakamura et al, 1986; O’Keefe et al, 1992]. These
studies altogether have revealed that replication occurs within replication foci which
represent clusters of replicons that are co-ordinately processed. These structures are found
in species ranging from mammals to plants [Philimonenko et al, 2004].

The location, number and size of the replication foci vary throughout S-phase. The number
of foci can rise up to ~ 1000 [Jackson and Pombo, 1998]. Three distinct replication patterns
are distinguished, that correspond to DNA synthesis in early to mid-S phase, mid to late S-
phase and very late S-phase (Nakayasu and Berezney, 1989]. Early small and discrete S-
phase foci are located over the extranucleolar euchromatic regions and correspond to the
replication of transcribed genes. Mid-S phase foci are concentrated over the perinucleolar
and perinuclear heterochromatic regions. Late S-phase foci, larger and less numerous,
coincide also with the replication of the silent heterochromatic regions [O’Keefe et al, 1992].
It has been estimated that in early S-phase in a human cell, the average number of
replication forks in a focus ranges from five to forty [Jackson and Pombo, 1998; Newport
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and Yan, 1996; Hozak et al, 1993], while late S-phase foci may cluster hundreds of replicons
[Frouin, et al, 2003].

Replication foci or replisomes are “mega-complexes” that contain large amounts of DNA
polymerases and other replication factors (PCNA, RPA, DNA polymerases a and ¢, DNA
Ligase I, CAF 1) as well as a growing list of cell cycle control factors (Cdk2/cyclinA, MRE11
etc) and TLS polymerases (DNA polymerases n and t) [Tubo and Berezney, 1987; Cook,
1999; Frouin et al, 2003]. Early and late foci do not only differ in size but also in protein
composition.

A fundamental issue concerning replication foci is whether the DNA synthesis results from
motion of the replication machinery along the DNA, or from spooling of the DNA through
replication factories. First, it was suggested that the newly replicated DNA moves away
from the replication sites [Manders et al, 1992] and evidence was provided, which suggests
that DNA polymerases are immobile, in favor of the spooling hypothesis (Kitamura et al,
2006 and reviewed in Cook, 1999). Additional studies using GFP-tagged PCNA as a marker
for replication factories, lead to the model that replication factories are stably anchored in
the nucleus and that changes in the focal pattern throughout S-phase occur via a gradual
and coordinated assembly and disassembly of these factories in an asynchronous manner
[Leonhardt et al, 2000]. Hence, larger late S-phase replication factories may not originate
from a coalescence of several small factories, but are assembled de novo. The transition
from earlier to later replicons occurs by the dissociation of PCNA into a nucleoplasmic
pool, followed by a reassembly at newly activated sites [Sporbert et al, 2002; Essers et al,
2005]. The finding that new replication foci assemble de novo at sites that are located next
to the previous cluster of origins rejects a sliding or jumping of the replication machinery to
the next origins cluster and argues for an indirect mechanism of origin activation, known as
“domino model”. This model is in opposition with the “clock model” that suggests that
origins are activated according to a specific program [Goren and Cedar, 2003].

Currently the actual trigger for the formation of the replication focus is unknown. It is
possible that foci formation triggers the assembly of replication factories. Early studies on
Xenopus extracts have revealed that the clustered organization of DNA into foci may be an
early replication event which occurs prior to the activation of the kinase activity of Cdk2 at
the G1-S transition, also suggesting that this focal formation may correspond to a stable,
higher order chromatin state [Newport and Yan, 1996].

It is probably more likely, however, that the activation of the replication process itself at
certain loci is fundamental for the formation of these structures. Depositions of proteins at
replication initiation sites that have an intrinsic affinity for a number of replication-
associated factors are, in this scenario, likely candidates to be fundamental for focus
formation. One of these proteins could be PCNA, since a short sequence of homology,
called the Replication Factory Targeting Sequence (RFTS), that targets proteins to
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replication factories, is for a lot of replication factors the binding site for PCNA [Frouin et
al, 2003; Chuang et al, 1997; Montecucco et al, 2001]. Besides, Foci-Forming Activity-1
(FFA-1), a 170 kDa protein and orthologue of the human WRN protein (Werner
Syndrome), was reported to have a role in foci formation through its interaction with RPA
[Yan et al, 1998; Yan and Newport, 1995].

Sub-cellular localization of replication factors during DNA replication

Immunofluorescence studies associated with live cell studies have shown that the
replication factors PCNA, RFC and RPA accumulate at replication foci.
Immunofluorescence staining of PCNA has revealed the very typical early, mid and late S-
phase patterns [Celis and Celis, 1985] that were further confirmed by live cell studies using
a GFP-tagged version of the protein [Chapter 5, this thesis; Leonhardt et al 2000;
Somanathan et al, 2001; Essers et al, 2005]. Live cell imaging of GFP-tagged Replication
Factor C showed that this protein also presents these characteristic S-phase focal patterns
[Chapter 5, this thesis]. Interestingly, RPA also accumulates in replication foci, but this
accumulation is only visible using immunofluorescence of fixed cells [Murti et al, 1996] or
upon addition of replication inhibitors such as HU/AraC [Chapter 5] or aphidicolin.
Treatment of cells by aphidicolin specifically inhibits DNA pol a and DNA pol §; in these
conditions, the accumulation of RPA34 increased at replication foci, suggesting an
inhibition of replication fork progression, thereby creating long patches of ssDNA covered
with RPA34 [Gdrisch et al, 2008]. These results confirm that while RPA is certainly present
in replication foci, its interactions with the DNA and/or various replication factors are very
transient [see below and Chapters 5 and 6].

Dynamics of replication factors at sites of replication

The dynamics of replication factors at replication foci was studied using tagged versions of
the proteins. Several reports showed altogether that there is a turn-over of PCNA at sites of
replication, even if the protein remains associated with the replication factory for around
three minutes [Chapter 5, this thesis; Solomon et al, 2004; Essers et al, 2005; Sporbert et al,
2002]. This has led to the model that the clamp is being re-used for consecutive rounds of
Okazaki fragment synthesis [Essers et al, 2005; Sporbert et al 2002]. Besides, a model has
been proposed, that favors two pools of PCNA within a single focus, one directly engaged in
DNA replication, and another recruiting a reserve of replication factors within the vicinity
of active replicons [Frouin et al, 2003]. In this case, it is plausible that many replication
factors may be recruited via their interaction with PCNA, but may not be actively involved
in replication processes; in this model referred to as “be ready-for” the factors are in close
proximity and are incorporated into functional units only when required.
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On the contrary, studies on the dynamics of RFC have shown that the clamp loader RFC
interacts very transiently with sites of DNA replication [Chapter 4]. This can be explained
by the fact that dissociation of RFC from PCNA is necessary for interaction of PCNA with
the DNA polymerase [Podust et al, 1998]. Hence, the clamp loader continuously associates
and dissociates to and from replication sites. The localization of replication factors into the
vicinity of replication factories, however, may ensure that the protein could be recruited
easily for subsequent loading and/or unloading of PCNA.

A transient binding of RPA (that exchanges in seconds and completely redistributes in 1
minute) at sites of DNA replication was observed [Chapter 5, this thesis; Gorisch et al, 2008;
Sporbert et al, 2002]. It can be explained by the fact that RPA must rapidly coat ssDNA but
is also displaced by the DNA polymerase [Hibscher and Seo, 2001]. Hence, RPA is
continuously binding and dissociating from ssDNA patches.

1.2. Properties of the replication factors PCNA, RFC and RPA

Clamps and clamp loaders

Functional and structural analyses show that the architecture and mechanisms of clamps
and clamp loaders are conserved across the three domains of life. All sliding clamps are
circular structures with a sixfold symmetry that are wide enough to accommodate double-
stranded DNA [Kong et al, 1992; Moarefi et al, 2000; Gulbis et al, 1996; Krishna et al, 1994].
Clamp loaders are multiprotein complexes of which the different subunits share high levels
of sequence similarities [Miyata et al, 2005; Bowman et al, 2004; Cullman et al, 1995].

The eukaryotic sliding clamp PCNA

PCNA is involved in multiple processes, such as DNA replication, repair, cell cycle control
and chromatin remodeling [reviewed in Maga and Hubscher, 2003; Warbrick, 2000;
Moldovan et al, 2007]. Protein levels of PCNA fluctuate during the cell cycle with an
obvious peak in S phase. It has been proposed that PCNA acts as a loading dock or
scaffolding station for the more than 60 proteins implicated in these processes [Maga,
Hubscher, 2003]. Most PCNA-binding proteins contain a conserved PCNA-interacting
peptide or PIP box. Since this motif is generally found in the amino or carboxy termini of
these proteins, it is predicted to protrude from their surface and directly make a contact
with PCNA [Warbrick,, 1998; Warbrick, 2000]. A novel PCNA binding matif, termed the
KA box and a conserved PCNA binding fold, dubbed APIM have also been identified [Xu et
al, 2001; Gilljam et al, 2009].

Regulation of PCNA binding and activity with its numerous partners is achieved via
posttranslational modifications, such as acetylation [Naryzhny and Lee, 2004], mono- or
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poly-ubiquitination or sumoylation. PCNA ubiquitination on lysine 164 directs the cell
towards damage tolerance mechanisms [Hoege et al, 2002; Pfander et al, 2005; Matunis,
2002], whereas sumoylation on residues K164 and K127 (in yeast S. cerevisiae) is supposed
to suppress unwanted recombination by recruiting the helicase Srs2 that disrupts Rad51
filaments necessary for recombination [reviewed in Moldovan et al, 2007]. It is worth
noting that PCNA modifications affect its binding affinities in both a positive and a
negative manner: ubiquitination increases the affinity of PCNA for TLS polymerases, but
on the contrary K127-dependent sumoylation exhibits repressive effects on the association
with PIP-box proteins such as EXO1 [Moldovan et al, 2006].

Eukaryotic PCNA is a homotrimeric, doughnut-shaped molecule with an inner diameter of
around 35A, which is big enough to let double-stranded DNA pass through, and an external
diameter of around 80A [Ellison et al, 2001; Krishna et al, 1994]. Although the surface of
the PCNA ring is very acidic, the inner surface is positively charged due to the presence of
several lysine and arginine residues, which implies that the negatively charged DNA can
pass through the ring without any electrostatic repulsion.

PCNA presents two distinct sides, a “front” side (C’-terminus side or outer surface) and a
“back” side. Most PCNA-binding proteins associate with PCNA through the center loop
and the inter-domain connecting loop located on the front side. Intriguingly, a recent study
has shown that ubiquitin moieties are located on the back face of ubiquitinated PCNA
[Freudenthal et al, 2010]. This raises a very interesting issue: do proteins assemble
simultaneously or in a sequential manner to the three PCNA subunits? The answer to this
question is crucial in understanding the regulation of Translesion Synthesis and will be
discussed in the section dedicated to this process.

The eukaryotic clamp loader Replication Factor C

The PCNA homo-trimer is a closed ring in solution. To get loaded around the DNA, PCNA
needs to be opened, a task achieved by RFC (Replication Factor C) or RFC-like complexes.
RFC is a five subunit complex containing RFCp140, RFCp36, RFCp37, RFC p38 and
RFCp40 (representing the protein sizes) and belongs to the AAA™ family of ATPases that
contains characteristic ATP-binding/hydrolysis motifs and converts the chemical energy
derived from ATP binding and hydrolysis to mechanic force that is required for clamp
loading [Cullman et al, 1995]. RFC can bind at a template-primer junction by covering
fifteen bases of the primer DNA from the 3’ end and twenty bases of the template
[Tsurimoto et al, 1990] and load PCNA onto the DNA in an absolute ATP-dependent
fashion.

The small subunits share strikingly conserved sequence similarities defined as seven regions
(boxes 11-V1I1) that are also found in the large RFC subunit. Box |1, IV and VI contain an
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ATP/GTP binding region, while Box Il contains the most conserved motif, a phosphate-
binding loop [Mossi and Hubscher, 1998].

The C-terminus of RFCp140 contains a region essential for DNA binding at the 3’ terminus
of a primer-template junction [Uhlmann et al, 1997]. Box I, at the N-terminus of RFCp140
harbors a “BRCT”-domain, this motif is present in a superfamily of proteins mainly
involved in DNA damage-response [Cullman et al, 1995; Bork et al, 1997]. This BRCT
domain displays a clear DNA-binding activity with an unusual specificity for 5'-
phosphorylated double-stranded DNA termini [Uhlmann et al, 1997; Allen, et al 1998].
Recruitment of RFCp140 to RFC only occurs after the formation of the core-complex
between the four smaller subunits [Podust et al, 1997, Uhlmann et al, 1996].
Phosphorylation of RFCpl [Koundrioukoff et al, 2000; Salles-Passador et al, 2003; Munshi
et al, 2003] leads to its dissociation from this core complex and might play a regulatory role
in destabilizing the replicative RFC-complex and facilitating the replacement of RFCp140
by one of its related proteins.

Three RFC1-related proteins are present in eukaryotes: Rad17, Ctf18 and Elgl [Majka and
Burgers 2004], which can replace RFC1 in the heteropentameric complex. Rad17-RFC acts
concomitantly with the 9-1-1 complex in checkpoint signaling [chapter 1]. Ctf18-RFC is
able to load PCNA in an ATP-dependent manner in vitro [Shiomi et al, 2004]. It associates
with two additional subunits, Ddcl and Ctf8, to form a heptameric complex that stimulates
pol § activity on a circular template [Bermudez et al, 2003; Shiomi et al, 2007]. This
complex is also essential for sister chromatid cohesion in yeast, together with another
protein, Ctf7 [Mayer et al, 2001; Skibbens et al, 1999]. Very recent studies have shown as
well that Ctf18 may be involved in recruiting pol € at sites of NER [Ogi et al, 2010].

Elg1-RFC also interacts with PCNA and is involved in genome maintenance [Bellaoui et al,
2003; Ben-Aroya et al, 2003; Kanellis et al, 2003]. Several studies have revealed possible
roles of Elg1-RFC in the stabilization or restart of stalled replication forks, in lagging strand
DNA synthesis and/or Okazaki fragment processing [reviewed in Kim and MacNeill, 2003],
in sister chromatid cohesion [Maradeo et al, 2009; Parnas et al, 2009], in telomere
maintenance [Smolikov et al, 2004] and in double strand break repair [Ogiwara et al, 2006].

Interactions between RFC and PCNA

Two PCNA-interacting domains have been identified on RFCp140, one in a domain that is
also conserved between the smaller subunits [Fotedar et al, 1996 and Uhlmann et al, 1996]
and another PIP domain located at the N-terminus [Mossi and Hubscher, 1998].

The structure of the RFC/PCNA complex has revealed that interactions between RFC and
PCNA occur via the p38 and p140 RFC subunits [Bowman et al, 2004]. However further
studies showed that RFC displays more associations with PCNA. The RFCp140 subunit
makes a major contact with PCNA but is not required for clamp opening [Yao et al, 2006].
In the absence of ATP, RFC has a closed two-finger structure also called U-form that is able
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to hold PCNA. Upon addition of ATP, RFC opens up to a C-form. This triggers the
opening of PCNA that can then encircle the DNA [Shiomi et al, 2000].

RFC induction of the polymerase switch is phosphorylation dependent: CAMKII
phosphorylates the PCNA binding region of RFC p140 in vitro, thus blocking the PCNA-
RFC interaction [Maga and Hubscher, 1997].

A key feature that is still under debate concerns the unloading of PCNA from DNA. In
model loading/unloading systems, human RFC is able to unload PCNA from template-
primer DNA in an ATP-dependent reaction [Cai et al, 1996; Yao et al, 1996; Yao et al,
2006]. However, several RFC-like complexes could also support this function in replication
and repair. Both Ctf18-RFC and Rad17-RFC are able to remove PCNA from DNA [Bylund
and Burgers, 2005; Yao et al, 2006]. Ctf18 is involved in cohesion and may therefore be able
to unload PCNA from cohesion proteins. In addition, the recently identified Ctf18
recruitment to NER-sites suggests a role in PCNA unloading after the DNA synthesis step
has been completed [Ogi et al, 2010]. By contrast, yeast genetic data link Elgl to replication,
implying that Elg1-RFC might be involved in PCNA unloading during replication or repair.

Replication Protein A, an essential ss-DNA binding protein

Single-stranded DNA (ssDNA) is a ubiquitous and important reaction intermediate in
different DNA-transacting processes to allow the assembly of the multiprotein complexes.
However, it is also a very vulnerable structure, since it can then be degraded or disrupted in
many fashions by chemicals, metabolic reactions and endonucleases. Replication Protein A
is a crucial factor in maintaining and protecting the integrity of ss-DNA and is therefore
involved in DNA replication, DNA repair, DNA recombination, cell cycle control and
telomere maintenance processes. This eukaryotic heterotrimer comprises three subunits
RPA70, RPA32 and RPA14 (that represent the respective protein sizes).

RPA binds ssDNA, with a 5’ to 3’ polarity and has around three times higher affinity for
sSDNA than for dsSDNA [Wold, 1997; de Laat et al, 1998; Kim et al, 1992].

The central structural and functional element of RPA is the oligosaccharide/oligonucleotide
binding fold (OB-fold). RPA70 contains four OB-folds called DBD-A, DBD-B, DBD-C and
DBD-F (for DNA-binding domain), while RPA32 and RPA14 contain DBD-D and DBD-E,
respectively [Gomes et al, 1996]. The major ssDNA binding affinity is localized in the
tandem DBD-A/DBD-B of RPA70. RPA presents two modes of binding that may underlie
its ability to unwind DNA [Blackwell et al, 1994]. First, the binding is initiated by an
interaction of DBD-A and DBD-B with 8-10 nucleotide at the 5'side of sSDNA [Bochkarev
et al, 1997]. The additional participation of DBD-C leads to a more stable intermediate
binding of a 13-22 nucleotide strand [Brill, et al, 1998]. Finally, the involvement of DBD-D
brings RPA to cover a region of around 30 nucleotides [Kim et al, 1992; Blackwell et al,
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1994]. The role of RPA14 is linked to stable formation of the trimer rather than to ssSDNA
binding [Wold, 1997].

RPA gets phosphorylated in a cell-cyle dependent manner on two sites at the N-terminus of
RPA32. A first CDK2-kinase dependent phosphorylation event occurs at the G1/S
transition [Din et al, 1990; Dutta and Stillman, 1992]. This leads to inhibition of Simian
virus 40 DNA replication in vitro [Pan et al, 1995]. RPA32 is also phosphorylated by CDK1-
cyclinA and CDK1-cyclinB in late S phase, which leads to dissociation of the RPA trimer
[Treuner et al, 1999].

RPA32 also undergoes hyperphosphorylation in response to different damaging agents such
as UV [Carty et al, 1994], IR [Liu et al, 1993] or hydroxyurea in a much more extensive
fashion since nine phosphorylation sites have been discovered so far [reviewed in Zou et al,
2006]. Several lines of evidence have shown that RPA gets hyperphosphorylated by different
members of the PIKKS family such as DNA-PK [Boubnov et al, 1995] and ATM [Oakley et
al, 2001; Cruet-Hennequart et al, 2006]. It is known that hyperphosphorylation diminishes
the role of RPA in replication by preventing its association with replication centers [Vassin
et al, 2004]. Since these kinases are involved in initiation of DNA damage checkpoints, RPA
hyperphosphorylation might represent a mechanism to direct RPA towards the cellular
activities controlled by these checkpoints proteins in response to different genetic stresses.

2. Replication factors in DNA damage response

2.1. Replication factors and repair processes

Base Excision Repair

Base Excision DNA synthesis and ligation in BER can be achieved by XRCC1-mediated
short-patch repair (as described in Chapter 1) or by long-patch repair. Long-patch repair is
carried out by PCNA, pol B or pol /¢ and is followed by cleavage of the displaced strand by
the Flap-Endonuclease 1 (FEN-1) and a final nick-sealing step by DNA Ligase I. It is worth
noting that in short-patch BER, ligation is performed by XRCC1-Liglll. PCNA coordinates
the enzymatic activities of pol 6/¢, FEN-1 and DNA Ligase | [Dianov et al, 1999; Gary et al,
1999; Tom et al, 2000; Levin et al, 2000; Tom et al, 2001]. Recently RFC was found to
stimulate FEN-1 [Cho et al, 2009].

Interestingly, PCNA is involved in different stages of the BER process, starting before DNA
synthesis where it interacts with APE-1 [Dianova et al, 2001], DNA glycosylases such as
UNG?2 [Krokan et al, 2001] and NEIL-1 [Theriot et al, 2010], as well as with XRCC1 [Fan et
al, 2004, Lan et al, 2004].

Live-cell studies using GFP-tagged proteins have showed that both RFC and PCNA
accumulate upon UV-A dependent damage induction, however this technique does not
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create specifically SSBs and oxidative damage and interpretation of these data should
therefore be considered with caution [Hashiguchi et al, 2007].

Mismatch Repair

As one of the main functions of mismatch repair (MMR) is to correct replication
inaccuracies such as mis-incorporation or nucleotide slippages, a direct connection to the
replication machinery is expected. Indeed, in vitro reactions confirmed that PCNA, RPA,
RFC, pol §, Ligase 1 and EXO 1 are involved in the DNA synthesis step of MMR [Zhang et
al, 2005]. Several other studies established a role of PCNA in early events of MMR, i.e.
mismatch recognition, through its interactions with MSH2, MSH3 and MSH6, MLH1 and
EXO1 via their PIP domains [Umar et al, Cell 1996; Clark et al, 2000; Flores-Rozas et al,
2000; Kleczkowska et al, 2001]. MMR is only functional when it corrects lesion in the newly
transcribed strand so selectivity is an important issue. In eukaryotes, this strand selection
likely occurs by the presence of nicks in the lagging strand, as these nicks may be identified
by the MMR recognition factors in conjunction with PCNA. Alternatively, PCNA could
bind to a pre-formed MSH/MLH complex and acts as a scaffold for consecutive protein-
protein interactions necessary for the re-synthesis step of MMR [Bowers et al, 2001; Lee et
al, 2006]. RFC, that recognizes the 3'-OH terminus of a break, loads PCNA. The subsequent
displacement of RFC by the MutS-MutL dimer is followed by recruitment of EXO1 that
degrades the defective strand in the 5" to 3’ direction. The ssDNA is further stabilized by
RPA [Jiricny et al, 2006] and EXOL1 is inhibited when the mismatch is removed. At last pol
§ is recruited by PCNA, proceeds to DNA synthesis and DNA Ligase | seals the gap [Guo et
al, 2004; Nielsen et al, 2004; Surtees et al, 2004; Dzantiev et al, 2004]. On the leading strand,
the endonucleolytic activity of MMS2 is required to create nicks 5’ of the mispairs, which
can be further processed by EXOl. PCNA and RFC are required to activate MMS2
[Kadyrov et al, 2006].

Double-Strand Break Repair

A role of PCNA in NHEJ has been proposed since an increased interaction between PCNA
and Ku70/80 was observed after y-irradiation in human cells [Balajee and Geard, 2001].
However no other data support these findings and no clear biological function for such an
interaction has been found, which is in line with the notion that for this process replication
is likely not involved.

However, in HR-directed DSB repair replication is very important and a role of replication
factors in this process has been established [Lisby and Rothstein, 2009]. In HR, RPA is
pivotal for the nucleo-protein filament formation after end-resection [Chapter 1]. PCNA
also interacts with the Werner Syndrome Helicase WRN [Lebel et al, 1999; Franchitto et al,
2004] and might be involved in the resolution of crossed DNA strands or holliday junctions
[Wyman et al, 2006]. Finally, PCNA poly-ubiquitination is implicated in the damage bypass
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of stalled replication forks via homologous-recombination associated processes [see below].
A role for RFC in HR has not been shown, but studies in yeast suggest that the RFC-like
complex Elgl has a role in HR [Ogiwara et al, 2007], besides its other roles including sister
chromatid cohesion [Parnas et al, 2009].

2.2. Replication factors and Nucleotide Excision Repair

Recruitment of PCNA and RFC to NER

Gap-filling synthesis in NER, likewise to regular DNA replication, necessitates that PCNA
tether the polymerases § and ¢ to the DNA [Maga and Hubscher, 2003; Podust et al, 1998].
The involvement of PCNA in the DNA synthesis step of NER, has been shown in vitro
[Nichols and Sancar, 1992; Shivji et al, 1992; Aboussekhra et al, 1995; Araujo et al, 2000]
and in vivo [Green et al, 2003; Essers et al, 2005].

Loading of PCNA to NER-induced short single-strand gaps requires the incision of the
ERCC1-XPF structure-specific endonuclease that incises 5’ to the lesion thereby creating a
3'-OH end, which is a substrate for PCNA [Miura, et al, 1996 and chapter 3]. PCNA
recruitment and loading has always been considered to depend on RFC, similar as in
replicative DNA synthesis. Indeed, in in vitro reconstituted NER reactions, addition of RFC
appears to induce DNA repair synthesis [Araujo et al, 2000; Mocquet et al, 2008]. This is
however not a proof that also in vivo RFC is the clamp-loader in NER, as there exists other
clamp loaders and alternative routes for PCNA recruitment. For example, evidence is
accumulating that PCNA is recruited to NER via its interaction with XPG. The
endonuclease XPG binds to PCNA [Gary et al, 1997] and was shown to recruit PCNA in in
vitro reactions [Mocquet et al, 2008]. XPG contains a PIP motif that is required for its
interaction with PCNA and for efficient NER reconstitution in vitro [Roberts et al, 2003]. In
vivo studies showed that PCNA recruitment is impaired in XPG deficient cells [Miura et al,
1996; Essers et al, 2005]. Very recently, we confirmed this finding and showed that a
catalytic-dead mutant of XPG is sufficient to recruit PCNA [Chapter 3]. Based on these
finding we propose a model in which following ERCC1-XPF 5’-mediated incision, PCNA is
recruited to the DNA in an XPG dependent manner but does not require RFC. This model
is supported by live cell studies on PCNA recruitment that appeared to be independent of
RFC [Hashiguchi et al, 2007]. However this analysis was not made with UV-C irradiation
(that directs the cell into NER), but upon UV-A irradiation, which creates SSBs, DSBs and
oxidative damage.

Although RFC seems dispensable for PCNA recruitment, this does not necessarily mean
that PCNA loading does not require RFC, as the clamp must be opened and loaded in an
energy-dependent mechanism around the DNA. In Chapter 4, we demonstrate that indeed
Replication Factor C is required for proper loading of PCNA at sites of in vivo NER
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reactions. In the absence of RFC PCNA was shown to be recruited to local UV-damaged
sites but does not support pol § recruitment and DNA repair synthesis. These findings favor
a model in which PCNA is recruited to NER sites. After the ERCC1-XPF incision, RFC
opens and loads PCNA, which then allows loading and activation of pol & [Figure 7,
Chapter 4]. However RFC may not be the sole clamp loader implicated in this process, since
Ctf18 has also been found to localize to sites of in vivo NER [Ogi et al, 2010]

Similarly to DNA replication, it remains unclear how the clamp is unloaded. Also in
Chapter 4, we describe the notion that RFC accumulation at sites of DNA synthesis lasts
much longer than the actual induction of this synthesis step. These findings brought us to
speculate about the possible role of RFC as an unloader of the PCNA ring.

The dual role of RPA in NER

RPA displays a dual involvement in NER since it is implicated both in the pre-incision and
the post-incisions steps of NER. RPA binds to the undamaged DNA strand and is
indispensable for open complex formation. It interacts with several NER proteins (XPA,
XPG, ERCC1-XPF) and stimulates the incision activity of both endonucleases [de Laat et al,
1998; He et al, 1995; Matsunaga et al, 1996]. First of all, it covers on the 5’-side of the lesion
a partially unwound structure of 8-10 nucleotides. After this, it elongates towards the 3’
direction and binds ssDNA with a region of around 30 nucleotides, which is highly
correlated to its biochemical property (two binding modes) [Hermanson-Miller and Turchi,
2002; Kolpashchikov et al, 2001]. It also plays a crucial role in DNA synthesis [Shivji et al,
1995]. In Chapter 5 of this thesis, more insights are provided on the differential behavior of
RPA at sites of NER pre- and post-incision.

DNA synthesis, ligation and chromatin remodeling in NER

Addition of pol § and & supports DNA repair synthesis in in vitro NER assays [Shivji et al,
1995; Aboussekhra et al, 1995], but this does not mean that these two polymerases are the
sole factors implicated in vivo in DNA polymerization at sites of NER. Recent studies
showed that the TLS polymerase pol k (see paragraph on TLS below) is also implicated in
this process [Ogi et al, 2010]. Recruitment of these polymerases seems to be differentially
regulated. Pol § is recruited by the classical RECp140-containing RFC complex and PCNA.
Similarly, pol x is recruited by the same factors but requires the ubiquitinated form of
PCNA in conjunction with XRCCI. On the other hand, pol ¢ is recruited by the Ctf18-
factor [Ogi et al, 2010]. Recruitment of pol n at the sites of NER synthesis was not observed.
However pol n appeared to accumulate in a focal pattern at local UV-damaged sites in non-
S-phase cells [Soria et al, 2009]. The exact function of TLS polymerases at sites of UV-
induced damage outside S-phase has not been elucidated yet but several hypotheses have
been proposed [Chapter 9; Ogi et al, 2010]. A possible reason for the recruitment of TLS
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polymerases to sites of NER is that the very close proximity of two lesions would necessitate
the recruitment of a TLS polymerase, but estimations on the incidence of this event
indicated that it certainly cannot explain such an intensive recruitment of TLS polymerases.
In addition to alternative polymerases, differential PCNA modifications and possibly also
distinct clamp-loaders, different enzymes, i.e. DNA Ligase | and the XRCC1-Ligase Il
complex appear to be implicated in the final nick-sealing step of NER [Moser et al, 2007].
Finally, re-establishment of the chromatin structure occurs via the recruitment of the
histone-chaperone CAF-1 in a PCNA-dependent manner [Gaillard et al, 1996]. The process
is very similar to that during DNA replication: PCNA recruits CAF-1 to the sites of DNA
repair and Asfl hands the histones to CAF-1 for deposition onto the DNA [Green et al,
2003].

Localization of replication factors to NER sites

Sub-cellular localization studies of replication factors at sites of UV-induced damage using
tagged versions of the proteins have revealed the surprising, yet not explained, finding that
replication factors accumulate in a focal pattern [Chapter 5]. Various studies on early NER
factors have shown that the proteins involved in the pre-incision and dual incision steps of
NER accumulate in a diffuse fashion following overall cellular induction of UV damage.
Similarly, these factors accumulate homogeneously within a localized area of UV damage,
as was shown for example with XPA or XPG [Luijsterburg et al, 2010; Zotter et al, 2006;
Rademakers et al, 2003]. Hence, once more, RPA, RFC and PCNA display a specific
behavior that might be tightly connected to their intrinsic properties as replication factors.
In Chapter 5 of this thesis, we extensively discuss this finding and attempt to find a
rationale for it by proposing several models.

Dynamics of replication factors at sites of NER

The dynamics of replication factors at sites of NER are extensively studied in this thesis
using tagged versions of PCNA, RFC and RPA. While PCNA shows little turnover similarly
to DNA replication, both RFC and RPA interact transiently with repair synthesis sites.
However this transient kinetics is coupled to a persistent localization of these factors at sites
of repair, hence suggesting novel functions of these proteins in NER [Chapter 4 and
Chapter 5]. Similarly, RPA is very transiently immobilized at sites of repair following
different kinds of DNA damaging treatments [Solomon, Cardoso, 2004], but these data
should be taken with caution since in these studies no distinction between S-phase and
non-S-phase cells was made, so the observed RPA action can simply reflect its functioning
in replication.

60



3. Replication over damaged DNA

All organisms must duplicate their genome accurately prior to every cell division in order to
distribute complete and intact DNA copies to each of the daughter cells. As discussed
above, a complex ‘replication machinery’ is dedicated to the execution of this process. DNA
polymerases must incorporate the right nucleotide and should thus be extremely accurate,
which is (in part) achieved through their proofreading activity. Moreover, since this
tremendous task of duplicating 3x10° base pairs (i.e. the entire mammalian genome) must
be achieved within a few hours, DNA replication occurs at a polymerization rate of about
50 nucleotides per second in mammals. Hence DNA polymerases also have to be
tremendously fast. Indeed these polymerases accommaodate perfectly in their active sites the
four complementary DNA bases with respect to the template strand in order to incorporate
these in the growing chain. Besides a whole battery of additional replication factors (see
above) enhances the processivity of replication. This complete replication machinery is
delicately tuned for undamaged templates; but difficulties start when these polymerases
encounter damaged bases during DNA replication. As mentioned in Chapter 1, two
pathways act coordinately to bypass lesions that block the passage of replication forks:
Translesion Synthesis and Homologous-Recombination processes. The triggering and
regulation of these pathways is achieved via PCNA ubiquitination.

3.1 Triggering post-replication repair processes: the role of PCNA ubiquitination

Replication of damaged DNA is controlled by members of the Rad6 epistasis group of S.
cerevisiae. Within this group, several proteins are involved in ubiquitination. Ubiquitin-
dependent post-translational protein modifications occur via a multi-step enzymatic
reaction involving the ubiquitin-activating (E1) enzyme, a group of ubiquitin conjugating
(E2) activities and an even larger group of ubiquitin-ligases (E3 enzymes). This leads to
ligation of the C-terminal glycine of ubiquitin to a lysine residue in the target protein
[Glickman and Ciechanover, 2002]. Target selection is performed by the combination of E2
and E3 enzymes. Different ubiquitination modifications (mono and poly-ubiquitination)
may occur, with differential effects to their target proteins. When several ubiquitin
molecules are added via lysine-48 of ubiquitin, usually proteins are targeted for
degradation. Poly-ubiquitination on lysine 63 may induce a change in the sub-cellular
distribution or the activity of the target protein.

Radb6 is an E2 ubiquitin conjugating enzyme, which acts with Rad 18, an E3 ubiquitin ligase
to ubiquitinate PCNA at lysine-164 in response to DNA damaging agents (UV-light, MMS)
and replication inhibitors such as hydroxyureum [Jentsch et al, 1987; Bailly et al, 1997,
Hoege et al, 2002; Torres-Ramos et al, 1996; Niimi et al, 2008]. Mono-ubiquitinated PCNA
directs the cell towards the error-prone translesion synthesis pathway, by enhanced affinity
of the TLS polymerases for this modified PCNA. The S. cerevisiae proteins Ubcl3 and
Mms2 E2 conjugator complex, together with the E3-ligase Rad5, poly-ubiquitinate mono-
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ubiquitinated PCNA via lysine-63 of ubiquitin, which activates a recombination-directed
error-free pathway of damage avoidance [Hofmann et al, 1999; Stelter et al, 2003].

3.2. Translesion synthesis

Family of specialized Translesion Synthesis DNA polymerases

Translesion Synthesis requires the recruitment of specialized polymerases that, contrary to
classical DNA polymerases, can accommodate the damage in their active site and bypass it.
PCNA, as a consequence of replication fork stalling at DNA lesions, recruits these different
and specialized DNA polymerases, referred to as Translesion synthesis (TLS) polymerases.
This group of polymerases is less stringent for selection of the incoming template
nucleotide by having a more open active site than the replicative polymerases, allowing
them to accommodate the lesion [Ling et al, 2003]. Additionally, TLS polymerases have a
significant lower processivity than the elongating polymerases. Importantly, they do not
display a 3'-5’ exonuclease activity [Yang, 2003]. Together with the reduced selectivity of
the active site this causes a severely reduced fidelity of TLS polymerase when compared to
the processive ones, hence the error-prone TLS enzymes cause mutations. Indeed, an
intrinsic compromise resides in the process of translesion synthesis: the fact that these
proteins allow a bypass of the lesion and therefore avoid a complete and very hazardous
blockage of replication may certainly represent an advantage for the cell and/or the
organism; but on the other hand, these polymerases frequently introduce mutations by
incorporating incorrect nucleotides. Interestingly, the less error-prone recombinational
type of damage bypass is not very prominent in mammals [Daigaku et al, 2010].

In humans, five polymerases are involved in TLS: Pol 1, pol i, pol x, Revl and pol & The
first four belong to the Y family of polymerases and have a much more open structure than
the class B superfamily polymerases that contains, among others, pol § [Yang and
Woodgate, 2007]. Each of these polymerases has specificity for one or several substrates, but
their exact functions, as well as their potential interactions and their differential recruitment
to a specific lesion, are far from being understood.

Polymerase 1 can accommodate both bases of a CPD in its active site and is able to replicate
past a CPD with similar efficiency to an undamaged base [Mc Culloch et al, 2004]. It is
considered mainly error-free since in most cases it will insert the correct nucleotides
opposite the CPD [Masutani et al, 2000]. Pol n localizes to replication foci during S phase
[Kannouche et al, 2001; Kannouche et al, 2003]. After treatment with e.g. UV or HU the
number of cells containing pol 1 foci increases dramatically, indicating the recruitment of
the protein to stalled replication forks [Kannouche, et al, 2001]. In Chapter 8 of this thesis,
we have used a GFP-tagged version of this protein to study its dynamics. We show that
polymerase n is only transiently interacting with the chromatin and propose a model to
explain its two-step recruitment to stalled replication forks
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Polymerase ( shares a high homology with pol 1 and colocalizes with it after UV and HU
treatment, although it is not efficient at bypassing TT-CPD, but is able to insert bases
opposite 6-4 PP and abasic sites [Johnson et al, 2000; Tissier et al, 2000; Zhang et al, 2001;
Johnson et al, 2001; Kannouche et al, 2003]. Pol 1 cannot extend from the nucleotide
inserted opposite a damaged base and therefore needs to act together with another extender
polymerase such as pol & In vitro pol « displays also a 5'-Deoxyribose Phosphate Lyase
activity, therefore it has been suggested that it could use its dRP lyase enzymatic activity
together with its polymerase activity in Base Excision Repair (BER) [Bebenek et al, 2001].
The exact function of this polymerase remains elusive and it has been suggested that it may
serve as a back-up for pol n. At least pol t is not a vital gene in mammals as the mouse 129
strain that carries a nonsense mutation in exon 2 of pol  gene is viable and does not exhibit
a clear DDR-deficient phenotype as in the case of pol n deficiency [Mc Donald et al, 2003].
In Chapter 8 of this thesis, using a GFP-tagged version of pol 1, we show however that the
two proteins act independently and that pol t displays an even faster dynamics of
interaction with the chromatin than pol n. Finally, recent evidence is provided that pol iota
may play a role in oxidative-induced DNA damage defense [Petta et al, 2008].

The other Y-family polymerase, polymerase «, is able to extend terminal mismatches on
undamaged templates and bypass benzo(a)pyrene adducts in vitro and in vivo [Ogi et al,
2002; Avkin et al, 2004]. It has also been proposed to act as an extender polymerase in
bypass of UV-induced lesions [Prakash and Prakash, 2002]. Pol x localizes also to
replication factories in S-phase cells and upon treatment with UV, HU or benzo(a)pyrene,
but this localization is only limited and does not correlate with PCNA accumulation [Ogi et
al, 2005]. Very recently, it was also shown that this polymerase is involved in gap-filling
synthesis in NER [Ogi et al, 2006; Ogi et al, 2010].

Structurally, Revl is a member of the Y family of polymerases, but it is actually a
deoxicytidyl transferase that can insert dCMPs opposite either guanines or abasic sites
[Nelson et al, 1996]. Revl can support the mutagenic bypass of a wide variety of lesions,
including 6-4 PPs and abasic sites [Gibbs et al, PNAS 2000]. In addition to its catalytic
domain, it is able via its C-terminal domain to interact with other Y-family polymerases and
with Rev7 [Ohashi et al 2004; Tissier et al, 2004]. Therefore, it has been proposed to act as a
scaffold protein that facilitates switching between polymerases when the bypass involves
two TLS polymerases [Guo et al, 2003; Kannouche and Stary, 2003]. Revl localizes to
replication foci following UV irradiation [Tissier et al, 2000]

Pol & belongs to the B family of polymerases and is a heterodimer of Rev3 and Rev7,
respectively its catalytic and regulatory subunits [Nelson et al, 1996]. In yeast, pol & is
responsible for damage-induced mutagenesis [Lawrence et al, 1985] and for bypass of 6-4
PPs and abasic sites. hRev3 is responsible for UV induced mutagenesis [Li et al, 2002] but
the role of hRev7 in this process, as well as the role of pol &, still remain unclear. However, it
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is clear that pol £ acts as an extender of terminally mismatched primers and primer termini
opposite lesions [Prakash and Prakash, 2002]. Mouse studies suggest that this complex is
implicated in a late step of the post-replication gap-filling, i.e. filling in gaps that are
produced as a consequence of new replication starts behind lesions [Jansen et al, 2009].

Switching from the replicative to the TLS polymerase

The switch from the replicative polymerase to the TLS polymerase is triggered by PCNA
mono-ubiquitination. It was first demonstrated that PCNA mono-ubiquitination increases
PCNA affinity for pol n [Kannouche et al, 2004; Watanabe et al, 2004]. Indeed the four Y-
family polymerases contain ubiquitin-binding domains known as UBM for pol t and Rev 1
and the zinc finger motifs UBZ for pol n and pol k [Bienko et al, 2005], which together with
their PCNA-binding motifs (PIP boxes for pol n and pol « and BRCT domain for Revl)
generate their increased affinity for ubiquitinated PCNA.

It is not known whether the three monomers of the homotrimeric ring are ubiquitinated
concomitantly, even if this hypothesis is likely [Niimi et al, 2008]. Similarly, the dynamic
properties of the polymerase switch are unknown.

TLS polymerase choice

A key issue in TLS is to understand how the different polymerases that all display different
functions are recruited to the stalled replication forks. Two models have emerged. In the
first one it was suggested that all these polymerases are associated at the same time to
moving replication forks. This so-called ‘tool-belt’ model [Maga and Hubscher, 2003], in
which all the equipment is around to act on demand, is based on the notion that ubiquitin
moieties bind to the back side of PCNA and thus allows docking of pol n while pol § is still
attached to the front region of the ubi-PCNA ring [Indiani et al, 2005; Freudenthal et al
2010]. This model is supported by sub-cellular localization studies showing that several TLS
polymerases localize to S-phase replication foci. However, these microscopic studies were
not suited to reveal interactions at the molecular level and thus do not provide further
support for simultaneous binding of multiple polymerases to the same PCNA trimer. An
opposing model is that the TLS polymerases move freely through the nucleus and
constantly probe DNA/chromatin for fork stalling. They would therefore assemble upon
ubiquitinated-PCNA to fulfill their function. Our live cell studies described in Chapter 8
showed that pol n and pol t interact with replication foci in a highly dynamic fashion and
thus favor this latter model. Accordingly to this model, it was shown that Fen-1 and Ligase
I cannot bind PCNA simultaneously during Okazaki fragment maturation and that Fen-1
needs to be dislodged from PCNA to allow association of the clamp with DNA Ligase |
[Pascal et al, 2004; Johnson et al, 2005; Sakurai et al, 2005]. Similarly RFC needs to
dissociate from PCNA to allow the loading of pol § or pol € [Podust et al, 1998] and binding
of pol § and DNA ligase I is mutually exclusive [Riva et al, 2004].
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Another challenging issue in TLS deals with the sequential recruitment and specific choice
of the TLS polymerases involved in the lesion bypass. Interestingly, pol n, pol 1 and Revl
can also become monoubiquitinated [Bienko et al, 2005; Guo et al 2006]. Since it has been
proposed that TLS polymerases may act in concert (an inserter followed by an extender),
this suggests a model in which monoubiquitination might facilitate the sequential action of
TLS polymerases by a kind of hand-over mechanism. The current model of “trial and error”
suggests that the polymerases compete for binding to ubiquitinated PCNA and either
succeed in their task, or fall off, leaving the spot for another polymerase [Pages and Fuchs,
2002]. Moreover PCNA-triggered monoubiquitination of the TLS polymerases might also
prevent the enzyme from rebinding to ubiquitinated-PCNA if it failed to replicate across
the lesion. Such a mechanism would facilitate the efficient pairing of PCNA with the
optimal TLS polymerases (or at least would ensure that a non-adapted polymerase would
not bind twice). It is clear that although several mechanisms are proposed, the current
insight into the molecular transactions is too limited to design an over-arching model.

Regulation of PCNA ubiquitination

PCNA ubiquitination is triggered in response to UV and different chemicals, which all
cause stalling of the replication fork. As a result of fork stalling, the replicative helicase
might dissociate from the replication machinery, leading to exposure of ssDNA ahead of
the replication fork. Alternatively, synthesis of the leading and lagging strands get
uncoupled, exposing also ssDNA on the leading strand [Lopes et al, 2006]. This ssSDNA
binds Rad18 which carries out the ubiquitination process together with Rad6.
Ubiquitination of PCNA is also regulated by the deubiquitinating (DUB) enzyme USP1,
which is able to remove ubiquitin from Ub-PCNA [Huang et al, 2006]. This process might
explain how the action of the TLS polymerase is terminated and allows again access of the
regular, high-fidelity polymerase to the replication fork. However, it is not known yet
whether the affinity of regular DNA polymerases for PCNA is modified by PCNA
ubiquitination. Remarkably, a fraction of ubiquitinated PCNA persists for up to 24 hours
[Niimi et al, 2008; Kannouche et al, 2004].

The function of this persistent PCNA maodification, which lasts beyond replication and is
even detected in G1 and G2 cells, remains unknown [Soria et al, 2006, Ogi et al, 2010]. A
possible explanation for the persistence of Ub-PCNA could rely in the regulation of TLS
with respect to fork progression. In other words, two models have emerged, that raise the
question whether lesion bypass is immediately followed by replication restart, or whether
the two processes are independent of each other. Hence, the first model assumes that TLS
occurs at the stalled forks and is coordinated with fork progression. The second model
suggests that the bypass past the lesion is independent of fork progression. In that case, a
new replication apparatus would be assembled beyond the lesion, leaving out a gap at the
proximity of the lesion. This gap could be sealed later by the TLS polymerase or a
recombination-mediated mechanism [Lopes et al, 2006; Hellers et al, 2006; Waters et al,
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2006; Niimi et al, 2008]. Consequently, ubiquitinated PCNA would represent a signal for
the gap to be processed. Ub-PCNA could be disassembled at the next round of replication
or, in the case of UV damage, de-ubiquitinated concomitantly with restoration of normal
USP1 levels.

3.3. Recombination-associated process(es)

Homologous recombination during S-phase, an error-free pathway

The gap that is left upon restart of the replication fork can be repaired either by action of
one or several TLS polymerases or by recombination-based mechanisms.

Moreover, the replication fork stalled at the lesion can also regress to form a four-way
junction called “chicken foot” [Lopes et al, 2006]. This puts back the lesion in the dsSDNA
area; hence the homologous DNA strand can serve as a template for damage repair. When
the damage is removed, the nascent strand re-anneals with the original template strand and
fork progression may occur. It is also possible that the nascent DNA strand synthesized
using the undamaged DNA strand, is used as an alternative template for the strand that was
blocked by the lesion, a mechanism referred to as template switching. Finally, this chicken-
foot may also be cut upon by the action of an endonuclease, generating a one-ended DSB
that can invade the homologous DNA molecule. The interplay between these mechanisms
is poorly understood.

Recombinational events and PCNA poly-ubiquitination

In Escherichia Coli, PRR consists predominantly of recombination-driven events [Pham et
al, PNAS 2001]. In eukaryotes however, TLS or recombinational events are employed
differentially, depending on the type of lesion, the structure that is created at the fork and
the organism. It is clear however that in (some) eukaryotes PCNA ubiquitination mediates
the switch of the replication machinery to one or the other processes. While mono-
ubiquitination promotes TLS, poly-ubiquitination promotes error-free, recombination-
mediated rescue of stalled replication forks. [Hoege et al, 2002; Lehmann, 2006]. The
presence of this recombination directed bypass is however poorly described in mammals
and poly-ubiquitinated PCNA species are difficult to reveal in contrast to the more
abundant detection in yeast [Chiu et al, 2006; Langie et al, 2007]. The E2 enzymes
responsible for PCNA poly-ubiquitination in yeast, i.e. Ubc13-Mms2 genes are conserved
in mammals [Li et al, 2002], though the functional Rad5 (the corresponding E3) ortholog
remains to be detected. In conclusion, it seems that poly-ubiquitination associated to
recombination-directed damage bypass is not a prominent option in mammals.
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4. Discussion and future perspectives

The DNA Damage Response is a complex process that is crucial to maintain DNA integrity
and consists of several interdependent and highly regulated pathways. Various specific
repair mechanisms, post-replication repair pathways and cell cycle checkpoint processes act
together in order to provide the cell with the most efficient DNA damage processing
throughout the cell cycle. However, the exact regulation and interplay between these
pathways still remains to be understood, as illustrated by the interplay between TLS and
other DDR processes.

Interplay between TLS, HR, NER and the cell cycle checkpoints

More and more lines of evidence show that TLS polymerases are not exclusively dedicated
to the TLS process [Lehmann, 2006], as many of the alternative polymerases appear to
function in other DDR pathways.

Within the post-replication repair process itself, the crosstalk between TLS and HR is very
complex. While in bacteria, RecA-mediated HR is employed predominantly to deal with
stalled replication forks, it also became clear that RecA plays a crucial role in inducing a
global damage response (SOS response) that is also involved in regulating TLS mediated-
mutagenesis and stimulates NER via the induced selfdestruction of the LexA repressor
[Pages et al, 2003; Lopes et al, 2006]. Similarly, there might exist such an interdependency
between TLS and HR in mammals. Evidence supporting this interplay is provided by the
finding that polymerase n is involved in the extension of the invading strand of the D-loop
structure within HR [Mclllwraith et al, 2005; Kawamoto et al, 2005]. In addition, Pol § and
Rev 1 are also involved in HR-mediated DSB repair [Okada et al, 2005]. Altogether it seems
that recombination-directed PRR is not a major strategy used in mammals to deal with the
lesion. It is surprising to note that mammals would favour an error-prone mechanism such
as TLS while an error-free mechanism (HR) is available. It should be noted however, that a
choice for HR, when not regulated properly, can induce very hazardous reaction
intermediates such as double-strand breaks that may result in chromosomal deletions,
duplications and translocations.

Recently, it has become clear that there is direct interplay between TLS and NER. In
Chapter 9 of this thesis, we have discussed the localization of pol n to sites of UV repair in
G1 cells and propose an additional role of this protein in the main pathway involved in the
removal of these lesions, NER. Recent evidence shows that pol n is also involved in GG-
NER, though exclusively in S phase cells [Auclair et al, 2010], which further extends the
multiple functions of the TLS polymerases. Moreover, DNA polymerase k (that acts as a
putative extender polymerase in bypass of UV-induced lesions), is implicated in the repair
synthesis step of NER [Prakash and Prakash, 2002; Ogi et al, 2010, Ogi et al, 2006].
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Furthermore, there is a tight connection between TLS and the cell cycle checkpoint
machinery, as illustrated by the fact that the pol x homolog in S. pombe, DinB, is recruited
to the replication fork by the 9-1-1 and Rad 17 complexes [Kai et al, 2003]. Similarly, in S.
cerevisiae, there is a correlation between the binding of the 9-1-1 complex, checkpoint
activation, and recruitment of specific TLS polymerases (pol k and the Rev1/pol § complex)
with repriming of DNA synthesis downstream of a fork stalled at a template lesion [Jansen
et al, 2007].

Although these reports show interdependency between TLS polymerases, repair systems
and the cell cycle checkpoint machinery, the regulation of this intricate interplay is not
elucidated yet. Differential PCNA modifications play at least an important role in this
regulation.

The unexpected finding that some TLS polymerases are recruited to sites of NER [Sorial et
al, 2009; Ogi et al, 2010; Auclair et al, 2010] also sheds light on the interplay between NER,
replication and replication-associated processes, and raises several issues.

Focus on the repair synthesis step of NER

Most of the DNA repair processes require a DNA synthesis step that is carried out by
various replication factors including PCNA, RPA, RFC, different ligases and DNA
polymerases. Several studies of this thesis have brought about intriguing results.

Replication factors appear to behave in a manner different from early NER factors at sites of
NER. Indeed, studies on their kinetics of accumulation have revealed that they do remain at
sites of damage far longer than it is needed for the removal and subsequent gap filling
synthesis of 6-4 PPs (the main UV-induced target for NER). The replication factors do
remain at sites of damage and likely have additional roles beyond the sole DNA synthesis
step of NER. Indeed, they are involved in DNA replication as well as in post-replication
repair processes. They might even have a function in post DNA repair restoration of the
chromatin surrounding the lesions. Hence, the specific behaviour of replication factors at
sites of repair reveals the tight interconnection between NER and replication-associated
processes.

Moreover, surprisingly, replication factors implicated in the DNA synthesis step of NER
also seem to accumulate at local UV damage nuclear areas in a focal manner, similarly to
DNA replication. In regular S phase DNA replication, it has not been elucidated yet
whether replication foci formation arises from the accidental clustering of replication
origins, or from an intrinsic property of replication factories. The focal formation of
replication factors during NER replication also raises the question whether this pattern is
derived from a structural requirement of replication, which only can happen in clusters. In
this case, the formation of replication factories could trigger a clustering of NER sites and it
has indeed been observed that incorporation of nucleotides within sites of NER repair
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synthesis occurs in a focal fashion [Jackson et al, 1994; Jackson et al, 1994; Svetlova et al,
1999; Svetlova et al, 2002]. The surprising finding that some TLS polymerases are also
recruited to NER repair synthesis (and in a focal fashion) while their role at these sites is not
clearly defined yet, could support the hypothesis that the replication factories formed at
sites of NER would attract in their vicinity several replication factors. In this case, these
factors would not obligatorily be actively implicated in the repair replication process, but
rather remain disposable if necessary. This also implies that the signaling pathway for this
recruitment still has to be determined.

Another plausible hypothesis comes from the fact that the various UV-damage inducing
systems used for these studies do trigger a very high amount of lesions within a very
condensed area, which could lead to a very close proximity of lesions on the DNA. This
could trigger an artificial repair response or a collapse of repair or replication processes
when NER is activated simultaneously at proximal lesions. Calculations have been carried
out in order to determine the number of lesions induced by UV-irradiation (i.e. a UV dose
of 20J/m? induces 4 photolesions per 10kb of double stranded-DNA) and the probability
that two lesions may be inflicted within the same or very proximal repair patches (less than
0.5 % of the total amount of lesions) [van Hoffen et la, 1995; Ogi et al, 010]. It is not likely
that this sole hypothesis could explain the observed focal localization of replication factors
at sites of NER, however these results should still be taken with a certain caution.
Nevertheless, it is certain that once assembled at site of NER repair synthesis, the various
replication factors do remain at these challenging places in order to fulfil their functions in
replication and replication-associated lesion bypass, highlighting the very tight interplay
between the different replication and repair replication mechanisms.
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Nucleotide Excision Repair (NER) allows the removal of UV-induced DNA lesions by the
coordinated assembly of pre-and post-incision complexes. The post-incision step of NER
includes gap-filling DNA synthesis, carried out by the replication factors Proliferating Cell
Nuclear Antigen (PCNA), Replication Protein A (RPA) and Replication Factor C (RFC), as
well as a ligation.step By looking at the accumulation kinetics and localization at sites of
DNA repair synthesis of these replication factors tagged with GFP in living cells, we
demonstrate that these factors have a very different kinetic behavior than the other pre-
incision NER factors, since they accumulate at prolonged periods at sites of UV repair. This
suggests that the replication factors may have additional functions besides their known
functions in repair synthesis. RPA is actually the only factor that is involved both in the pre-
and post-incision steps of NER and displays differential dynamic properties
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Introduction

Replication Protein A is a single-
stranded DNA binding protein that is
involved in several processes such as
replication, repair, recombination and
checkpoint signaling. It consists of three
distinct subunits of 70, 32 and 14 kDa
and binds ssDNA with a 5’ to 3’ polarity
[Wold, 1997; de Laat et al, 1998]. RPA
was initially identified as a crucial
replication factor that, together with
replication factor C (RFC) and
proliferating cell nuclear antigen
(PCNA), helps in loading the different
catalytic DNA polymerizing enzymes
(DNA pols) to chromatin. The complex
interplay of these polymerases with DNA
as well as the processivity of these
enzymes is in part regulated by these
replication accessory factors. [Iftode et al,
1999]

Eukaryotic PCNA is a trimeric
sliding clamp that gets loaded around the
DNA at the 3'- OH end of the nascent
DNA in an RPA- and ATP-dependent
manner in order to facilitate the
tethering and processing of DNA
polymerases § and ¢ during lagging and
leading strand synthesis [Moldovan et al,
2007; Maga et al 2000; Tsurimoto et al,
1990; Tsurimoto et al, 1991]. Loading of
PCNA around the DNA is supported by
the pentameric complex RFC, also
known as clamp loader. The large
subunit of RFC, RFCp140, distinguishes
it as the specific loader of PCNA during
DNA replication and differentiates it
from RFC-like complexes that are
involved in alternative mechanisms
[Majka, Burgers, 2004].

The integrity of the DNA
sequence can be impaired by endogenous
or exogenous DNA damaging agents that
will negatively influence the processivity
and fidelity of replicative DNA synthesis.
An intricate network of efficient DNA
repair pathways, damage tolerance
processes and checkpoint mechanisms
collectively safeguards genomic integrity.
One of the most versatile DNA repair
mechanisms is nucleotide excision repair
(NER), which is able to remove a broad
spectrum of different DNA lesions that
destabilize the DNA helix, including the
main UV-induced lesions: cyclo-butane
pyrimidine dimers (CPD) and 6-4
pyrimidine-pyrimidone dimers (6-4-PP).
NER is a “cut and patch” mechanism that
involves more than 30 polypeptides
which act coordinately to recognize and
excise the lesion [Gillet et al, 2006;
Friedberg, 2003; de Laat et al, 1999]. The
resulting ssSDNA gap is filled in by DNA
synthesis and sealed. NER can be sub-
divided into two pathways that share
many similarities but differ by their
lesion recognition mechanism. Global
Genome NER (GG-NER) detects lesions
located anywhere in the genome and
initiates the NER reaction by the
concerted action of two damage
recognizing complexes; XPC/HR23B/
centrin complex for some lesions assisted
by the UV-DDB complex [Sugasawa, et
al, 1998 and Moser et al, 2005]. Trans-
cription Coupled NER (TC-NER) is only
active on the transcribed strand of active
genes [Venema et al, 1992; Fousteri, and
Mullenders, 2008; Bohr et al, 1985] and is
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initiated by the stalling of elongating
RNA polymerase Il on DNA lesions
[Fousteri et al, 2006; Laine and Egly,
2006]. Following damage recognition,
GG-NER and TC-NER channel into a
common mechanism which starts with
the local unwinding of the DNA double
helix around the lesion by the ten-
subunit  transcription factor TFIIH
[Yokoi et al, 2000; Volker et al, 2001,
Giglia-Mari et al, 2006].The unwound
DNA is stabilized by XPA and RPA. A
24-32 nucleotide strand is incised in a
sequential manner with a first incision
made by the ERCC1-XPF complex that
incises 5’ to the lesion followed by the
J'incision catalyzed by XPG [Bardwell et
al, 1994; Sijbers et al, 1996; O’'Donovan et
al, 1994; Staresincic et al, 2009]. The
undamaged strand serves then as a
template for further gap-filling DNA
synthesis (or repair synthesis) that is
carried out by RPA, RFC, PCNA, pol §
(and in some cases pol k and pol €) [Ogi
et al, 2010], while the gap is sealed by
LigasellI-XRCC1 or Ligase | [Moser et al,
2007].

Several reports have shown that
PCNA and RFC are involved in the
repair synthesis step of NER in vitro and
in vivo [Nichols and Sancar, 1992; Shivji
et al, 1992, Aboussekhra, et al, 1995;
Araujo et al, 2000; Green et al, 2003;
Essers et al, 2005; Mocquet et al, 2008;
Overmeer et al, 2010]. Moreover, RPA
displays a dual involvement in NER,
since it is implicated both in the pre-
incision and the post-incision steps of
NER. RPA binds to the undamaged DNA
strand and is indispensable for open
complex formation. It interacts with
several NER proteins (XPA, XPG,
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ERCC1-XPF) and stimulates the incision
activity of both endonucleases [de Laat et
al, 1998; He et al, 1995; Matsunaga et al,
1996]. It also plays a crucial role in DNA
synthesis [Shivji et al, 1995].

A number of UV lesions
however, escape removal by NER before
replication starts. This triggers a block in
the progression of the replication fork
that may, in the worst case, lead to a
definitive arrest of replication and cell
death. Two damage tolerance
mechanisms have evolved in order to
avoid replication arrest: Translesion
Synthesis (TLS) and recombination-
directed damage avoidance. Mono-and
poly-ubiquitination of PCNA play a
central role in the inter-dependency and
regulation of these mechanisms [Hoege,
et al, 2002; Kannouche et al, 2004]. TLS
consists of the incorporation of
nucleotides opposite the damage by a set
of specialized TLS DNA polymerases. In
vitro studies have shown that RFC and
RPA are also involved in TLS
[Nikolaishvili-Feinberg et al, 2008 and
McCulloch, et al, 2007]. Recombination
directed damage avoidance consists of a
recombinational mechanism to copy
genetic information from the undamaged
sister duplex into the damaged template
in order to restore the lost information.
The implication of low-fidelity DNA
polymerases in TLS makes this process in
principle error-prone, whereas HR-
directed replication bypass is considered
as error-free. However, this process of
HR-directed bypass, mediated by PCNA
polyubiquitination, is poorly understood
in mammals and it is debated to which
extent it occurs. Clearly it is important in
uni-cellular  eukaryotes  such  as



Saccharomyces cerevisiae [Chiu et al,
2006; Langie et al, 2007; Hoege et al,
2002]. In addition, damage induced
replication stalling can result in fork
collapse and may create DNA double-
strand breaks, that are sealed by
homologous recombination (HR). In
each of these processes the replication
factors play a crucial role. In addition,
within HR, RPA is pivotal for the nucleo-
protein filament formation after end-
resection, prior to coating of the single
strand DNA by the strand-exchange
protein RAD51. Furthermore, it is
known that bypass of lesions that occur
during S phase can  employ
recombination-associated processes
[Lisby and Rothstein, 2009], implying a
potential role for RPA in these events.
Hence, upon UV irradiation,
PCNA, RFC and RPA are recruited to the
site of damage in order to process the 6-
4PPs and CPDs. These factors are not

Results

RFCp140, PCNA and RPAp70 are
differentially visible at replication foci
To study the spatio-temporal
distribution of the DNA replication
factors we compared the localization of
RPA, RFC and PCNA in living cells. For
this purpose the 70 kDa subunit of the
heterotrimeric RPA was tagged with GFP
on its C-terminus and stably expressed in
MRC5 cells, an SV40-transformed
human fibroblast cell line. Immunoblot
analysis showed that full-length RPAp70-
GFP is expressed at physiological levels
(Figure 1A). Cell cycle analysis showed
that the profile of this cell line was

only involved in the repair synthesis step
of the NER process that is occurring
during G1 and S, but also in the
replication associated processes that
occur during S-phase. In  vitro
experiments have revealed that RPA
remains bound to the DNA substrate
after dual incision and initiates the
assembly of DNA synthesis factors [Riedl
et al, 2003]. On the contrary, additional
in vivo studies have shown that RPA
associates very transiently to sites of NER
[Luijsterburg et al, 2010].

In this paper, using immunofluorescence
and live cell microscopy of GFP-tagged
versions of replication proteins we have
analyzed the spatio-temporal distribution
of RPA, RFC and PCNA to uncover the
dynamic transactions of these factors
with the DNA template in the different
maintenance processes.

similar to untransfected MRC5 cells,
indicating that the construct does neither
alter the cell cycle nor affects the S-phase
progression (data not shown). RPAp70-
GFP localization in living cells was
compared to endogenous RPA using
immunofluorescence (Figure 1B). In all
cells, RPA displayed a quite
homogeneous nuclear localization, in
addition to regions with lower
concentrations  coinciding with  the
nucleoli and a small number of sub-
nuclear areas with locally higher
concentrations (maximum 10 per cell,
previously ascribed to promyelocytic
leukemia (PML) bodies [Park et al, 2005
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and Groth et al, 2007]). The same
nuclear distribution was also observed by
immunofluorescence with anti-RPA32
[Groth et al, 2007] (Figure 1B).

Next the sub-cellular loca-
lization of RPAp70, RFCp140-GFP and
GFP-PCNA in an asynchronous
population of living cells was studied by
high-resolution ~ confocal  scanning
imaging (Figure 1C, D, E). In eukaryotes,
DNA replication is initiated and
propagated from hundreds to thousands
of replication sites, called replicons.
Several studies have revealed that a
number of replication forks cluster into
‘replication  foci’, each containing
multiple copies of replication sites and
the associated replication factors [Hand
1978; Nakayasu and Berezney, 1989;
Nakamura et al, 1986; O’Keefe et al,
1992]. The location, number and size of
these replication foci vary throughout S-
phase, according to a program that
corresponds to the replication of various
portions of the genome. Hence, three
distinct replication patterns can be
distinguished, that correspond to DNA
synthesis in early to mid-S phase (small
and discrete foci), mid to late S-phase
(perinucleolar and perinuclear large foci)
and very late S-phase (large foci)
(Nakayasu and Berezney, 1989; O’Keefe
et al, 1992]. For both GFP-tagged
RFCp140 and PCNA we were able to
identify in some living cells these
different focal patterns and in others,
homogenous distributions (Figure 1C),
indicative for localization to S-phase foci
and Gl or G2, respectively. The focal
pattern of PCNA was previously shown
in living cells [Leonhardt et al, 2000;
Somanathan et al, 2001; Essers et al,
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2005], however only recently a similar
distribution pattern for RFCpl40-GFP
was observed [Overmeer et al, 2010]
(Figure 1C).

To investigate the cell cycle
dependent distribution of RPA70-GFP,
mCherry-PCNA was co-expressed to
identify cells in S-phase [Soria et al,
2009]. Surprisingly, we do not observe
focal accumulation of RPAT70-GFP in
cells that do present mCherry-PCNA foci
(Figure 1D). However, immuno-
fluorescence studies using antibodies
directed against endogenous RPA do
exhibit foci in S-phase cells [Murti et al,
1996]. These data suggest that RPA,
although an important replication factor,
is not clustered into replication foci in
living cells or that the GFP-tag negatively
influences its proper localization. The in
vivo localization of RPA, using a GFP-
tagged version of RPAp34 was previously
investigated by Solomon and co-workers
who also did not observe focal
accumulations of this RPA subunit in S-
phase cells [Solomon et al, 2004], in line
with our observations. However, in a
recent report from the same laboratory
[Gorisch et al, 2008] the authors do
observe limited focal accumulations
using the same RPA34-GFP construct,
though with low efficiency. When these
were analyzed in the presence of the
replication inhibitor aphidicolin accu-
mulation of RPA34 was significantly
more pronounced, suggesting that under
normal conditions the localization of
RPA to replication is too transient to
clearly visualize in living cells.

To visualize a possible loca-
lization of RPA70-GFP in replication foci
we attempted to slow down the binding



kinetics of this protein by incubating the
cells with the DNA synthesis inhibitors
Hydroxyurea and cytosine-p-arabino-
furanoside (HU/AraC). After this
treatment a large number of cells
exhibited S-phase foci (Figure 1E). This
observation is in line with previous
reports that also showed a focal pattern
of RPAp34 upon treatment with the
polymerase inhibitor aphidicolin
[Gorisch et al, 2008; Solomon et al,
2004]. Together these data indicate that
either the amount of single-stranded
DNA exposed in normal replicating cells
is not enough or the residence time of
RPAp70 on the ssDNA is too short, to
visualize any RPA binding in replication
factories.

To test this in more detail, we
measured the mobility of RPAp70-GFP

by photobleaching in the presence and
absence of replication inhibitors. A small
square of the cell was bleached and the
recovery of fluorescence, i.e. the diffusion
rate of RPAp70-GFP, was monitored.
Figure 1F shows that inhibition of the
replication fork progression by treatment
of cells with HU-AraC induces an overall
slower mobility in the nucleus. This
slower mobility is likely derived from a
fraction of proteins that are transiently
immobilized at inhibited replication
forks. These data are consistent with the
idea that in the presence of these
inhibitors the DNA polymerases cannot
remove RPA from the substrate, which
might also account for its longer
residence time.
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Figure 1: Sub-cellular localization of RFCp140-GFP and RPAp70-GFP.

A. Immunoblot analysis of whole cell extracts of MRC5 and MRC5-RPAp70-GFP cells with anti-RPA
anti-GFP antibodies reveal that RPAp70 and RPAp70-GFP at expressed at a 1:1 ratio and that no
degradation product is observed. B. Localization of RPA into PML bodies observed in living cells
expressing RPAp70-GFP (left) and in fixed cells with immunofluorescence with anti-RPAp32 (right)
C. Confocal images of cycling MRCS cells expressing RFCp140-GFP and GFP-PCNA. The replication
factors display a homogeneous localization in G1/G2 and specific S-phase stage dependent patterns.
D. Confocal images of cycling MRC5 cells expressing RPAp70-GFP and PCNA-Cherry. RPAp70-GFP
displays a homogeneous localization in all cells. E. Confocal images of cycling MRCS5 cells expressing
RPAp70-GFP upon addition of HU/AraC. In the presence of these DNA synthesis inhibitors,
RPAp70-GFP localizes to replication foci. F. Cells were untreated or treated with HU/AraC for
30mins. A square of the cell was bleached out (FRAP in “local damage”) and the recovery of
fluorescence monitored over time, showing that in presence of DNA synthesis inhibitors RPAp70-
GFP is further immobilized at sites of replication.
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Comparison of GFP-PCNA, RPAp70-
GFP and RFCp140-GFP mobility

In contrast to RPAp70, PCNA and
RFCp140 can be clearly identified in
replication foci in living cells. Based on
the involvement of each of these factors
in replication, this apparent discrepancy
could be explained by their different
binding times, which may in part be
influenced by the overall mobility in the
nucleus. To determine in more detail the
movement of these proteins we applied
an adapted FRAP procedure, designated
FLIP-FRAP analysis associated to half-
nucleus  bleaching [Figure 2A,
Hoogstraten, 2002; Houtsmuller, 1999;
Overmeer et al, 2010]. Previous FRAP
studies have shown that in non-S-phase
cells the mobility of GFP-PCNA and
RFCp140-GFP is mainly determined by
free diffusion [Essers et al, 2005;
Overmeer et al, 2010]. The mobility
curves of GFP-PCNA and RPAp70-GFP
were comparable (Figure 2B), with a
redistribution time of approximately 50
s. RFCp140-GFP showed a much slower
redistribution time of approximately
120s, indicative of a slower diffusion rate,
which is likely related to the molecular
shape and size of the complex, i.e. almost
twice the molecular weight of both the
PCNA trimer and the RPA hetero-
trimer. Although the mobilities of PCNA
and RPA appeared very similar in G1/G2
cells a striking difference was observed in
S-phase cells (Figure 2C). S-phase
RPAp70-GFP cells were identified by
PCNA foci, using co-transfection of
PCNA-Cherry which displays a clear S-
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phase pattern. As expected from earlier
studies [Sporbert et al, 2002], GFP-
PCNA was highly immobilized in
replication factories, with a recovery time
of 3 minutes. Interestingly, the dynamics
of RPAp70-GFP was similar in G1/G2
phase and in S-phase, with a recovery
time of ~25 seconds. The observed
differences in mobility of PCNA and
RPA in S-phase are likely explained by a
very short binding time of RPAp70-GFP
molecules with DNA  replication
substrates and/or factors. Binding times
of RFCpl40-GFP to replication foci
appeared already very short [Overmeer et
al, 2010,], though in this case replication
foci are visible in live cell imaging. These
data suggests that the dwell time of most
of the RPA molecules in foci should be
extremely short, even shorter than the
residence time of the TLS polymerase,
pol-eta in replication foci [Sabbioneda et
al, 2008], which was also visible in live
cell imaging.

RPAp70-GFP accumulates for up to 8
hours at sites of local UV damage

RPA, PCNA and RFC are not involved
solely in replication but also in several
DNA repair and replication-stress
response processes such as NER and
Translesion synthesis. In order to obtain
a complete overview of replication factor
kinetic behavior upon UV damage, we
compared the earlier determined kinetic
behavior of PCNA and RFC with that of
RPA [Overmeer et al, 2010 ; Essers et al,
2005].



Figure 2: diffusion and dynamics of replication factors at replication foci

A. Half nucleus bleaching associated to FLIP-FRAP procedure and analysis. Half of the nucleus is
bleached by high-intensity laser. The loss of fluorescence (FLIP) in the unbleached half is measured
over time and plotted against the recovery of fluorescence (FRAP) in the unbleached half of the cell.
The difference (FLIP-FRAP) is normalized to O after the bleach pulse. B. Diffusion curves of
RFCp140-GFP, RPAp70-GFP and GFP-PCNA measured by the previous flip-frap procedure show
that in untreated cells, RFCp140-GFP diffuses much more slowly than the other replication factors. C.
FLIP-FRAP in MRCS5 cells and C5ROnhtert cells respectively expressing RPAp70-GFP and GFP-PCNA
show that while GFP-PCNA is immobilized in replication factories, RPA-70-GFP is too transiently
immobilized to be detectable.
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Hence, accumulation of RPA at sites of
damage was first investigated in fixed
U20S cells by immunofluorescence
against endogenous RPAp32 (Figure 3A).
The  population of cells was
asynchronous when damage was inflic-
ted. Local UV damage (LUD) was made
with a UV-C lamp and 5 pum pore-
containing filters, as described previously
[Moné et al, 2001]. Cells were fixed at
various time points after UV (15 mins, 1,
4 and 8 hours). CPD or XPA staining was
used to identify LUD. The lesion
recognition factor XPC and the
components of the pre-incision complex
XPB and XPA start accumulating at LUD
shortly after damage infliction (within 15
mins) and disappeared after 4 hours
(Figure 3A) [Luijsterburg et al, 2010;
Marteijn et al. 2009], when repair of most
of the 6/4 photoproducts is completed
However, XPA remained visible slightly
longer (8 hours), likely due to additional
functions of XPA beyond the incision
step of NER [Luijsterburg et al, 2010;
Marteijn et al, 2009]. On the contrary,
only a faint RPA signal could be detected
within LUD at the earliest time point (15
mins), while a much stronger staining
was visible from one hour after UV on
and lasted in some cases even up to 24
hours (Figure 3C). The two major DNA
lesions induced by UV irradiation
display different repair kinetics: while 6-
4PPs are repaired within ~6 hours, CPDs
repair is not achieved within 24 hours
[Van Hoffen et al, 1995, Marteijn et al,
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2009]. In  our previous studies,
accumulation of NER factors to LUD
followed the repair kinetics of 6-4PP
[Luijsterburg et al, 2010]. Hence, long-
lasting accumulation of RPA at LUD
cannot solely be explained by NER of 6-
4PP, but suggests additional functions in
post-incision events or implication in
other replication-associated processes
linked with the persistent presence of
CPD injury It is thus possible that
accumulation in LUD at later time points
post-UV may represent replication-stress
in cells that where in S-phase at the
moment of damage infliction or moved
into this phase despite the presence of
DNA damage, rather than binding into
NER sites. To further dissect these
options we developed a four-color
immuno-fluorescence  procedure to
detect RPA and XPA by antibodies, S-
phase cells by EdU incorporation
[Marteijn, 2009] and nuclei by DAPI
(Figure 3B). Accumulation of RPA at
LUD one hour after UV is visible in both
S-phase and non S-phase cells (Figure
3B), suggesting that RPA accumulation
in LUD also marks NER sites.

Interestingly, in quiescent cells
where no replication processes occur,
RPA localization to LUD was also
observed for up to 8 hours after UV,
indicating that replication-associated
processes are not solely responsible for
the observed localization of RPA to LUD
(data not shown).



Figure 3: kinetics of accumulation of pre- and post incision factors at sites of local UV damage

A. Representative images of XPB, RPA and XPC-GFP co-localization with a damage marker (either
CPD or XPA). Co-localization was determined 15 minutes, 1 hour, 4 hours and 8 hours after Local
UV exposure (45 J/M?). B. U20S cells were exposed to local UV damage and directly after damage
incubated for 1 hour in medium containing EDU. Cells that were in S-phase during the 1 hour after
the UV exposure stain positive for EDU, visualized by Alexa 647 fluorchrome, XPA was used as a
damage marker. RPA accumulates both during S-phase and in cells that were not in S-phase after the
UV exposure. C. Immunofluorescence of cycling MRC5 cells at several time points after local UV
induction through 5um pore-containing filter, with anti-RPA 32 (red) and anti-XPS (green)
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RPA, RFC and PCNA show similar
kinetics of accumulation at sites of UV
damage

To further investigate the behavior of the
replication factors PCNA, RFC and RPA
at sites of UV lesions repair, we inflicted
local damage in asynchronous living cells
expressing the fluorescent versions of the
proteins. Irradiation was carried out
through 5um filter pores, with a UV
source above the microscope stage and
fluorescence levels at LUD was measured
over time [Moné et al, 2004] (Figure 4A)
and reflects the assembly kinetics of NER
factors on lesions. The quantification of
the assembly kinetics of GFP-PCNA,
RFCp140-GFP  and RPAp70-GFP
revealed very similar kinetics of
accumulation,  which is  markedly
different than those of the pre-incision
factors XPC and XPA (Figures 4B and
4C). For the three proteins, binding
reached a maximum only after 200 min
(more than 3 hours) and did not
significantly decrease during the next 3
hours. It is surprising to note that all of
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the investigated NER-associated repli-
cation factors localize at LUD far long
after 6-4 P-P removal, which are
completely removed at these time points
[Van Hoffen et al, 1995] and DNA
repair synthesis levels are reduced to
background levels (data not shown).

The notion that RPA only becomes
visible at LUD at longer time points post-
UV than any of the other pre-incision
NER factors, although it is absolutely
required for the incision [Coverley, et al,
1991; Aboussehkra et al, Cell], suggests
that the binding time of RPA in this pre-
incision NER step is too short to be
visualized by this procedure, similar to
the absence in replication foci (Figure
1D). The fact that RPA is present for a
long time at sites of local damage,
similarly to RFC [Overmeer et al, 2010],
in contrast to the pre-incision NER
factors, suggests that either RPA is bound
longer in repair replication or that a
higher number of RPA molecules are
bound with higher affinity in these late
NER steps.



Figure 4: long-lasting accumulation of replication factors at sites of UV-C damage

A. Procedure showing induction of UV local damage and immediate follow-up of accumulation of a
protein at the site of damage. B. Using this procedure, accumulation of RPAp70-GFP, RFCp140-GFP
and GFP-PCNA at sites of UV-C damage was measured over 8 hours and compared to GFP-XPA and
XPC-GFP. Accumulation of the replication factors increased during the first 3 hours to reach a
plateau and remain constant for up to 8 hours. C. Time-lapse imaging of cells displaying various GFP-
tagged proteins upon UV-irradiation
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Dynamics of RPAp70-GFP at sites of
UV- damage upon HU/AraC treatment
To further decipher the mode of action
of RPA during the DNA synthesis step of
NER, we used the DNA synthesis
inhibitors HU/AraC. Upon treatment
with HU/AraC, repair synthesis is
inhibited, which allows a differentiation
between the pre- and post-incision steps
of NER [Overmeer et al, 2010]. After
mock treatment or treatment of the cells
in presence of these inhibitors for 30
mins, cells were locally UV irradiated. In
the presence of HU/AraC, much more
RPA is found at LUD than in the absence
of the inhibitors (data not shown). This
could be due, either to an increase of the
number of binding places, or to a more
stable association of RPA with the
substrate. One hour after irradiation, a
nuclear volume representing appro-
ximately one third of the nuclear volume,

located opposite of the LUD, was
continuously bleached and the intensity
of fluorescence in the local damage was
measured (FLIP) [Luijsterburg et al,
2010]. This procedure allows
determining of the off-rate of proteins
bound in LUD. Figure 5 shows that on
average RPAp70-GFP molecules bind
longer in the presence of inhibitors as
compared to cells with processive
replication. If RPA was solely involved in
the pre-incision step of NER and if its
localization to sites of repair was
exclusively rising from this involvement,
inhibition of repair synthesis would not
trigger any additional immobilization of
RPA. Indeed, this experiment confirms
that RPA presents differential kinetic
properties in pre-incision and in repair
synthesis.

Figure 5: dynamics of RPAp70-GFP at sites of UV-C damage upon HU/AraC

Cells were untreated or treated with HU/AraC for 30mins. All cells were then locally irradiated
(100 J/m?). A nuclear volume away from the damaged region was bleached out while decrease of
the signal intensity in the local damage was monitored over time. Additional accumulation of

RPApP70-GFP was observed in treated cells.
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Focal pattern of the local damage

In contrast to lonizing-Radiation
Induced foci (IRIF) [Bekker-Jensen et al,
2006] in which Homologous
Recombination repair factors accumulate
after IR, NER proteins do not display
such a focal accumulation after UV
[Rademakers, 2003; Moné et al, 2004,
Giglia-Mari et al, 2006; Zotter, MCB,
2006; Luijsterburg et al, 2007; Alekseev et
al, 2008] (Figure 6B).. Remarkably
however, RPA displayed a different
distribution pattern in LUD (Figure 6A)
than XPA (Figure 6B) and the other pre-
incision factors. In all cells a very clear
focal pattern of RPAp70-GFP was visible
within local damage. Although in normal
replication RPA appeared not visible in
replication foci, this focal pattern might
be derived from accumulation of RPA at
sites of replication stress, due to the fact
that cells might be locally UV-damaged
when present in S-phase. It should be
noted however that we do observe this
focal patter in all LUD inflicted cells,
which makes it less likely that all these

cells were in S-phase during or shortly
after irradiation. Moreover, a similar
focal pattern in LUD was observed in
cells  expressing GFP-PCNA and
RFCp140-GFP (Figure 6C and 6D). This
was even visible in cells with an overall
homogeneous distribution of GFP-
PCNA and RFCp140-GFP, indicative for
non-S-phase (Figure 6C) and further
suggests that this focal pattern is not due
to S-phase cells (Figure 6D). These
observations could also be explained by
the fact that some cells may enter into S-
phase at or during the time of imaging.
To rule out this option we then tested the
accumulation pattern in LUD in cell
cycle-arrested primary fibroblasts. To
that aim we serum starved a confluent
population of C5ROhtert fibroblasts
expressing GFP-PCNA, to generate a
non-cycling status or GO phase as tested
by the absence of a positive signal for the
proliferation marker Ki67 (data not
shown). Also in these cells GFP-PCNA
was distributed in a focal pattern in LUD
(Figure 6E).
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Figure 6: Accumulation of diverse replication factors at sites of local UV-C damage occurs in a
focal pattern

Live cells were locally irradiated through 8um pores (100 J/m2) and confocal pictures were taken. A.
RPApP70-GFP accumulates focally in all MRCS cells. B. GFP-XPA accumulates homogeneously in all
XP20S (XPA) cells. C. GFP-PCNA and RFCp140-GFP accumulates focally in C5ROhtert and MRC5
cells that do not present any S-phase foci. D. RFCp140-GFP accumulates focally in S-phase MRC5
cells. E. GFP-PCNA accumulates focally in quiescent cells where no replication event is occurring.
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Discussion

Transient binding of RPA and RFC at
sites of DNA replication

Replication foci or replisomes are “mega-
complexes” that contain large amounts
of DNA polymerases and other
replication factors (PCNA, RPA, DNA
polymerases a and &, DNA Ligase I, CAF
1) [Tubo and Berezney 1987; Cook,
1999] and a growing list of cell cycle
control factors (Cdk2/cyclinA, MRE11
etc) and TLS polymerases (DNA
polymerases ) and t) [Frouin et al, 2003].
It has been shown that PCNA displays
relatively slow exchange kinetics at sites
of [Essers et al, 2005; Sporbert et al,
2002]. On the contrary, the clamp loader
RFC exhibits a much shorter binding
time to replication sites [Overmeer et al,
2010]. This can be explained by the fact
that dissociation of RFC from PCNA is
necessary for interaction of PCNA with
the DNA polymerase [Podust et al,
1998]. The clamp or polymerase platform
PCNA remains bound during replication
elongation and thus present a much
longer residence time. The transient
binding of RPA70-GFP (that exchanges
in seconds and completely redistributes
in 1 min) at replication sites is in line
with previous observations by Gdorisch
and co-workers [Gorisch et al, 2008;
Sporbert et al, 2002]. These observations
suggest that although RPA is thought to
coat ssSDNA it is also swiftly displaced,
possibly by the elongating DNA
polymerase [Hubscher, Seo, 2001] or as
intrinsic property of the protein. Hence,
RPA is continuously binding and
dissociating from ssDNA patches. In the
presence of HU/AraC, the amount of

sSDNA patches increases dramatically,
thereby increasing also the number of
substrates for RPA, which will not be
removed the polymerases.

Differential binding of RPA at sites of
NER pre-and post-incision

Our results suggest that RPA presents
two distinct dynamics of binding at sites
of NER: first a very transient binding
during  pre-incision, after  which
accumulation of RPA in LUD mainly
becomes apparent when pre-incision
events are not occurring anymore. This
indication is further corroborated by the
addition of DNA synthesis inhibitors
that showed a more abundant
accumulation with longer residence
times. On the contrary residence times of
other core pre-incision factors such as
ERCC1 or XPA are not retarded by the
presence of these synthesis inhibitors and
in the case of XPA even shorter binding
is found [Luijsterburg et al, 2010]. This
suggests that the observed localization
and dissociation of RPA to and from
LUD is mainly derived from its function
in repair synthesis. Given its dual role in
pre- and post-incision steps of NER, it
appears quite surprising that RPA
displays such a dynamic behavior and the
binding of an RPA molecule to create an
incision-competent NER complex is not
used for its replication function. It is
known that RPA presents two binding
modes that come from its intrinsic
biochemical properties. Initially, it covers
on the 5'side of the lesion a partially
unwound structure of 8-10 nucleotides.
After this, it elongates towards the 3’
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direction and binds ssDNA with a region
of around 30 nucleotides. [de Laat et al,
1998; Hermanson-Miller and Turchi,
2002; Kopalschikov et al, 2001]. These
differential binding modes may account
for different binding affinities of RPA for
the ssDNA substrates. Moreover, the
amount of substrates should also be
taken into account, as well as the
interactions between RPA and other
repair factors.

RPA, RFC and PCNA accumulate
longer than other NER factors at sites
of UV-damage

It is striking to see that these three
replication factors display very similar
behaviors that are, in the same time, very
different from other NER factors. While
pre-incision factors, accumulate very
shortly after UV and disappear within 4
hours, the post-incision factors RPA,
RFC and PCNA reach their maximum
only after 3 hours and keep accumulating
for at least 8 hours. These observations
were supported by recent
immunofluorescence studies in which
accumulation of PCNA, RFC and Ligase
I in LUD was shown in quiescent cells for
at least 8 hours after irradiation
[Overmeer et al, 2010]. Within quiescent
cells no replication occurs and the only
active repair process following UV-C
induction is NER repair synthesis.

A possible explanation could be
that these proteins have other roles than
their currently known functions in repair
synthesis. PCNA, for example, through
its interaction with CAF-1 [Rolef Ben-
Shahar et al, 2009; Zhang et al, 2000;
Gerard et al, 2006; Gaillard et al, et al,
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1996; Green et al, 2003], is involved in
chromatin remodeling. We have recently
shown that RFC is involved in PCNA
loading during NER in vivo and have also
proposed a role for this protein in PCNA
unloading [Overmeer et al, 2010].
Similarly, RPA might be ensuring the
completion of repair synthesis before it
detaches from a repair intermediate that
can be potentially hazardous if not
completely resolved. Additionally, the
persistent localization of these factors at
LUD may reflect UV-damages that are
difficult to repair by NER due to either
their localization or they represent
spurious UV-light induced lesions that
are not efficiently targeted by NER.
Specific chromosomal localization of
lesions in e.g. highly condensed
chromatin might be refractory to NER-
induced repair synthesis. Finally another,
perhaps more remote, possibility is that
two NER complexes collide during
processing of lesions that are in close
proximity and that in such an event
repair synthesis cannot occur and thus
substrate for the replication factors
remains present to bind.

Focal pattern

The accumulation of replication factors
to sites of repair synthesis into a focal
pattern in G1/G2 cells comes across as
surprising. Various studies on pre-
incision NER factors have shown that
these accumulate homogeneously within
LUD [Luijsterburg et al, 2010; Zotter et
al, 2006; Rademakers et al, 2003]. Several
lines of evidence however do support this
finding. First of all, focal localization of
RPAp34-GFP was observed previously,



following both global UV irradiation and
within areas of local UV damage
[Solomon et al, 2004]. Others have
shown that PCNA localizes to replication
foci in fixed quiescent cells following UV
irradiation [Celis and Madsen, FEBS
Letters 1986; Toschi and Bravo, JCB
1988; Miura et al, Exp Cell Res, 1992;
Jackson et al, 1994]. One explanation for
these foci could be that several lesions
may be inflicted at very proximal sites (as
suggested above), although different
calculations indicated that the change of
closely associated lesions processed
simultaneously by NER will not very
high [Ogi et al, 2010], however this
option should not be totally excluded.
Additionally to this, the TLS polymerase
n was recently found to localize to sites of
UV repair in G1 cells, although this
finding has not been explained yet, it is
interesting to note that localization of pol
n occurred also in a focal fashion. An
interesting model rising from these data
is that factors may be recruited to foci of
replication and repair without being
actively involved in these processes, but
rather remaining available, a model
known as “be-ready-for”.

Hence, another possible
explanation for this finding could come
from a clustering of repair synthesis sites.
Several groups have followed sites of
repair  synthesis by  monitoring
incorporation of IdU and biotin-16-
dUTP [Jackson et al, 1994; Jackson et al,
1994; Svetlova et al, 1999; Svetlova et al,
2002] and have revealed that sites of UV-
dependent repair synthesis display a very
clear punctuate pattern.

Understanding of this clustering of repair
sites could be based on a comparison

with replication factories and replication
foci in the case of regular DNA
replication. Currently the actual trigger
for the formation of the replication focus
is unknown. It is possible that foci
formation triggers the assembly of
replication factories. Early studies on
Xenopus extracts have revealed that the
clustered organization of DNA into foci
may be an early replication event which
occurs prior to the activation of the
kinase activity of Cdk2 at the G1-S
transition, also suggesting that this focal
formation may correspond to a stable,
higher order chromatin state [Newport
and Yan, 1996].

Alternatively, the action of the
replication process itself at certain loci is
fundamental for the formation of these
structures. Depositions of proteins at
replication initiation sites that have an
intrinsic  affinity for a number of
replication-associated factors are, in this
scenario, likely candidates to be
fundamental for focus formation. One of
these proteins could be PCNA, since a
short sequence of homology, called the
Replication Factory Targeting Sequence
(RFTS), that targets proteins to
replication factories, is for a lot of
replication factors the binding site for
PCNA [Frouin, et al, 2003; Chuang et al,
1997; Montecucco et al, 2001]. Besides,
Foci-Forming Activity-1 (FFA-1), al70
kDa protein and orthologue of the
human  WRN  protein  (Werner
Syndrome), was reported to have a role
in foci formation through its interaction
with RPA [Yan et al, 1998; Yan et al,
1995]. Moreover, in the case of regular
DNA replication, the finding that new
replication foci assemble de novo at sites
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that are located next to the previous
cluster of origins rejects a sliding or
jumping of the replication machinery to
the next origins cluster and argues for an
indirect mechanism of origin activation,
known as “domino model”. Accordingly
to this, RPA binding and/or release from
NER repair synthesis sites might have a
role in further initiation of NER repair.
Finally, specific subsets of lesions that are
not properly processed by NER or where
repair synthesis is more difficult due to
the  chromosomal location  (e.g.
heterochromtin) ssDNA repair-interme-
diates (created by NER-incision) could
be extended by nucleases and lead to
long ss-stranded DNA patches that will
get covered by many RPA proteins
(which therefore are visualized in foci)
[Lazzaro et al, 2009].

Materials and methods

Construction of GFP fusion RPA70.

RPA70 was cloned in frame upstream of the
eGFP-cDNA in peGFP-N1 (Clontech).
Details of the cloning and primers’ sequences
will be available on request.

Establishment of a cell line expressing a
tagged version of RPAp70 mimicking the
expression and behavior of endogenous
RPA in replication and repair.

Human RPA70 was tagged at its C-terminus
with the green fluorescent protein (GFP),
resulting in RPA,,-GFP. The fusion cDNA
was stably expressed in SV40 transformed
human fibroblasts, MRC5 cells. Immunoblot
analysis with an anti-RPA70 antibody showed
that endogenous RPA70 and RPA70-GFP
were expressed at similar levels in the cells.
Hybridization with anti-GFP  antibody
revealed that there was no breakdown
product detectable, indicating that all the
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measured fluorescence in the cells is derived
from the full-length protein.

Cell lines and culture conditions

All cells were grown under standard
conditions at 37°C and 5% CO,. U20S, C5RO
tert-immortalized  Simian virus 40 (SV40)-
immortalized fibroblasts MRC5 (wild type)
and C5ROhtert-GFP-hPCNA  cells  were
grown in a 11 mixture of Ham’s F-10
medium and Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10%
Fetal Calf serum (FCS) and 1% penicillin-
streptomycin (PS). 600 pg/mL G418 was
added as selection marker where appropriate.
To study quiescent cells, the cells were grown
confluent and subsequently incubated for 5
days with medium containing 0.2% FCS.

Global and local UV irradiation

Prior to (confocal) microscopy and immuno-
fluorescence experiments, cells were seeded
on 24 mm coverslips (Menzol), rinsed with
phosphate-buffered  saline  (PBS) and
irradiated with a UV-C (254 nm) Philips
germicidal lamp (predominantly 254 nm).
After irradiation cells were incubated with
their original medium before being processed
for microscopy experiments or
immunofluorescence. For local irradiation
cells were covered with a micro-porous
polycarbonate filter containing 5 um pores
(Millipore)  as  previously  described
[Overmeer et al, 2010 and Moné et al, 2001].
For living cell studies, the UV-dose was either
60 or 100 J/m? for local irradiation as
indicated, with or without HU/AraC
treatment and 8 J/m? for global irradiation.

DNA synthesis inhibition with HU/AraC
Inhibitors of DNA synthesis were added 30
mins prior to UV irradiation: HU at 100mM
and AraC at 10uM [Smith and Okumoto,
1984; Mullenders et al, 1987]



Immunofluorescence

Cells were fixed using 2% paraformaldehyde
in the presence of 0.1% Triton X-100. Samples
were processed as described previously
(Rademakers et al, 2003). Immuno-
fluorescent images were obtained using Zeiss
LSM 510 META confocal microscopy
equipped with a 63x oil Plan-Apochromar
1.4. NA oil immersion lens (Zeiss). Zeiss LSM
image browser version 4.0 acquisition
software was used. The following antibodies
were used: anti-Ki67 (Abcam), anti-XPB
(clone IB3 (Giglia-Mari et al., 2006)), anti-
RPA32 (clone 9H8, Abcam), in combination
with the corresponding secondary antibodies
labeled with ALEXA fluorochromes 488 or
594 as indicated(Molecular Probes and
Jackson Laboratory). DNA was stained using
DAPI vectashield (Vector Laboratories) As
marker for detecting local UV damage anti-
hXPA (rabbit polyclonal anti-human XPA),
or mouse anti-CPD (TDM-2, MBL) were
used, depending on the species where the
other used antibody was raised in. Edu
incorporation was visualized using Click-iT
Alexa Fluor 647 according to manufacturers
protocol (Molecular Probes).

Western-blotting

Cell extracts of parental MRC5 and MRC5
cells expressing RPAp70-GFP were generated
by sonication, separated by 8% sodium
dodecyl sulfate polyacrylamide  gel
electrophoresis and transferred to nitroc-
ellulose membranes. Expression of RPAp70-
GFP was analyzed by immunoblotting with
mouse monoclonal anti-RPAp70 antibodiy
(B-6/sc-28304, 1:1000, Santa Cruz Biotech-
nology, Inc) and mouse monoclonal anti-
EGFP antibody (1:1000, Roche) followed by a
secondary antibody (donkey anti-mouse
800CW, 1:5000; Li-COR Biosciences) and
detection using an infrared imaging-scanning
system (Odyssey; LI-COR Biosciences)

Confocal microscopy and imaging

(i) Live cell microscopy

Confocal images of the cells were obtained
using a Zeiss LSM 510 microscope equipped
with a 25mW Ar laser at 488 nm and a 40 X
1.3-numerical aperture oil immersion lens.
GFP fluorescence was detected using a
dichroic beam splitter (HFT 488), a beam
splitter NFT 490 and an additional 505- to
550-nm bandpass emission filter.

(ii) Fixed cells

For images of cells after immunofluorescence,
the 25mW Ar laser at 488 nm together with a
He/Ne 543 nm laser, and a 40 X 1.3 NA oil
immersion lens were used. Alexa-488 was
detected using a dichroic beam splitter (HFT
488), and an additional 505- to 530-nm
bandpass emission filter. Cy3 was detected
using a dichroic beam splitter (HFT 488/543)
and a 560- to 615-nm bandpass emission
filter.

Photobleaching techniques

(i) Half nucleus bleaching combined with
flip-frap:

This protocol was implemented previously
[Hoogstraten, 2002; Houtsmuller, 1999;
Overmeer et al, 2010 and was as follows: an
adapted FRAP (Fluorescence Recovery After
Photobleaching) protocol was combined with
a FLIP (Fluorescence Loss in Photobleaching)
protocol by bleaching the GFP fluorescence in
half the nucleus and subsequently measuring
the fluorescence recovery in the bleached area
(recovery or FRAP) and in the non-bleached
area (FLIP). The time required to reach an
equilibrium between FRAP and FLIP is a
measure for the overall nuclear mobility of
the tagged protein. Data analysis was
performed in the following way: the FRAP
was subtracted from the FLIP. The difference
between FLIP and FRAP before bleaching was
set as zero and the difference between FLIP
and FRAP after bleaching was normalized to
1. The mobility of the protein was determined
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as the time necessary for FLIP-FRAP to
returnto 0.

(ii) Box-frap

An entire square was bleached in 1.2s by two
bleaching pulses, and the recovery of
fluorescence monitored for 60s by scanning
the whole cell every 5s. To overcome the
variability in the size and intensity of the
damage (i.e. the number of proteins
immobilized), the curve was normalized to

(iii) FLIP combined with local damage

FLIP analysis was performed by continuously
bleaching a third of a locally-irradiated
nucleus opposite to the site of damage at
100% laser intensity (488-nm argon ion laser)
as previously described [Hoogstraten et al,
2002; Luijsterburg et al, 2007; Luijsterburg et
al, 2010]. Fluorescence in the locally damaged
area was monitored with low laser intensity.
All values were background corrected.

the overall fluorescence in the cell (including
the local damage itself).
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Focus on foci: DNA damage foci, structures without a function?

Audrey M. Gourdin and Wim Vermeulen

News and Views, Cell Cycle 8:23, 3809-3815; December 1, 2009
Comment on: Soria G, et al. Cell Cycle 2009; 8:3340-8

Sub-nuclear foci are a focal point in
DNA  damage response (DDR)
research. In a recent Cell Cycle paper,
the Soria et al. report on the surprising
focal distribution of the TLS-
polymerase n at sites of UV-induced
DNA damage in non-S phase cells. This
unexpected observation raises
questions on the structural-functional
link of these sub-nuclear structures.

Exposure to genotoxic agents triggers
a complex DNA damage response
(DDR), involving damage removal
pathways, cell cycle checkpoint
activation and damage bypass
replication. When lesions that block
replication fork progression are
present during S phase a specialized
set of translesion synthesis (TLS)
polymerases is called on action to
bypass these roadblocks. Amongst
them, the Y-family polymerase n
(Poln) is crucial to accurately bypass
the poorly repaired UV-light induced
cyclo-butane-pyrimidine dimers
(CPDs). Its significance is clearly
illustrated by the cancer-prone
phenotype of inherited mutations in
Poln as in XP-variant patients,

Previously it was thought that a focal
accumulation of Poln exclusively
occurred in S phase at the so-called

replication foci' considering its
function in TLS, which by virtue of its
nature is in DNA replication.
However, recent studies revealed a
focal pattern of Poln at sites of UV
damage also in non-S phase cells’.
This was independently confirmed
and further investigated by Soria et al.®
Soria and co-workers use several
procedures, i.e., GFP-Poln expression
in cells arrested in G1 by transient
over expression of p21 and co-
expression with the (cell cycle marker)
mCherry-PCNA, to select for or
identify non-S-phase cells. Elegant,
time resolved microscopic studies
applying different procedures to
locally inflict DNA lesions, clearly
demonstrated that Poln accumulated
in a focal pattern at sites of UV-
damage in S phase as well as G1 cells.

This surprising notion raises several
questions concerning the potential
role(s) of Poln outside TLS: what is the
mechanism  triggering this non-
replication associated focal pattern?
What is the functional relevance of
this localization? Interestingly, recent
studies suggested a more promiscuous
functioning of the  Y-family
polymerases outside



TLS, such as a function for Poln in
homologous recombination (HR)* and a
role for polymerase k in gap-filling
synthesis during nucleotide excision
repair (NER)>.The procedures Soria
applied to locally induce UV-damage
will introduce high local concent-rations
of lesions and may cause DNA double-
strand breaks (DSBs). Thus activation of
DSB repair mechanisms cannot be ruled
out. However, participation in HR could
not explain the G1 focal accumulation,
as this pathway does not function in this
stage of the cell cycle. Although the
other DSB repair process; non-
homologous end joining (NHEJ) is
functional in G1 cells, participation of
Poln in this process is not likely as this
process mainly utilizes X-family of
polymerases®. However, a function in
this versatile and flexible repair system
(in terms of alternative utilization of key
enzymatic functions®) cannot be ruled
out and should be further investigated.

A likely explanation, as the authors
indicated, for the observed Poln
rearrangement, is that it is recruited to
UV-damaged sites by the NER
machinery, analogous to the NER-
induced gap-filling synthesis function of
polymerase «°. Although Poln does not
play a dominant role in NER, as XP-V
cells have a proficient NER, a
stimulatory or redundant function in
this process seems likely. This option is
particularly attractive as it was recently
shown that PCNA mono-ubiquitination
(PCNA-Ub), known to facilitate TLS

polymerases recruitment to (stalled)
replication sites', also occurs or at least
persists outside S phase’. Strikingly
however, focal reorganization of Polr in
G1 cells after UV also occurred in
several NER-deficient cells derived from
XP patients (groups A, F and G) to the
same extent as in wild type cells. As
these XP cells are deficient in dual
incision, no gap-filling synthesis will be
initiated, suggesting that functional
NER is not
recruitment.

required for Poln

The most confusing finding is perhaps
the fact that binding of PCNA (shown
by the absence of PCNA binding in
NER-deficient cells) seems not to
precede Poln recruitment. Even more
astonishing is the notion that the
PCNA-binding domain of Poln (PIP-
box) is required for efficient loading,
whereas PCNA itself is not required.
This apparent paradox could only be
explained either when this mutation
disrupts the structure of the protein or if
the PIP-box is required to load to
another as yet undefined structure or
DDR intermediate. An obvious question
linked to these observations is of course:
What is the substrate or the signal that
causes this structural reorganization? A
few options are left: (1) binding to UV-
damage recognition factors (i.e., the
NER initiating factors UV-DDB and/or
the XPC-complex); (2) recruitment by
other Y-family polymerases, such as
Revl that was also found to accumulate
in foci at UV-damaged sites outside S

195



phase® and known to interact with Poln;
(3) direct binding of UV-lesions or
damaged chromatin. The latter option
can be investigated by biochemical
approaches. Future genetic experiments
could be performed to investigate
options (1) and (2). However, an
important challenge for the investi-
gation on the biological significance of
Poln function in DDR outside TLS (e.g.,
mutation prevention)  will be
confounded by its important role in
TLS.

As in many cases however, this research
triggered more questions than it
provided answers. Having excluded the
most  plausible  mechanisms  for
recruiting Poln to damaged sites in non-
replicating cells (replication-stress, HR
and NER) and suggesting a further
extension of the already pleiotropic
functions of this polymerase in DDR,
the manuscript by Soria et al. does not
provide an answer for a possible
function and mechanism of this sub-
nuclear distribution of Poln in response
to UV in non-replicating cells. The
authors do however postulate the
possibility that the focal organization is
not a reflection of activity but rather
provides a structural basis for DDR
factors to accumulate that may be called
into action when necessary, a model
dubbed as “be ready for.” This scenario
is analogous to ionizing radiation
induced foci (IRIF)° that also harbor a
large number of DDR factors of which it
was suggested that these structures
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may serve as a “tool-belt” to locate
activities for “just in case” action™. The
TLS factor-containing foci are then a
by-product of an unknown DDR signal.
Suggestions  implying  that  these
structures do not have any functional
significance should be taken with
caution, as it is unlikely that a simple
by-product of genomic catastrophe will
survive evolution.
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Summary

Though genetic changes, or mutations, might account for the long term survival of a species
(creating genetic variations), the crucial factor for the survival of an organism resides in
genetic stability. In fact the integrity of the DNA sequence, that carries out and regulates
genetic information, can be impaired by inaccurate maintenance processes, endogenous
metabolites or exogenous agents. DNA lesions, by disturbing DNA replication and
transcription, induce degenerative and mutagenic changes as well as aberrations that lead to
ageing and carcinogenesis. Therefore, a sophisticated network of efficient DNA damage
response mechanisms, including DNA repair and checkpoint mechanisms, are dedicated to
remove most of these genomic insults. Additionally when lesions are not completely
removed before replication occurs, specialized pathways, called damage tolerance processes,
get activated in order to bypass the lesions, without repairing them, at stalled replication
forks. The significance of this multi-protein DDR response is illustrated by the severe
clinical symptoms associated with inherited defects in DDR factors. Live cell spatio-
temporal dynamics studies represent a precious tool for a better characterization of these
DDR factors. In Chapter 1 different DNA lesions, the specific repair pathways, checkpoint
mechanisms, damage tolerance processes and DDR-associated diseases are summarized as
well as the most appropriate technical approach to study the different DDR factors. The
focus of this chapter is on the versatile nucleotide excision repair (NER) mechanism as this
is the main study focus described in this thesis.

Genetic stability also requires a very accurate DNA replication mechanism that involves the
tightly regulated interplay of numerous replication factors. Moreover, replication factors
also play an important role in most of the DDR processes described in Chapter 1. Chapter 2
provides an overview on replication and DDR-associated DNA synthesis mechanisms. In
this chapter a description of the properties of crucial factors (PCNA, RFC and RPA) in both
normal replication and damage-associated replication is also included, as these are studied
extensively in this thesis.

In Chapter 3 the coordination between incision and the start of DNA repair synthesis
within NER is described. Using catalytically inactive mutants of the NER-specific
endonucleases XPG (that incises 3’ to the lesion) and ERCC1-XPF (responsible for the
5’incision), we showed that incision by ERCC1-XPF depends on the presence, but not the
catalytic activity of XPG, while 3’ incision by XPG requires the catalytic activity of ERCC1-
XPF. In cells expressing catalytically inactive XPG, but not in cells expressing catalytically
inactive XPF, partial DNA synthesis is detectable in vitro and in vivo. Post-incision NER
factors, (PCNA, pol §, CAF-1) are recruited to sites of local UV damage in the catalytic-
dead XPG mutants and UDS proceeds at intermediate levels. This suggests a “cut-patch-
cut-patch” mechanism whereby following 5’ cleavage by ERCC1-XPF, the repair synthesis
machinery is recruited and repair synthesis is initiated prior to 3'cleavage by XPG. This
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latter cleavage appears to occur subsequently, may be induced upon stalling of the
polymerase and allows the completion of repair synthesis.

The tethering of DNA polymerases for further repair synthesis is carried out by PCNA, a
sliding ring-shaped clamp that needs to be opened and loaded around the DNA by a clamp
loader. In regular DNA replication, this function is carried out by the RFCp140 (or RFC1)-
containing Replication Factor C complex. Different RFC-like complexes exist, that include,
besides the core proteins (RFC2-5), an alternative RFC1 subunit such as Rad 17, Elgl, or
Ctf18. In Chapter 4, using a combination of immunofluorescence, live cell microscopy
techniques (using a GFP tagged version of RFC), Chromatin immuno- precipitation (ChIP)
and repair synthesis inhibition by HU/AraC, we showed that RFC localizes in vivo to sites
of local UV damage for a long period post-UV, though in a very dynamic fashion. These
data suggest that RFC has other functions in repair replication besides loading of PCNA
during NER repair synthesis. Surprisingly, RFC does not seem to be required for recruiting
PCNA to NER sites but appears to be crucial for loading PCNA, in order to confer it into a
replication-competent status that allows the recruitment of pol § and initiation of repair
synthesis.

In chapter 5, by looking at the accumulation kinetics and localization in living cells of GFP-
tagged replication factors RPA, PCNA and RFC at sites of NER repair synthesis, we
demonstrate that these factors have a very different kinetic behavior than the other pre-
incision NER factors, since they accumulate at prolonged periods at sites of UV repair. This
suggests that these factors may have additional functions besides their known functions in
repair synthesis. RPA is actually the only factor that is involved both in the pre- and post-
incision steps of NER and displays differential dynamic properties.

In vivo dynamic studies using GFP-tagged proteins have been crucial to understand the
dynamic interplay between NER components during the assembly of the repair complex. In
Chapter 6 of this thesis, we have focused on a more quantitative understanding of how
repair complexes assemble in living cells and how the dynamic interactions of NER proteins
shape functional properties, such as the rate and specificity of DNA repair. This analysis is
based on kinetic measurements of seven GFP-tagged core NER factors and mathematical
modeling. This study shows that all core NER proteins exchange continuously and rapidly
between chromatin-bound and freely diffusing states, however they do accumulate in a
slower time scale (in the order of hours), revealing that assembly of NER factors is not
sequential but rather stochastic and reversible. A major component of protein affinity is the
state of the DNA substrate.

Tagged proteins play a central role in determining the spatio-temporal distribution of vital

processes such as replication, transcription and DNA repair. However, many additional
tools, like in vivo DNA labeling by DNA-stains such as the anthraquinone derivate Drag5,
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are also important to visualize the interaction of GFP-fused proteins with the target
substrate and to determine different chromatin compaction levels. In the technique-
orientated Chapter 7, the suitability of combining Dragb staining with protein dynamic
measurements is verified. Drag5 intercalation modifies the localization and dynamic
behavior of several chromatin-binding proteins by either stimulating release or binding of
these proteins to their substrate. Moreover, this results in an inhibition of the
corresponding cellular functions of these factors. This study indicates that caution should
be taken to implement so-called viable DNA stains in live cell studies as they may perturb
the analysis.

Not all UV lesions are repaired by NER before the cell enters S-phase, this can therefore
seriously hamper replication elongation. In this case, upon stalling of the classical
polymerase on the lesion, alternative sets of polymerases are recruited, which are able to
bypass the lesion. The main polymerase that can bypass CPDs (the most abundant UV-
lesion) in an error-free fashion is pol 1, which co-localizes with pol  at replication foci
induced by UV irradiation. Chapter 8 focuses on the interactions between these
polymerases and their recruitment to sites of damage. Using tagged versions of these
polymerases, we show that the two polymerases are highly mobile, with pol « being even
more mobile than pol . Moreover PCNA ubiquitination facilitates but is not essential for
accumulation of pol n into the foci. Finally, the polymerases seem to be continuously but
transiently probing the DNA/chromatin.

Interestingly, a report of 2009 by Soria et al in Cell Cycle has shown that pol 1 localizes not
only to TLS sites during S phase, but also to UV-damaged sites in G1 cells in a focal pattern.
In Chapter 9 we discuss these data and try to interpret the meaning of this surprising
finding in view of recent reports which indicate that the TLS polymerases may have
additional functions beyond TLS, such as NER repair synthesis for pol k or Revl and HR
for pol n. Hence pol n might also be implicated in NER or another repair pathway.
Alternatively the localization of pol n to foci may support a model known as “be-ready-for”,
in which several DDR factors accumulate in high local concentrations (foci) near the
damage, in order to be available if necessary. The facts that the PIP-binding domain of pol
1, but not the presence of PCNA, are required for the recruitment of pol n into these foci,
suggest that an unknown intermediate may be necessary to signal the relocalization of the
protein into sites of repair and could support this last hypothesis.
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Samenvatting

Ook al kunnen genetische veranderingen, of mutaties, verantwoordelijk zijn voor de lange
termijn overleving van een species (waardoor genetische variaties onstaan), de meest
cruciale factor voor overleving van een organisme ligt in genetische stabiliteit. De integriteit
van de DNA sequentie, welke de genetische informatie bevat en reguleert, kan worden
verstoord door onnauwkeurig onderhoud, endogene metabolieten of exogene stoffen.
Lesies in het DNA, door het verstoren van transcriptie en DNA replicatie, induceren
degeneratieve en mutagene veranderingen en aberraties welke leiden tot veroudering en tot
carcinogenese. Daarom is een goed ontwikkeld netwerk van efficiénte DNA schade respons
mechanismen aanwezig om de meeste van deze veranderingen in het genoom te
verwijderen. Daarnaast worden speciale biologische routes (‘damage tolerance processes’)
geactiveerd wanneer bepaalde lesies niet volledig zijn verwijderd voordat replicatie
optreedt. Deze “biologische routes” kunnen lesies zo omzeilen zonder deze te herstellen op
vastgelopen replicatie vorken. De betekenis van deze multi-eiwit DDR respons (DNA
schade respons) wordt geillustreerd door de ernstige klinische symptomen die geassocieerd
zijn met de erfelijke defecten in DDR factoren. Studies naar de spatiotemporale dynamiek
van deze DDR factoren in een levende cel zijn hierbij een belangrijk instrument voor een
betere karakterisering van deze eiwitten. In Hoofdstuk 1 worden DNA lesies, de specifieke
reparatie mechanismen, ‘checkpoint’ mechanismen, schade tolerantie processen en DDR-
geassocieerde ziekten beschreven. Daarnaast worden de meest geschikte technische
methoden om de verschillende DDR factoren te bestuderen, beschreven. De nadruk in dit
hoofdstuk ligt op het veelzijdige ‘nucleotide excision repair’ (NER) mechanisme, het
voornaamste onderwerp van deze studie, zoals beschreven in dit proefschrift.

Genetische stabiliteit vereist een zeer nauwkeurig DNA replicatie mechanisme waarbij een
precies gereguleerd samenspel van een groot aantal replicatie factoren nodig is. Daarnaast
spelen deze replicatie factoren een belangrijke rol in de meeste DDR processen, zoals
beschreven in Hoofdstuk 1. Hoofstuk 2 geeft een overzicht over de replicatie en de DDR-
geassocieerde DNA synthese mechanismen. In dit hoofdstuk worden eigenschappen van de
cruciale factoren (PCNA, RFC en RPA) in meer detail bestudeerd en beschreven in zowel
de normale replicatie als de schade-geassocieerde replicatie.

In Hoofdstuk 3 wordt de codrdinatie tussen incisie en de start van DNA repair synthese
tijdens NER beschreven. Door een enzymatische inactieve mutant van de NER-specifieke
endonuclease XPG te gebruiken, dat leidt tot incisie van 3’ in de lesie, tonen we aan dat 5’
incisie door ERCC1-XPF afhankelijk is van de aanwezigheid, maar niet de katalytische
activiteit van XPG, terwijl het gebruik van een katalytische inactieve variant van XPF
aantoont dat de incisie door XPG de katalytische activiteit van ERCC1-XPF nodig heeft. In
cellen die katalytisch inactieve XPG, maar niet die katalytisch inactieve XPF tot expressie
brengen, is gedeeltelijke DNA synthese detecteerbaar in vitro en in vivo. Post-incisie NER
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factoren (PCNA, pol o, CAF-1) verzamelen zich op de plaatsen van UV schade in de
katalytisch-dode XPG mutanten en de DNA schade herstel synthese gaat door op een lager
niveau. Dit suggereert een ‘knip-plak-knip-plak’ mechanisme waarbij het DNA schade
herstel synthese mechanisme activeert en repair synthese wordt geiniteerd voorafgaand aan
3’ splitsing door XPG en na 5’ splitsing door ERCC1-XPF. De 3’ splitsing treedt later op en
wordt waarschijnlijk geinduceerd wanneer polymerases vastlopen en maakt voltooiing van
DNA schade herstel synthese mogelijk.

Het PCNA eiwit zorgt voor binding van DNA polymerasen voor verdere DNA schade
herstel synthese. PCNA is een glijdende ringvormige klem welke geopend en geladen dient
te worden om het DNA door een ‘klemlader’. Tijdens normale DNA replicatie wordt deze
functie vervuld door het RFCp140 (of RFC1)- bevattende Replication Factor C complex. Er
bestaan verschillende RFC-achtige complexen, welke naast de kern RFC2, RFC3, RFC4 en
RFC5 eiwitten een alternatieve RFC1 subeenheid bevatten: Radl7, Elgl of Ctfl18. In
Hoofdstuk 4 tonen we aan dat RFC zich in vivo op plaatsen van lokale UV schade begeeft
gedurende een langere periode post-UV; in een zeer dynamische wijze. Dit is aangetoond
door gebruik van een combinatie van immunofluorescentie, levende cel microscopie
technieken (m.b.v. een GFP gelabelde versie van RFC), chromatine immunoprecipitatie en
inhibitie van DNA schade herstel synthese Deze data suggereren dat RFC andere functies in
de repair replicatie heeft naast het laden van PCNA gedurende NER geinduceerde DNA
schade herstel synthese. Verrassend is dat RFC niet nodig lijkt te zijn voor het groeperen
van PCNA naar plaatsen waar NER actief is, maar dat het cruciaal is voor het laden van
PCNA en het veranderen hiervan naar een replicatie-competente status, waardoor
recrutering van pol & en de initiatie van DNA schade herstel synthese mogelijk zijn.

In Hoofdstuk 5 tonen we aan dat, door bestudering van de accumulatie Kkinetiek en
lokalisatie van GFP-labelede replicatie factoren RPA, PCNA en RFC op plaatsen van NER
schade herstel synthese in levende cellen, deze factoren sterk verschillende kinetische
kenmerken hebben dan de andere pre-incisie NER factoren, aangezien deze ophopen
gedurende langdurige perioden op plaatsen van UV schade. Deze bevindingen doen
vermoeden dat deze factoren additionele functies hebben naast hun bekende functies in
DNA schade herstel synthese. RPA is de enige factor die zowel betrokken is bij pre- en post-
incisie stappen van NER en RPA vertoont onderscheidende dynamische eigenschappen.

In vivo dynamische studies waarbij GFP-gelabelde eiwitten worden gebruikt, zijn cruciaal
geweest in het begrijpen van het dynamische samenspel tussen NER componenten
gedurende de verzameling van het DNA schade herstel complex. In Hoofdstuk 6 leggen we
de nadruk op een meer kwantitatief begrip van hoe DNA schade herstel complexen zich
verzamelen in levende cellen en hoe dynamische interacties van NER eiwitten functionelen
eigenschappen bepalen, zoals de snelheid en specificiteit van DNA repair. Deze analyse is
gebaseerd op de kinetische metingen van zeven belangrijke GFP-gelabelde NER factoren en
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op mathematische modellen. De studie toont aan dat alle kern NER eiwitten continu en snel
wisselen tussen chromatine-gebonden en vrij diffunderende toestand, hoewel deze niet
ophopen in een tragere tijdschaal (in de grootte van uren). Dit toont aan dat het opbouwen
van het NER complex niet sequentieel maar eerder stochastisch en reversibel is.

Gelabelde eiwitten spelen een centrale rol in het bepalen van de spatiotemporale verdeling
van vitale processen, zoals replicatie, transcriptie en DNA schade herstel. Vele aanvullende
technieken, zoals in vivo DNA labeling met DNA-kleuringen zoals het anthraquinone
derivaat Dragb, zijn ook van belang voor visualisering van interactie tussen GFP-gefuseerde
eiwitten met het doel-substraat en om verschillende chromatine compactie niveau’s te
bepalen. In het techniek georiénteerde Hoofdstuk 7 controleren we de geschiktheid van het
combineren van Drag5 kleuring met eiwit dynamische metingen. Draqg5 intercalatie
verandert de lokalisatie en het dynamische gedrag van verschillende chromatine bindende
eiwitten. Dit leidt vervolgens tot inhibitie van gerelateerde cellulaire functies van deze
factoren. Deze studie wijst er op dat men voorzichtig dient te zijn bij implementatie van
deze DNA kleuring in levende cellen aangezien deze de analyse kunnen verstoren.

Niet alle UV lesies worden gerepareerd door NER voordat de cel de S-fase ingaat. Dit zal
echter wel de DNA replicatie verhinderen. In dat geval worden, op moment van plaatsing
van de klassieke polymerase op de lesie, alternatieve sets van polymerases gegroepeerd, die
de lesie kunnen omzeilen. De voornaamste polymerase, die de CPD’s kan omzeilen (de
meest voorkomende UV lesie) op een foutloze manier is pol n, welke zich ook bevindt op
dezelfde plaats als pol 1 op de foci van replicatie, geinduceerd door UV straling. Hoofdstuk
8 beschrijft met name de interacties tussen deze polymerases en hun groepering naar de
plaatsen van schade. We tonen d.m.v. gelabelde versie van de polymerases aan dat deze twee
polymerases sterk mobiel zijn, waarbij pol « zelfs mobieler is dan pol n. Verder tonen we aan
dat PCNA ubiquitinatie niet essentieel is, maar faciliteert, ophoping van pol n in de foci,

In 2009 een rapport door Soria et al in Cell Cycle, aantoont dat pol n zich niet alleen naar
TLS plaatsen begeeft gedurende de S-fase, maar ook naar UV-beschadigde plaatsen in G1
cellen in een focaal patroon. In Hoofdstuk 9 gaan we hier op in, waarbij we de betekenis
van deze verrassende bevindingen proberen te interpreteren in het licht van de recente
ontdekking dat TLS polymerases een additionele functie buiten TLS hebben, zoals NER
schade herstel synthese voor pol k of Revl en HR voor pol n. Pol n kan dus ook een rol
hebben bij NER of andere DNA herstel mechanismen. Anderzijds, kan lokalisatie van de
foci een model, bekend als ‘be-ready-for’, ondersteunen, waarin verschillende DDR factoren
zich ophopen in hoge lokale concentraties (foci) vlakbij de schade en gebruikt kunnen
worden indien nodig. Het feit dat het PIP-binding domein van pol n, maar niet de
aanwezigheid van PCNA nodig is voor groepering van pol n op deze plaatsen, doet
vermoeden dat een onbekende intermediaire stof wellicht nodig is om relokalisatie van het
eiwit naar plaatsen van repair te signaleren. Dit zou de laatste hypothese ondersteunen.
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