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Abstract

Genomic DNA can present impediments to the replication machinery.
Different factors assist the replication fork permitting DNA duplication even
in challenging conditions. Among them, the DNA damage tolerance (DDT)
pathway has evolved to allow an efficient bypass of obstacles for the fork,
especially after DNA damage. Two important players in this pathway are
PCNA and DNA polymerase 1. Recently, poln has been involved also in the
replication of genomic loci that present secondary structures that are difficult
to replicate, or present sparse replication origins (Common Fragile Sites).
Considering the expanding role of poln, both in the presence but also in the
absence of DNA damage, it becomes crucial to be able to follow poln activity
on the genome. Tracking the activity of DNA polymerases has been achieved
in the last few years thank to mutants that incorporate ribonucleotides in the
synthetized DNA. These can be specifically isolated and used to build DNA
libraries for NGS. Sequencing of ribonucleotides would allow to track the
activity of the polymerase along the genome. Here we show that DNA poln
mutated in F18 (F18A) caused a higher accumulation of ribonucleotides both
in vitro and in vivo. Characterisation of the mutant cell lines has highlighted
a partial deficiency in DNA damage bypass, possibly due to the activity of
RNase H2. Nevertheless, we present the first human cell system suitable for
the tracking of DNA polymerases by ribonucleotide incorporation. DDT
relies on a complex network of highly regulated proteins. Post translational
modifications of PCNA are central in the pathway. In fact, ubiquitylation and
SUMOylation, regulate two branches of the DDT: translesion synthesis and
template switch. While the latter is an error free process that uses
recombinational intermediates to bypass the damage, translesion synthesis
employs mutagenic polymerases to continue replication. Lysine 164 (K164)
on PCNA has a pivotal role in regulating DDT. However, its role in humans
is still ill defined. To fill this gap in knowledge, we established a PCNA
K164R cell line using the CRISPR/Cas9 genome editing approach. The
characterisation of an heterozygous clone has already provided intriguing
phenotypes, thus stressing the importance of this residue in DNA damage
bypass. Post translational modifications of PCNA regulate TLS polymerases
recruitment at the fork to bypass DNA lesions. However, it has been recently
shown that TLS polymerases may be exploited also during the normal
replication of the genome. Non B-form DNA is among the hypothesised



substrates of poln. We have verified the role of TLS in g-quadruplex
dynamics by the use of the well characterised G4-stabilising compound
pyridostatin. Either presence or absence of the polymerase influenced the
activation of the DNA damage response, thus stressing the role of DNA poln
in replicating past these structures.
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1. Introduction

1.1 Genome Replication

Inheritance of the genomic DNA is one of the most crucial mechanisms in
living organisms. The genome must be correctly replicated to avoid the onset
of detrimental mutations. Given the importance of this mechanism cells have
evolved a complex network of proteins to ensure the accurate transmission of
DNA by daughter cells. This network comprises a variety of enzymes that
actively coordinate DNA replication in time and space but also manage
eventual damage that would impede a correct progression of the replicative
machinery. Timing of genome duplication is tightly regulated and takes place
during the S phase of cell cycle (Zink D 2006). A finely tuned control by the
different cyclin and cyclin dependent kinases (cyclin/CDKs) restricts DNA
replication to a single duplication event in the S phase. This prevents over
replication and provides a single copy of the genomic material. Such a
delicate task requires the coordinated action of a considerable number of
proteins to regulate DNA replication. Proteins that are directly involved in
genome replication are part of the so-called replisome. Enzymes and other
accessory factors assemble on nascent DNA where leading and lagging
strands separate to form the replication fork. This molecular machinery is
capable of unwinding, replicate, eventually repair the template DNA and
finally control termination of the process. At the same time, replication has to
manage chromatin remodelling by first removing chromatin related proteins,
in order to gain access to the double helix, and then to re-establish the
chromatin complexes. All of these tasks are finely regulated by different
levels of control. The first level of replication control relies on the assembly
of replicative complexes at origins of replication (Masai H et al. 2010). In
fact, at the beginning of S phase the CMG complex, an 11 subunit complex
made of the Cdc45, Mcm helicase, and GINS is activated by phosphorylation
cascades at the level of origins (Fig. 1).
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Fig. 1 Replication initiation in eukaryotes

The Origin Recognition Complexe (ORC) binds to replication
origins upon its phosphorylation. Following this event
phosphorylated Cdc6 associates with the complex. Loading of
the Mcm complex with Cdtl1 is initiated by hydrolysis of ATP
on Cdc6 and its dissociation. These events lead to the assembly
of the so-called pre Replication Complex (pre-RC). Binding of
numerous other factors such as Cdc45 and GINS guarantees a
functional helicase activity. Loading of PCNA by the clamp
loader RFC allows engagement of replicative polymerases to
start DNA elongation. In the presence of DNA damage forks
are protected by ATR -ATRIP complexes.

Adapted from: Masai, Hisao, et al. "Eukaryotic chromosome DNA
replication: where, when, and how?." Annual review of biochemistry 79
(2010).
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The main task of the complex is to begin DNA double helix unwinding. In
addition to these proteins, McmlO stabilizes the entire complex and
stimulates DNA elongation by polymerases thanks to the presence of the
Replication Protein A (RPA) bound on ssDNA. Moreover, the RFC complex
is required to load the proliferating cell nuclear antigen (PCNA) on DNA.
This sliding clamp is composed of a trimer with identical subunits, each
containing amino acidic motifs for binding replicative polymerases. The
interaction between PCNA and DNA polymerases guarantees their
processivity during primer elongation (Choe K and Moldovan G 2017). Many
other proteins are required to control Okazaki fragments maturation,
recognize and repair mis-pairings and control chromatin reassembly. Protein-
protein interactions and post translational modifications coordinate and
regulate this very complex network of proteins that constitutes the replisome.
These intricate and tightly coordinated interactions manage the entire process
of genome replication and guarantee its integrity.

1.2 DNA polymerases

Replicative polymerases are the main enzymes of the replication fork and are
all part of the B-family DNA polymerases (Johansson E et al. 2013). Due to
their exclusive 5°-3' catalytic activity complementary DNA filaments are
replicated either in a continuous (leading strand) or discontinuous (lagging
strand) manner. Thus, the replication fork is organized so that the labour is
subdivided between the two major replicases (Nick McElhinny S et al. 2008)
(Fig. 2). In fact, DNA pole replicates the leading strand, DNA pola primes
elongation with RNA primers on the lagging strand and elongates the primers
with its DNA polymerase activity. Finally, DNA pold fills the gaps between
primers synthesised by the DNA pola primase activity.
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Fig. 2 Replication fork in eukaryotes

Replication fork assembles on the two strands for continous
strand replication by DNA pole and discountinous strand
replication by DNA pola and DNA pold. Accessory proteins in
the complex, such as the processivity factor PCNA allows an

efficient duplication of the genome.
Adapted from: Burgers, Peter MJ, and Thomas A. Kunkel. "Eukaryotic
DNA replication fork." Annual review of biochemistry 86 (2017): 417-438.

The discontinuous strand synthesis is guided by maturation of Okazaki
fragments (Fig. 3). Primers provided by the primase/polymerase activity of
DNA pola are elongated by DNA pold. When reaching the following primer,
the polymerase starts a strand displacement process that leaves a 5° flap. This
flap is the substrate for a flap endonuclease, FEN1, that removes the structure.
Nicks are finally generated by 3’ exonuclease activity of DNA pold that
immediately restarts synthesis in an iterative nick translation reaction. To end
the process gaps are filled thanks to DNA ligase I generating a continuous
filament of DNA. Replicative polymerases share similar general features
while having slightly different tasks. The high fidelity of these polymerases
is mostly guaranteed by their 3’ exonuclease activity that removes
erroneously incorporated nucleotides. The proofreading activity is shared by
both DNA pole and DNA 0 but it is not present in DNA pola. Another
important feature is processivity of the replicases, which is the capability of
elongating nascent DNA without disengaging from the double helix.

10



1. Introduction

Ligation
DNA :
synthesis

=@M:

3-exonuclease

4
|

Flap
cutting

Idlin

Strand 2
displacement
synthesis

5
LA Excess
— :
Strand displacement
synthesis

Fig. 3 Okazaki fragments maturation

1l
ror

Dna2
5-endonuclease

After primers synthesis by DNA pola, DNA pold engages the
discontinous strand to elongate primers. The strand
displacement activity is counteracted by its 3’ exonuclease
activity. Excessive strand displacement creates a 5 flap
intermediate cut by FEN1 exonuclease. The iterative cycle
between flap cut and strand displacement generates a continous
nick translation reaction that terminates with the ligation of the

nicks by DNA Ligase I.
Adapted from: Burgers, Peter MJ, and Thomas A. Kunkel. "Eukaryotic
DNA replication fork." Annual review of biochemistry 86 (2017): 417-438.

Comparing the different polymerases, DNA pole has the highest processivity
thanks to the presence of additional subunits conferring the capability of
encircling dsDNA directly. On the other hand, DNA pold and DNA
pola require a direct interaction with PCNA to maintain contact with the
nascent dsDNA. In both cases, the sliding clamp acts as a processivity factor
and guarantees an efficient polymerisation reaction by DNA polymerases
(Chilkova O et al. 2007).

11
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1.3 Sugar discrimination by replicative DNA polymerases

Fidelity of DNA polymerases is not only restricted to the incorporation of the
correct nucleotide pair. In this case, both the exonuclease activity and the
presence of the mismatch repair system ensure that mutagenesis is maintained
at low levels during DNA replication. Another level of complexity for correct
nucleotide pairing is given by recognition of the correct sugar during
polymerases catalysis. Indeed, cells possess two different pools of
nucleotides: deoxyribonucleotides (ANTPs) and ribonucleotides (NTPs) with
the latter being from 10 to 100 fold more abundant in eukaryotic cells (Traut
W etal. 1994). Given the similarity and the higher abundance, ribonucleotides
can be used as a substrate by DNA polymerases and hence be erroneously
incorporated during replication (Nick McElhinny S et al. 2010). Despite this
tendency, ribonucleotides load on genomic DNA is usually maintained at low
levels. Perhaps, misincorporated ribonucleotides are a source of genome
instability, mostly because of their higher reactivity and DNA distorting
capacity when present in the DNA double helix. Indeed, the presence of
ribonucleotides embedded into the genome can cause a transition from B to
A forms of DNA. This transition has an immediate impact on the efficiency
of DNA replication (Egli M et al. 1992; Ban et al. 1994). Two different
strategies have evolved to prevent genomic instability in the case of
misincorporated NTPs. The first mechanism resides in the capability of the
active site of DNA polymerases to exclude ribonucleotides. Actually, a single
residue in the amino acidic chain of the active site is responsible for such
efficient exclusion (Brown J et al. 2011). This evolutionary conserved residue
has been identified in members of all the DNA polymerases families. For A
family it is represented by a glutamine (Glu) residue, while it is an aromatic
residue such as tyrosine (Tyr) or phenilalanine (Phe) for B, X, Y and RT
family. Such residues are located in the active site in an orientation that causes
a clash with the 2’ hydroxyl group (2’-OH) of incoming ribonucleotides (Fig.
4).

12
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Fig. 4 A conserved steric gate residue prevents
ribonucleotides incorporation

DNA polymerases possess a residue in their active site that
causes a steric clash with the 2’-OH of incoming
ribonucleotides. This is called the “steric gate” residue and
efficiently prevents incorporation of ribonucleotides during
genome replication. The steric gate has been found
evolutionary conserved in both replicative and alternative DNA
polymerases. Examples of different families of polymerases
are here depicted (from A to F). The steric gate residue is
depicted in green, clashing with an incoming ribonucleotide at
the level of 2’-OH indicated by the arrows.

Adapted from: Brown, Jessica A., and Zucai Suo. "Unlocking the sugar
“steric gate” of DNA polymerases." Biochemistry 50.7 (2011): 1135-1142.

Thus, a single amino acidic residue can exclude the wrong nucleotide
substrate based on the chemical difference with deoxyribonucleotides.
Although this is an efficient strategy, NTPs can escape this first line of control
and be erroneously incorporated into genomic DNA (Cerritelli S et al. 2016).

13
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Accordingly, studies in yeast have provided the first evidence of
ribonucleotides misincorporation by replicative polymerases. In more detail,
in S. cerevisiae it was demonstrated that during normal genome replication
both DNA pole and DNA pold mutants were able to misincorporate
ribonucleotides in vivo (Nick McElhinny S et al. 2010). Surprisingly, precise
quantitation of ribonucleotides incorporation revealed that these are the most
abundant erroneous base incorporated in DNA during replication. Recently
also specialised polymerases, respectively polf}, poly, and poln have been
shown to misincorporate ribonucleotides in vitro (Crespan E et al. 2016;
Mentegari E et al. 2017). Given the deleterious consequences of genomic
embedded NTPs, cells have evolved a dedicated pathway to detect and
remove misincorporated ribonucleotides (Sparks J et al. 2012; Williams JS et
al. 2016). The pathway is called ribonucleotides excision repair (RER) and
takes advantage of the ribonuclease H2 (RNase H2) enzyme (Fig. 5). This is
an evolutionary conserved enzyme and in humans is present as an
heterotrimeric complex given by the assembly of RNase H2A, RNase H2B
and RNase H2C subunits (Reijns M et al. 2014). The RNase H2A subunit has
been identified as the catalytic subunit, although it is not able to cleave
ribonucleotides per se but requires the correct assembly of the trimer (Chon
H et al. 2009). Once correctly assembled, the enzyme can recognize either
single or multiple embedded ribonucleotides into genomic DNA and cleave
at the 5’ the NTP (Nguyen T et al. 2011; Figiel M et al. 2011). The cleaved
strand is displaced by replicative polymerases creating a 5’ flap that is
resolved by Fenl (Rydberg B et al. 2002). Once gap filling terminates,
ligation of the fragments occurs thanks to DNA Ligase 1.

14
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Fig. 5 Ribonucleotides Excision Repair

RNase H2 recognizes genomic embedded ribonucleotides and
cleaves at the 5°. This event creates nicks that are filled-in by
DNA pold. The displaced 5’ strand is processed by
exonucleases and finally gaps are ligated.

Adapted from: Williams, Jessica S., Scott A. Lujan, and Thomas A. Kunkel.

"Processing ribonucleotides incorporated during eukaryotic DNA
replication." Nature Reviews Molecular Cell Biology 17.6 (2016): 350.

Therefore, this process clears DNA from erroneously embedded
ribonucleotides and thus prevents genomic instability. However, the exact
mechanism by which ribonucleotides accumulation causes genome instability
is still under investigation.

15
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Much of the work to characterise RNase H2 activity has been performed in
the yeast S. cerevisiae model. Indeed, loss of both RNase H1 and H2 in yeast
has causes a higher sensitivity to replication stress that can be resolved by
post replication repair mechanisms (Lazzaro F et al. 2012). On the contrary,
mice that lack RNase H2 show an embryonic lethal phenotype that has been
directly linked to the excess of ribonucleotides in genomic DNA (Reijns M et
al. 2012). Finally, in humans, mutations of RNase H2, cause an autosomal
recessive disorder named Aicardi-Goutieres syndrome (AGS) (Crow Y et al.
2008). This disorder has been classified as a neuroinflammatory autoimmune
disease. Indeed, the severe phenotype has been linked to the accumulation
RNA:DNA hybrids that can trigger an inflammatory response if left
unresolved (Lim Y et al. 2015; Mackenzie K et al. 2016; Mackenzie K et al.
2017). In the past, sugar discrimination by polymerases seemed an obvious
property and ribonucleotides accumulation irrelevant. During last years
knowledge about ribonucleotides misincorporation has impressively
expanded. As a consequence, their influence on human diseases has brought
to attention the central role of the RER pathway for genome instability.

1.4 Polymerase’s activity tracking

Although being deleterious for the cell, incorporation of ribonucleotides by
polymerases has been exploited to track DNA polymerases activity. In fact,
one of the strategies to follow DNA polymerases in action along the genome
is to follow DNA elongation with nucleotide analogues. If analogues can be
isolated, then it will be possible to enrich DNA that has been elongated by the
polymerase. Seminal studies in yeast have taken advantage of strand specific
mutagenic signatures by catalytic mutants of the three major DNA
polymerases (Pavlov Y et al. 2001; Pursell Z et al. 2007; Shinbrot E et al.
2014). Thanks to these studies the roles of DNA pole in replicating the bulk
of leading strand and DNA pold elongation of the lagging strand were directly
monitored from yeast genomic mutational patterns (Nick McElhinny S et al.
2008). However, monitoring spontaneous mutations is not an efficient
strategy, due to the low probability of misincorporations. In order to improve
detection of misincorporations it is necessary to work in a mismatch repair
defective background.

16
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Nonetheless, cells carrying this genetic background present an altered
viability and have led to different interpretations of the polymerases activity
maps (Burgers P et al. 2016; Johnson R et al. 2016). Studies in the field have
looked for strategies to force mutagenic nucleotides incorporation by mutant
polymerases. While looking for useful catalytic mutants to track replicases
mutational signature, variants with a different sugar selectivity were isolated.
Mutations in polymerases catalytic site were identified as steric gate
mutations that stimulate ribonucleotides incorporation at higher frequency
(Nick McElhinny S et al. 2010). In light of these findings, ribonucleotides
were designated as useful endogenous nucleotides analogues for polymerases
tracking. The use steric gate mutants combined with the loss of RNase H2 in
yeast, has led to the development of specific ribonucleotides sequencing
methods to map DNA polymerases along the genome. In fact, during the last
few years different groups have developed similar but comparably efficient
methods to isolate genomic NTPs and precisely map the DNA fragments that
contained ribonucleotides (Daigaku Y et al. 2015; Clausen A et al. 2015; Koh
Ketal. 2015). Briefly, once polymerases have been genetically engineered to
allow NTPs incorporation, sequences containing NMPs can be digested either
chemically or enzymatically and then the isolated DNA fragments can be
used for next generation sequencing (Fig. 6). Similar studies in both budding
or fission yeast have provided detailed maps of the asymmetric activity of
replicative polymerases along chromosomes. In fact, the division of labor
between replicative polymerases has been confirmed by ribonucleotides
incorporation (Reijns MA et al. 2015; Clausen A et al. 2015; Daigaku Y et al.
2015). Thanks to these studies, the consequences of ribonucleotides
incorporation into genomic DNA have been more precisely assessed. For
example, the presence of NTPs and their cleavage by a Topoisomerase [
mediated pathway, in the absence of RNase H2, can lead to short deletions or
more harmful gross chromosomal rearrangements (Conover H et al. 2015;
Williams J et al. 2016). Considering the data obtained in yeast, genetic
engineering of polymerases coupled to ribonucleotides sequencing can be
exploited as a new and powerful strategy to obtain high resolution maps of
each polymerase. Analysis of such maps would help to discern the
contribution to genome replication by single polymerases.

17
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At the moment all of such studies have been performed in yeast where whole
genome sequencing is advantageous because of the reduced size of the
genome when compared to the mammalian genome. Attempts to reproduce
such methodology in mammalian cells have to face the obstacle of a larger
genome to obtain polymerase sequencing maps.
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Fig. 6 Isolation of genomic ribonucleotides
Ribonucleotides inserted into genomic DNA on either the
leading strand (W) and lagging strand (C), can be cleaved
specifically by eithr chemical conditions or enzymatically.
Treatment with RNase H2 cleaves at 5° generating fragments
that can be targeted for sequencing. Alkali instead react with
the 2°-OH group producing a 5’-OH group and 2°,3” phosphate
end. Both generated ends can be targeted to build sequencing
libraries.

Adapted from: Burgers, Peter MJ. "Polymerase dynamics at the eukaryotic
DNA replication fork." Journal of Biological Chemistry 284.7 (2009):
4041-4045.
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1.5 DNA Damage Response (DDR)

The precise coordination of DNA polymerases in the replication fork
guarantees a faithful duplication of the genome. However, numerous sources
of DNA damage may cause genomic instability. Exogenous DNA damage
can be caused by either chemical or physical treats. Chemicals like alkylating
agents or oxidative compounds, can damage DNA bases mainly leading to
the formation of abasic sites. Instead, physical damage can be inflicted to
DNA either by ionizing radiations causing strand breaks or by UV irradiation
causing chemical modifications of DNA bases. In addition to this, not only
exogenous damages can offend the double helix and thus compromise
genome replication but also the intrinsic nature of the sequence can be an
obstacle to the replication fork. In fact, the genome presents regions
intrinsically difficult to replicate. Sequence composition, either repetitions or
the formation of peculiar secondary structures, can slow the rate of replication
with possible deleterious consequences for cell’s viability (Zeman M et al.
2014). Any of these circumstances may cause replication stress and activate
a pathway called DNA damage response (DDR) (Ciccia A et al. 2010). The
main kinases of the DDR pathway are Ataxia Telangectasia Mutated (ATM)
and Ataxia Telangectasia and Rad3-related (ATR) (Zhou B and Elledge S
2000). Both are serine/threonine kinases that respond to different genomic
stresses. While ATM responds to DSBs together with DNA-PK, ATR is
activated by replication fork stresses (Fig. 7). In fact, when encountering an
obstacle, replicative polymerases may stall if a lesion is present on the
template strand. Even though replication fork progression is impeded, MCM
helicase activity continues to unwind DNA, thus uncoupling replication and
unwinding processes. These uncoupled reactions produce stretches of single
stranded DNA (ssDNA) and this DNA substrate activates the ATR branch of
the DDR pathway (Byun T et al. 2005). In brief, the RPA protein binds
exposed ssDNA and in turns activates the major kinase of the pathway, ATR
(Zou L et al. 2003). The RPA-ssDNA complex recruits the ATR/ATRIP
complex at the level of stalled forks and initiates the checkpoint cascade that
phosphorylates a plethora of substrates comprising the complex formed by
Rad9, Radl and Hus1 (9-1-1 complex), TOPBP1, p53, BRCAI, and other
players to control both cell cycle progression and damage repair. The cascade
finally leads to the activation of the downstream kinase Chkl1.

19
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In particular, ATR phosphorylates Chk1 on S345 and S317, and while S345
has been demonstrated fundamental to Chkl activation, the role of S317 is
still undefined (Zhao H et al. 2001). The concerted action of ATR and Chk1
permits fork stabilisation, damage repair or fork restart. Most importantly, the
phosphorylation cascade controls cell cycle progression. Indeed, entry in
mitosis in the presence of stalled forks can lead to more deleterious
consequences for genome integrity. To prevent such outcomes, the ATR axis
control activation of cyclin/CDKs. In detail, when Chkl is active, it
phosphorylates and thus inactivates CDC25 phosphatases ( Liu P et al. 20006).
These phosphatases normally remove the inhibitory phosphorylation on
CDKI1 and CDK2 that if active can form cyclin-CDK complexes and
stimulate cell cycle progression. This ATR/Chk1 axis constitutes the intra S-
phase checkpoint. This checkpoint mechanism has a major role in preventing
incorrect transition from the S phase to mitosis. Moreover the intra S-phase
checkpoint also controls origin firing (Maya-Mendoza A et al. 2007; Kumar
S et al. 2009), fork stability (Lopes M et al. 2001; De Piccoli G et al. 2012),
and DNA repair processes. The control of this considerable number of
pathways is achieved thanks to targeted phosphorylation of a plethora of
substrates. Overall, the ATR axis guarantees a proficient entry into mitosis
alleviating replication stress and thus preventing more deleterious
consequences for genome stability.

20
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Two different kinds of cellular stresses can activate two
branches of the DNA damage response (DDR) distinguished by
the two different apical kinases. DSBs are sensed by the MRN
complex and stimulate ATM activity. Phosphorylation
activates protein mediators, mainly devoted to DNA ends
protection, but also the downstream kinase Chk2. The main
substrate of Chk2 is p53 which coordinates the final outcome
of the pathway. On the other hand replication stress leads to
accumulation of RPA coated ssDNA. This is the main target
for ATR activation that is recruited to DNA by its partner
ATRIP. Here, ATR phosphorylates numerous mediators but
including the downstream kinase Chk1. The main substrate of

Chkl1 is Cdc25 whose activation leads to cell cycle arrest.

Adapted from: Sulli, Gabriele, Raffaella Di Micco, and Fabrizio d'Adda di
Fagagna. "Crosstalk between chromatin state and DNA damage response in
cellular senescence and cancer." Nature Reviews Cancer 12.10 (2012): 709.
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1.6 Translesion Synthesis (TLS)

The lesions produced by UV irradiation are between the most characterised
obstacles that replication forks may encounter. Both UV-C and UV-B light
damages DNA generating bulky adducts with the formation of either covalent
bonds between adjacent pyrimidines (cyclobutane pyrimidine dimers or
CPDs) or 6-4 pyrimidine-pyrimidone photoproducts (6-4 PPs). The majority
of these lesions are repaired before S phase by the nucleotide excision repair
system (NER). Thanks to a complex network of proteins, this repair system
recognises adducts, excides the DNA tract containing the lesion and then fills
the remaining gaps (Marteijn J et al. 2014). The fill-in reaction is performed
by replicative polymerases and fragments are ligated by DNA ligase L.
Although this is a very efficient pathway, some lesions can be left unrepaired
and thus persist at the S phase entry. Replicative polymerases cannot
accommodate bulky DNA templates in their active site and as a consequence
are blocked on the damaged template. Cells have evolved a dedicated
mechanism to cope with the stalling of replicases on damaged DNA and
prevent more deleterious consequences. Early works on this phenomenon
started from studies in E. coli. In this prokaryotic organism, gaps on the newly
synthesised DNA strand were noticed after UV irradiation (Rupp W et al.
1968). Initially, it was hypothesised that these gaps may be filled-in by
polymerases in post replicative system, that was acting after the bulk of DNA
replication was concluded. This replicative system past UV photoproducts
was immediately recognised as an error prone system and initially attributed
to lower fidelity of replicative polymerases in bypassing adducts (Lemontt J
et al. 1971; Kato T et al. 1977). It took years to characterise the Rad30 gene
in yeast and to demonstrate that its product was a low fidelity polymerase,
albeit having the ability to bypass faithfully thymidine dimers induced by UV
(Johnson R et al. 1999). Later on, the polymerase orthologous gene in humans
was isolated and correlated to the Xeroderma Pigmentosum Variant (XPV)
disease (Masutani C et al. 1999). This is an autosomal recessive syndrome
that increases UV sensitivity and causes a higher incidence of skin cancer in
patients (DiGiovanna J and Kraemer K 2012). Nowadays the bypass of UV
lesions upon replication fork stalling has been characterised as a translesion
synthesis mechanism and relies on a dedicated set of DNA polymerases.
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DNA polymerase n was subsequently classified as a member of Y-family
polymerases (Sale J et al. 2012). The peculiarity of these polymerases lies in
their active site. Despite being similar to replicative polymerases in terms of
overall structural organisation, the active site in the Y-family is wider and
allows accommodation of bulky lesions present on the DNA template. This
is a clear advantageous feature for DNA damages bypass, but it becomes
detrimental when extending an undamaged template. In fact, the wider
catalytic site reduces the capability to discriminate between the correct
nucleotide pair with the result of a mutagenic elongation. Increased
mutagenesis is also caused by the lack of 3’-5° proofreading activity, which
is typical of high fidelity replicative polymerases. Other specialised
polymerases have been identified in humans in the last few years and now the
Y-family comprises DNA poln, DNA pol,, DNA polk and Revl. An
additional TLS polymerase, DNA polC had already been identified, although
comprised in the B-family of DNA polymerases. To avoid fork stalling, and
the eventual fork collapse, the mechanism of translesion synthesis assists the
replication fork and employs specialized polymerases to bypass the damage
and continue DNA replication. These polymerases share some common
features together with structural similarities. In some cases, they are capable
of inserting the correct nucleotide in front of the lesion and synthesize short
tracks of nucleotides, however they are generally considered error pone when
replicating on an undamaged template (Vaisman A and Woodgate R 2017).
Another distinctive feature of specialised polymerases is their low
processivity. In particular, they tend to synthesize short nucleotide stretches
and then immediately dissociate from DNA. This feature defines them as
distributive polymerases instead of processive polymerases as the replicative
enzymes are. Despite sharing major similarities, each TLS polymerase has its
own identity (Vaisman A and Woodgate R 2017) (Fig. 8).
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Fig. 8 Comparison of yeast and human Y-family
polymerases

A All members share a common right hand configuration
similar to replicative polymerases with palm, fingers
and thumb domains.

B Y-family polymerases have an additional little finger
domain. They lack the 3’-5" exonuclease domain or, as
in the case of DNA polC, it is inactive (A).
Mitochondrial signals can be present as in the case
Revl. UBM and UBZ domains allow Ubi-PCNA
binding while PIP domains regulate affinity for
unmodified PCNA. RIR domains permit Rev1 binding
and Rev1 has PIR domains.

Adapted from: Vaisman, Alexandra, and Roger Woodgate. "Translesion
DNA polymerases in eukaryotes: what makes them tick?." Critical reviews
in biochemistry and molecular biology 52.3 (2017): 274-303.
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DNA polC

PolT has been documented as performing the elongation step after lesion
bypass by the other Y-family polymerases. Notably it is part of B-family and
thus shares higher similarities with the replicative polymerases. The enzyme
is a multisubunit complex and shares accessory subunits with the replicative
pold (Makarova A et al. 2015). In detail, the holoenzyme is a tetramer
comprising the Rev3, Rev7, p50 and p66 subunits. Rev3 represents the
catalytic subunit and the largest of the complex. Rev7 has been shown to
stimulate catalytic activity by up to 30 fold. This subunit also mediates
numerous interactions such as with DDK kinase implied in replication
initiation, the transcription factor TFII-I and the spindle assembly protein
MAD?2. In yeast, Pol31 and Pol32 accessory subunits (pSO and p66
respectively in humans) were shown to stimulate catalytic activity and
mediate PCNA interactions. Compared to its related replicative polymerases,
the holoenzyme has a lower fidelity due to the inactive 3’-5’exonuclease
activity. It was shown that about half of the spontaneous mutagenesis in yeast
could be related to DNA polC (Quah S et al. 1980). Interestingly, while being
dispensable in yeast, loss of REV3L gene in mice causes embryonic lethality
(Wittschieben J et al. 2000; Esposito G et al. 2000). Notably, the mutagenic
activity of polC has been linked to carcinogenesis in humans (Lange S et al.
2011). Much of the informations we have gained on this polymerase are from
in vitro reconstitution of its activity. Experimental evidence has been shown
that polC has a low efficiency in incorporating nucleotides opposite template
lesions, while it has a high efficiency in elongating mismatched primers. Its
fidelity on undamaged templates is however higher when compare to the Y-
family polymerases. These data led to the present model in which after other
specialised polymerases have bypassed the lesion, polC elongates the primer
until replicative polymerases are engaged again on the replication fork
(Johnson R et al. 2000).
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Polv

Polv has peculiar characteristics in terms of catalysis. In fact, it has been
shown to possess both a polymerase and dRP lyase activity, similar to X-
family polymerases, that explains its involvement in base excision repair
(BER) (Bebenek K et al. 2001). Its processivity is very low, restricted to 2-3
nts and it is the least faithful Y-family polymerase. Catalysis by DNA polt
differentiates also in the divalent ions that are coordinated by the active site.
Indeed, while the majority of DNA polymerase coordinate Mg** ions to
perform DNA elongation, polu preferentially coordinates Mn?** (Frank E and
Woodgate R 2007). The elongation fidelity is highly dependent on sequence
context especially while bypassing damaged templates like CPDs (Tissier A
et al. 2000; Vaisman A et al. 2003). However, its capability of bypassing such
lesions may be exploited, together with DNA polk, in the case of DNA poln
loss such in XPV phenotypes (Jansen J et al. 2014). Despite being faithful
opposite a T template, it tends to insert G in front of an A template. Although
being a mutagenic activity, this tendency counteracts cytosine deamination
and prevents CG to TA transitions (Vaisman A and Woodgate R 2001). While
being beneficial to prevent spontaneous mutations, this is detrimental in the
case of somatic hypermutation where TLS is required to generate Ig genes
diversity. In fact, in this case transitions are at the base of Ig diversity
generation and the activity of DNA polv would suppress transitions due to its
tendency of inserting G nucleotides in front of A templates. This model
explains why DNA polu is usually not involved in the process of somatic
hypermutation where other TLS polymerases take part (McDonald J et al.
2003).

Revl

Revl1 has a restricted catalytic activity and has been demonstrated to insert
only C in front G. Its catalytic core presents two amino acidic inserts. The
first determines its strict selectivity for both primers and the incoming
nucleotides, while the second is a platform for protein protein interactions
(Swan M et al. 2009). This insert is fundamental for the non catalytic roles of
Revl in TLS. In fact, besides having a restricted catalytic activity it is
involved in numerous interactions that confers a regulatory role. Interestingly,
Revl has been demonstrate to play a role in the recruitment of TLS
polymerases at stalled replication forks (Gun C et al. 2003; Ohashi E et al.
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2004). A C-terminal domain called protein interaction region (PIR) mediates
interactions with TLS polymerases (Pustovalova Y et al. 2012). A short motif
on DNA poln, polt and polk called Rev1 interaction region (RIR) is sufficient
for their binding to Revl (Ohashi E et al. 2009). The role of Revl has been
elucidated in recent studies. The actual model predicts that Rev1 coordinates
the two steps of TLS: damage bypass first and subsequent primer extension.
These two steps require the coordination of different TLS polymerases and
Revl would work as a platform for coordinating polymerases at the fork
(Livneh Z et al. 2010; Prakash S and Prakash L 2002). Interactions of Revl
with the DNA polC subunit Rev7 would stimulate recruitment of the
elongation polymerase displacing the lesion bypass polymerase ( Kikuchi S
et al.2012; Pustovalova Y et al. 2012). More interestingly, Revl may also be
able to select the right polymerase to guarantee the most accurate and efficient
bypass of the lesion (Ohashi K et al. 2009). Interaction of Revl with PCNA
mediates PCNA-TLS polymerases binding (Guo C et al. 2006a; 2006b; Wood
A et al. 2007). Recent analysis have identified PCNA-Rev1-poln association
as a highly dynamic complex that would sample the right polymerase
according to the needs (Boehm E et al. 2016). In agreement with these
findings Revl may have a more prominent role as a scaffolding and
regulatory protein in TLS, rather than exploiting its catalytic activity. Its role
role is not exclusively nuclear, but it also works in mitochondria (Zhang H et
al. 2006). Here it contributes to maintaining mitochondrial DNA stability
assisting DNA poly together with DNA polC subunits Rev3 and Rev7 (Zhang
H et al. 2006).

DNA polk

In recent years, DNA polk has earned major interest by studies in the field.
This TLS polymerase has been characterised for its activity in the extension
step after DNA lesion bypass. The efficient primer extension capability is
mainly provided with an N-terminal extension called N-clasp. This region
stabilises the catalytic core and little finger (LF) domain favouring DNA
binding (Uljon S et al. 2004). This feature makes the polymerase uniquely
specialised for elongating distorted primers (Lone S et al. 2007). The tighter
interaction with DNA also guarantees a higher processivity than other TLS
polymerases of about 20-30, a sufficient elongation before switching with
replicative polymerases. It is also the most accurate between Y-family
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enzymes on undamaged DNA with a rate of about 6*10 (Ohashi E et al.
2000). The propensity of elongating misaligned or distorted primers favours
introduction of frameshifts mutations by DNA polk. While being unable to
replicate past 6-4 photoproducts (6-4 PPs); it accurately bypasses guanine
adducts such as the main cigarette smoke adduct benzo-a-pyrene diol epoxide
deoxyguanine (Yamamoto J et al. 2008; Rechkoblit O et al. 2002; Liu Y et al.
2014; Zhang Y et al. 2002). Such findings have led to the hypothesis that this
polymerase may have evolved to protect cells from environmental pollutants.
The hypothesis is demonstrated by studies in mice where the polymerase was
deleted (Ogi T et al. 2002). Moreover, DNA polk has gained more attention
due to its involvement in the NER pathway. Initially the role of polk in NER
was discovered in mice cells (Ogi T and Lehmann A 2006). Loss of polk in
this cells caused a considerable reduction of NER activities and thus
demonstrated for the first time the role of this in the main UV damage repair
pathway. Subsequent studies tried to elucidate the mechanism by which either
NER or polk were chosen by cells to repair UV lesions. The current model
predicts the existence of two modes action in the presence of UV lesions after
DNA incision by NER (Ogi T et al. 2010). The first implies unmodified
PCNA and replicative DNA pole in copying the DNA template. The second
one takes advantage of DNA pold for strand displacement synthesis at first
but then employs PCNA ubiquitylation to recruit DNA polk. The choice
between the two pathways was first addressed to the localisation of the
lesions: damages on leading strand may be managed by DNA pole, while
damages on the lagging strand required DNA pold and polk. However, a more
plausible explanation is that either type of repair may depend on the
conformation of the lesions and on the chromatin environment. Thus, also in
the case of DNA polx its role is not simply related to the TLS mechanism but
has been demonstrated to have a wider implication in maintaining genome
stability.
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1.7 DNA Damage Tolerance

Given the potential mutagenicity of these polymerases, their recruitment at
the level of the replication fork must be tightly controlled. The precise
localisation of TLS polymerases at stalled forks is regulated mainly by means
of specific protein-protein interactions. The sliding clamp PCNA has a central
role in this pathway. Apart from being employed to ensure polymerases
processivity, the clamp has been recognised to have additional roles in
regulating DNA repair and damage bypass (Choe K et al. 2017). Structural
data have revealed the organisation of its domains (Dieckman L et al. 2012).
The clamp is an homotrimeric protein with each subunit composed of two
globular domains. The domains have an inter domain connecting loop (IDCL)
which serves as a platform for binding multiple protein partners (Mailand N
et al. 2013) (Fig. 9). On the other hand, PCNA interactors have a conserved
aminoacidic sequence that provides affinity for IDCL motifs. This sequence
is also called PIP-box (PCNA interacting protein) and is composed of the
QXX(I/L/M)XXFF consensus where X can be any aminoacid. Slight
modifications of the consensus sequence provide a different affinity to PCNA
partners. However, the capability of PCNA to interact with multiple partners
is not only given by direct interactions but also mediated by specific post-
translational modifications (PTMs) of the trimer. PCNA PTMs are crucial for
translesion synthesis, in particular ubiquitylation and SUMOylation (Cipolla
L et al. 2016). Upon encountering a damage, replicative polymerases are
stopped causing replication fork stalling. This event exposes ssDNA which is
a substrate for RPA binding (Davies AA et al. 2008). The presence of such
intermediate stimulates the activity of Rad6, the E2 ubiquitin ligase that in
turn activates Rad18, the E3 ubiquitin ligase (Hedglin M and Benkovic S
2015). Once Rad18 is stimulated, it ubiquitylates PCNA on a key residue,
lysine 164 (K164) localized in the IDCL. This modification provides a
landing platform with high affinity for specialised TLS polymerases
(Kannouche P et al. 2004) (Fig. 10).
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Fig. 9 Structure of the PCNA trimer

The trimer is assembled with identical globular subunits.
Domains of each monomer are connected with an interdomain
connecting loop (IDCL). Black arrows point at K164 residue,
the main regulator of TLS dynamics.

Adapted from: Choe, Katherine N., and George-Lucian Moldovan.

"Forging ahead through darkness: PCNA, still the principal conductor at the
replication fork." Molecular cell 65.3 (2017): 380-392.

Together with a PIP-box in their C-terminal domain, Y-family polymerases
also have an UBM or UBZ, ubiquitin binding domains, that confer a higher
affinity for the ubiquitylated form of PCNA (Bienko M et al. 2005). Indeed,
thanks to PCNA ubiquitylation on K164 the presence of mutagenic
polymerases at replication fork is tightly restricted to lesion bypass.
Translesion synthesis is not the only mechanism employed to bypass lesions
during replication. While TLS uses mutagenic polymerases to overcome
DNA lesions, an alternative error free mechanism has evolved.
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Fig. 10 DNA damage tolerance in human cells.

During genome replication the presence of a lesion stalls the
replication fork since replicative polymerases cannot
accomodate distorted templates. Stalling of fork activates the
DNA damage tolerance pathway (DDT) that leads to PCNA
ubiquitylation by the E3 ubiquitin ligase Radl8. TLS
polymerases have a high affinity for ubiquitylated PCNA and
thus are recruited at the fork to bypass the lesion. After lesion
bypass the DNA is further elongated and replicative
polymerases can gain access to the fork to restart DNA
replication.

Adapted from: Sale, Julian E., Alan R. Lehmann, and Roger Woodgate. "Y-

family DNA polymerases and their role in tolerance of cellular DNA
damage." Nature reviews Molecular cell biology 13.3 (2012): 141.
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Modification of K164 on PCNA is the crucial event also in this pathway. This
pathway is mediated by K63 linked polyubiquitin chains starting from K164
(Hoege C et al. 2002) (Fig. 10). This modification stimulates a template
switch process that uses the newly synthesized sister chromatid to faithfully
bypass the lesion. The mechanism resembles homologous recombination by
means of strand invasion events. In brief, sSSDNA near the lesion is covered
by Rad51 and this filament starts homology search with invasion of the
homologous region on the sister chromatid. Strand invasion forms a peculiar
intermediate called D-loop that must be resolved in a series of events similar
to Holliday junctions resolution (Giannattasio M et al. 2014). This template
switch pathway has been originally characterized in yeast where the
coordinated activity of Ubcl13-Mms2 and Rad5, the E2 and E3 ubiquitin
ligases respectively, catalyze the formation of the K63 linked polyubiquitin
chain on PCNA (Torres-Ramos CA et al. 2002). The search for orthologous
of these ubiquitin ligases in mammalian cells has led to the identification of
two Rad5 orthologues. The helicase like transcription factor (HLTF) and the
SNF2 histone linker PHD RING helicase (SHPRH) (Motegi A et al. 2008;
Lin J et al. 2011). However, the role of these enzymes is not well defined yet.
In fact, in human cells their loss causes a higher sensitivity to replication fork
blocks and PCNA polyubiquitylation is considerably reduced but still
detectable (Motegi A et al. 2006, 2008; Unk I et al. 2008, 2010). Instead in
mice this sensitivity is lost and polyubiquitylated PCNA is still present
(Krijger PH et al. 2011). Thus the players and the mechanistic events
occurring during template switch are still to be elucidated. Moreover, how
cells decide to shift towards either TLS or template switch still lacks a precise
explanation.
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Fig. 11 Error prone and error free damage bypass

A Moboubiquitylation of PCNA upon replication fork stress
activates the error prone TLS pathway.

B Poliubiquitylation of K164 with K63 linked ubiquitin
chains by the Ubcl3-Mm2/HLTF/SHPRH complex
stimulates the error free template switch pathway. The
translocase ZRANB3 is recruited together with the helicase
SMARCALI. Either fork reversal or template switch

facilitate restart of the replication fork.
Adapted from: Mailand, Niels, Ian Gibbs-Seymour, and Simon Bekker-
Jensen. "Regulation of PCNA-protein interactions for genome
stability." Nature reviews Molecular cell biology 14.5 (2013): 269.
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1.8 The role of PCNA lysine 164 residue

In the last few years, different studies have tried to define the importance of
PCNA ubiquitylation on K164. Although this residue is clearly crucial for
DNA damage tolerance (DDT) pathways, some contrasting evidence points
to a redefinition of the role of this PCNA modification. One of the main
questions in the field is whether TLS directly assists the replication fork
during DNA synthesis or whether it fills the gaps left by fork stalling by a
post replication repair system. In fact, while the polymerase switch requires
K164 ubiquitylation in vitro (Masuda Y et al. 2010), its necessity in vivo is
still matter of debate. Notably, PCNA ubiquitylation can still be detected in
G2 phase in yeast, even though it has no influence on TLS ( Daigaku Y et al.
2010; Karras G and Jentsch S 2010). In brief, both models would require Y-
family polymerases to be recruited on chromatin but PCNA ubiquitylation
could be dispensable (Waters L et al. 2009). Across the years different model
organisms have been employed to study the role of PCNA K164. Despite the
efforts, nowadays the role of PCNA ubiquitylation and the precise definition
of either a replication-assisted or post replication repair mechanism are yet to
be defined. Early studies have provided details of PCNA post translation
modification using the yeast model S. cerevisiae. The post translational
modification axis that ends with the activation of Radl8 and PCNA
ubiquitylation has first been characterized in this model (Hoege C et al. 2002).
Seminal works on vertebrate models have taken advantage of the chicken
DT40 cell line. This cell line was used to establish a PCNA K164R mutant
that disrupts the lysine role as ubiquitination acceptor (Edmunds C et al.
2008). In this cellular background, the replicative and post replicative TLS
activities can be detected as clearly distinct pathways with different modes of
regulation. In the first case, Revl may play a major role in maintaining fork
progression at the level of damaged DNA. Indeed, this TLS polymerase
possesses a non catalytic function required to guarantee replication forks
progression and this function does not require PCNA ubiquitylation. On the
other hand, the post replicative system is strongly dependent on PCNA K164
ubiquitylation since K164R mutants presented shorter fragments of nascent
DNA after UV irradiation, as isolated by alkaline sucrose centrifugation.
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Summarising the data obtained by PCNA K164R DT40 cell lines, DNA
damage tolerance could be actually envisioned as composed by two different
systems. A Revl mediated but Ubi-PCNA independent replicative system
that directly assists the replication fork and a post-replicative system that
would rely on K164 ubiquitylation (Edmunds C et al. 2008). Concomitantly
with the works on DT40 cell lines a mouse model was generated carrying
either the heterozygous or homozygous K164R mutation on the PCNA locus
(Langerak P et al. 2007; 2009). Notably, homozygous mutated mice were
viable, demonstrating that the K164R mutation is not embryonic lethal.
Although being viable, homozygous mice were infertile due to a complete
lack of germ cells. Hypothesis regarding this phenotype point to a role of
PCNA poliubiquitylation in the recombination pathway more than to defects
caused by loss of monoubiquitylation. In fact, during meiosis recombination
is a crucial mechanism to provide allelic diversity. This pathway generates
recombination DNA intermediates that if left unresolved can lead to double
strand breaks. Hence, PCNA modifications at the level of K164 have been
hypothesised to play a role in stimulating resolution of recombination
intermediates (Hoege G et al. 2002). Abrogation of K164 not only disrupts
the pro-recombinogenic activity of polyUbi-PCNA but also the anti-
recombinogenic activity by conjugation of small ubiquitin like modifier
(SUMO) on K164. Since recombination is crucial during meiotic divisions, a
general unbalance of this pathway could explain germ cells lethality. TLS
activity regulated by PCNA ubiquitylation also has a role in somatic
hypermutation (SHM) in B cells (Roa S et al. 2008). This pathway starts with
introduction of genomic DNA lesions by the AID enzyme in genomic loci
coding for the light chains of immunoglobulins (Ig). These lesions are
promptly taken over by the TLS mechanism that bypasses the damage
employing Y-family polymerases and thus generating variable point
mutations (Di Noia J et al. 2007). Patterns of Ig loci genetic variability can be
used to trace TLS activity in these specific genomic regions. TLS
polymerases are recruited for SHM by means of PCNA monoubiquitylation
on K164. A strong reduction of A/T mutagenesis was observed in PCNA
K164R homozygous cells, thus stressing the importance of the modification
in this pathway. In accordance with this model, homozygous K164R primary
mouse fibroblasts showed a great reduction in DNA poln foci formation after
UV irradiation (Langerak P et al. 2007).
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In light of the data obtained from mutated mice it could be possible to
hypothesise that PCNA ubiquitylation is a mandatory event for the
recruitment of TLS polymerases at the level of damaged DNA. Attempts to
clarify the role of K164 in mammalian cells have led to different lines of
evidence that would define a dispensable role of Ubi-PCNA in DNA damage
bypass. For instance, mouse embryonic fibroblasts (MEFs) from PCNA
K164R/K164R mice were employed to study defects in TLS (Hendel A et al.
2011). Cells showed a higher accumulation of ssDNA as detected by RPA
increase with respect to wt cell lines after UV irradiation. Direct analysis of
TLS capability by the introduction of exogenous plasmids carrying a TLS
substrate lesion confirmed the existence of a defective damage bypass. More
interestingly, knock down of each TLS gene in mice, namely Rev3L, POLH
or Revl in PCNA K164R/K164R cells caused each an increase of UV
sensitivity. Such a phenotype unravels the presence of multiple pathways that
have a TLS role in an Ubi-PCNA independent background. Further studies
on mammalian cell lines seem to overturn this model. In more detail, the use
of the proteasomal inhibitor epoxomycin causes a cellular reduction of
ubiquitin and thus indirectly prevents PCNA ubiquitylation. In such
experimental conditions, DNA poln foci were still detectable in transformed
human embryonic fibroblast cell line MRCS after UV damage (Sabbioneda S
et al. 2008). This evidence would favour the hypothesis that K164
ubiquitylation may be dispensable for DNA poln recruitment in discrete foci
upon DNA damage. Subsequent studies on mammalian cell lines have
investigated the correlation between DNA poln activation and K164
ubiquitylation. After UV irradiation, DNA poln is phosphorylated by ATR
on serine 601 (S601) (Gohler T et al. 2011). This modification does not
influence the polymerase catalytic activity but instead may mediate its
binding to a yet unidentified protein. Interactions with this protein may ensure
its localisation into replication factories. Subsequent binding to Ubi-PCNA
would retain the polymerase on chromatin. Furthermore, it was shown that
loss of Rad18 activity causes a decrease in Ubi-PCNA while it does not affect
DNA poln phosphorylation. In fact, despite the reduction of Ubi-PCNA,
DNA poln could still be activated upon DNA damage. In contrast to these
data, the UBZ domain of the polymerase is necessary to have an efficient
S601 phosphorylation.
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Altogether this evidence would point to the presence of another ubiquitylated
protein on the chromatin for DNA poln binding and activation. All the efforts
on studying the role of K164 in DNA damage tolerance have provided
different models according to the model organism. At the moment there is no
clear and univocal evidence about the role K164 ubiquitylation. For example,
it is still not proven whether Ubi-PCNA is the sole molecular platform for
DNA poln recruitment or if other proteins can attract the polymerase thus
explaining the presence of DNA poln foci during unperturbed S phase
(Kannouche P et al. 2001; Sabbioneda S et al. 2008). Moreover, the timing of
molecular events that allow lesion bypass and the dependence on Ubi-PCNA
is still unsolved. We still lack a clear evidence on whether the bulk of damage
bypass occurs during S phase and thus on the ongoing replication fork, or if
lesions are left on the genome until a post replication repair mechanism
removes them. It is worth to notice that regarding the human model, all
studies have taken advantage of ectopic expression of the K164R mutated
transgene and we still lack a cell line carrying the K164R in the genomic locus
of PCNA.

PCNA deubiquitylation

Any of the predicted models activated by Ubi-PCNA must be tightly
regulated to prevent erroneous activity by TLS polymerases. Thus, once
ubiquitylated the modification is removed by specialised deubiquitylating
enzymes (DUBs). The ubiquitin specific protease 1 (USP1) in association
with USP1-associated factor 1 (UAF1) deubiquitylate PCNA (Huang T et al.
2006; Cohn M et al. 2007). The deubiquitylase is regulated to ensure the
proper ubiquitylation/deubiquitylation cycle of PCNA. In fact, after UV
damage the increase of Ubi-PCNA directly correlates with a reduction of
USPI1 transcript (Niimi A et al. 2008; Huang T et al. 2006). However,
treatments that affect replication fork progression such as MMS and
hydroxyurea do not alter USP1 levels. This observation led to the hypothesis
that other DUBs could be present to regulate PCNA ubiquitylation. For
instance, USP7 has been shown to deubiquitylate PCNA in vitro and to reduce
monoubiquitylation in vivo upon DNA damage (Kashiwaba S et al. 2015).
Another recently discovered factor, USP10 has a role in remove ubiquitin
from PCNA (Park J et al. 2014). Its loss leads to a high accumulation of Ubi-
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PCNA following UV damage, however it does not have an influence on the
levels of Ubi-PCNA in undamaged cells. This has led to the hypothesis that
it may catalyse deubiquitylation in the recovery phase that follows DNA
damage. A different mechanism may be mediated by the ubiquitin protease
10 (UBP10), an USP1 ortholog identified in yeast (Gallegos-Sanchez A et al.
2012). UBPI10 levels do not change after exposure to UV damage, thus
confirming a possible different mechanism of Ubi-PCNA regulation
compared to its human orthologous.

Additional PCNA modifications

Ubiquitylation is not the only modification targeting the K164 residue on
PCNA. In fact, other PTMs have been identified during recent years. Another
modification of K164 is the link to a SUMO (Small Ubiquitin-like Modifier)
molecule. Similarly to ubiquitylation, modifications with SUMO proteins
require the action of SUMO ligases for conjugation of the modifier protein
on target residues. SUMOylation of PCNA was first identified in yeast
together with ubiquitylation of K164 (Hoege C et al. 2002) with the additional
K127 residue. In yeast, this modification is used to regulate the HR pathway
with an inhibitory effect during S phase. In brief, SUMO-PCNA prevents HR
during unperturbed S phase by interaction with the helicase Srs2. This
helicase acts on the recombination DNA intermediate and displaces Rad51
from the filament thus preventing strand invasion (Pfander P et al. 2005;
Papouli E et al., 2005). In human cells, K164 is still the target of SUMO
modification together with K254, differently from yeast K127 (Moldovan G
et al. 2012). Also in this case, SUMO-PCNA preserves its inhibitory role on
HR by interacting with the Srs2 orthologous helicase, PARI (Moldovan G et
al. 2012). However, in humans this post translational modification of PCNA
seems to have an additional role in DNA damage. In particular, it has been
shown that SUMO-PCNA prevents the occurrence of DNA double strand
breaks as demonstrated by YH2AX foci reduction (Gali H et al. 2012). The
complex pattern of PCNA post translational modifications on K164 is even
more intricate as a new PTM was recently discovered. ISG (Interferon
Stimulated gene) modification also known as ISGylation was discovered as
an ubiquitin-like PTM relying on the interferon I axis for its activation (Haas
A etal. 1987; Loeb K and Haas A et al. 1992).
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Similarly, to previous ones, this pathway has specific ISG ligases and PCNA
was shown to be ISGylated after UV irradiation on residues K164 and K168
by EFP E3 ligase (Park J et. al 2014). Interestingly, mutations that impede
ISGylation cause a higher recruitment of DNA poln at the chromatin level at
late time points after UV irradiation (Park J et al. 2014). This evidence,
together with the active recruitment of the deubiquitylase enzyme USP10 by
ISG-PCNA points to a role for this modification in the post replication repair
termination.

1.9 DNA polymerase n

Among the many Y-family polymerases identified across the years, DNA
polymerase 1) is the most well-characterised and the main specialised DNA
polymerase responsible for UV damage bypass, in particular CPDs. The gene
encoding the TLS polymerase (poln) was isolated in human cells after being
correlated with the autosomal recessive syndrome Xeroderma Pigmentosum
Variant (XPV) (Masutani C et al. 1999). Patients carrying mutations in the
alleles for DNA poln have a higher UV sensitivity and as a consequence a
higher probability to develop skin cancers. DNA poln, as the other Y-family
polymerases, is composed of an N-terminal domain containing the catalytic
site and a C-terminal domain with numerous regulatory motifs (Fig. 12). The
catalytic site has a typical “right hand” structure. The core of the active site
resides in the palm domain where incoming nucleotides are coordinated by
divalent ions and the DNA elongation reaction occurs (Biertumpfel C et al.
2010). Compared to other Y-family polymerases, DNA poln possesses the
widest catalytic site, able to accommodate highly DNA distorting lesions.
Similarly to the other TLS polymerases, a peculiar domain is present: the
PAD domain. This is linked to the C-terminus via a flexible region and it is
responsible for the distinctive biochemical features of each Y-family
polymerase (Wilson R et al. 2013). The tight interactions between the PAD
and the catalytic domain constrain the DNA substrate so that frameshift
events are efficiently prevented (Biertumpfel C et al. 2010).
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Fig. 12 Structural organisation of DNA polymerase m

As the other Y-family DNA polymerases, DNA poln is
encoded as a single polipeptide. The N-terminal domain
contains the typical polymerase right hand organisation with
the finger, palm and thumb domains. The little finger domain
is typical of this family of polymerases and preceeds the C-
terminal regulatory region. This region contains numerous
regulatory motifs. PCNA interacting peptides mediate PCNA
binding. The RIR motif confers capability of binding with
Revl. UBZ domain provides affinity for ubiquitylated targets,
including PCNA. A nuclear localisation signal (NLS) is also
present for translocations from the cytoplasmic to nuclear
compartment. Serine 601 is a crucial phosphorylation acceptor

residue for polymerase regulation.
Adapted from: Yang, Wei. "An Overview of Y-Family DNA Polymerases
and a Case Study of Human DNA Polymerase n."

Despite conferring the capability to accommodate bulky lesions, the wider
catalytic site is not able to exclude incorrect nucleotides incorporation. Thus,
DNA polymerase m activity has a dual role in the cell. While being beneficial
in the presence of DNA lesions, its activity on undamaged templates can be
highly mutagenic. For this reason its presence at the replication fork must be
tightly regulated. Control of specialised polymerases can be achieved at
different levels. For example, prokaryotes have evolved an efficient
transcriptional control of genes after DNA damage, the SOS response
(Friedberg E et al. 2006), while eukaryotes rely mostly on post translational
modifications (PTMs) of proteins involved in the pathway (Fig. 13). PTMs
can either control the spatial localisation of specialised polymerases or
regulate directly their catalytic activity. At first, the subnuclear localisation
of Y-family polymerases is tightly regulated.
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Stalled forks can attract the required specialised polymerases via specific
signalling pathways. As already mentioned, the presence of ssDNA stretches
is a marker of replication stress and thus leads to the activation of the S phase
checkpoint. At the end of the cascade, TLS polymerases gain access to the
fork thanks to specific interactions with the sliding clamp, PCNA. The C-
terminal regulatory domain of Y-family polymerases contains all amino
acidic sequences required for regulation of their sub cellular localisation. As
for many other proteins, translesion synthesis polymerases make contact with
PCNA thanks to a PIP domain (Moldovan G et al. 2007). This is not the only
PCNA interacting motif, two additional ubiquitin binding zinc finger (UBZ)
and ubiquitin binding motif (UBM) confer higher affinity for ubiquitylated
PCNA (Bienko M et al. 2005). Both the PIP-box and ubiquitin binding
domains allow the polymerase switch mechanism with the substitution of
replicative polymerases with specialised polymerases (Kannouche P et al.
2004). Post translational modifications on PCNA are not the sole mechanism
for Y-family polymerases regulation. Direct modifications of the polymerases
can restrict their activity. In the case of DNA polr, ubiquitylation of the
polymerase has been extensively characterised (Bienko M et al. 2005, 2010).
The ubiquitylation acceptor lysines were mapped in the NLS of DNA
poln, partially overlapping with the PCNA interaction region (PIR).
Ubiquitylation of the polymerase prevents its unscheduled interaction with
PCNA in the absence of DNA damage. When cells are challenged with DNA
damaging agents, deubiquitylation of the lysine residues frees the PCNA
interaction region and thus permits TLS. Not only direct
ubiquitylation/deubiquitylation cycles control DNA poln activity. A further
level of complexity to polymerase regulation is given by phosphorilation of
the polymerase (Goehler T et al. 2011; Bertoletti F et al. 2017). In this case,
ATR was demonstrated to directly phosphorylate DNA poln upon DNA
damage when the polymerase is able to interact with Rad18 on the chromatin.
The target residue of this phosphorylation is serine 601 (S601) localised in
the C-terminal regulatory region. With a mechanism that still needs to be
elucidated, phosphorylation of S601 may hypothetically facilitate the
exchange of DNA poln from a still undefined protein to ubiquitylated PCNA.
This cascade would favour TLS when the ATR signalling cascade is active.
Another target residue for phosphorylation is serine 687 (S687).
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In this case phosphorylation still influences DNA poln activity, although at a
different level. In fact, S687 phosphorylation by CDK2 controls protein
stability and tunes DNA poln activity with cell cycle. In particular, it has been
hypothesised that this modification, that peaks at the G2/M transition would
protect the polymerase from degradation. This intriguing demonstration is in
accordance with previous data showing that DNA poln is required during G2
phase of the cell cycle when the bulk of the genome has already been
replicated. The idea that DNA polymerase n may have a functional role
during unchallenged genome replication is also stressed by its modification
by SUMOylation. In fact, it was demonstrated that the polymerase can be
modified by addition of SUMO molecules to lysine 163 (K163) in human cell
lines (Desprase E et al. 2015). This modification is dispensable for UV
damage bypass but required under conditions of replication stress. Rad18 has
non-catalytical role in stimulating poln SUMOylation by facilitating the
modification by PIAS1 as a SUMO binding enzyme. Thus, it was
hypothesised that this modification may be fundamental in the presence of
non B-DNA sequences to ensure DNA poln relocation to replication
factories. This would facilitate completion of DNA replication in S phase
when conditions of replication stress are present. The above mentioned
modifications are not the sole post translational modifications in mammalian
cells. O-linked B-N-acetylglucosamine modification, namely O-GIlcNAc,
has been identified as a further PTM widely diffused in the cells (Hart G et
al. 2011). Transfer of UDP-GIcNAc substrate relies on an unique O-
GlcNAc transferase (OGT) and a single O-GIcNAcase (OGA). DNA poln
undergoes cycles of O-GIcNAc conjugation that control its stability. In fact,
starting from evidences of the interaction between OGT and DNA poln, it
was shown that the alternative polymerase is O-GlcNAcetylated on
threonine 457 (T457) (Ma X et al. 2017). The current model identifies this
PTM as fundamental for the disassembly of DNA poln from replication
forks. In fact mutants in T457 (T457A) showed an impairment in the
formation of K48 linked polyubiquitin chains that normally drive the
polymerase to degradation. As evident, different levels of mechanisms
guarantee polr regulation and ensure that the polymerase is excluded from
the replication machinery in the absence of DNA damage.
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This preserves the genome from its mutagenic activity. However, even during
unperturbed DNA replication, the polymerase is protected by degradation.
Recent studies hypothesise that DNA poln may be required to handle
replication of genomic regions inherently difficult to replicate. Thus in these
cases its wider catalytic site can be exploited for those genomic regions
forming non B-DNA structures that would block the replication fork.
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Fig. 13 Regulation of DNA polymerase n

Different levels of regulation control DNA polymerase m
concentration and activity. Transcriptional control is active in
cells, while once translated the polymerase the polymerase can
be specifically ubiquitylated by PIRH2 and MDM?2 to drive it
to proteasomal degradation. Ubiquitylation can be reverted by
still unknown DUBs. Another level of control is achieved by
regulation of the subcellular localisation of the polymerase.
DNA poln has been found associated with replication factories
in unperturbed conditions, however the mechanisms for such
association are not clear. In the end its recruitment at stalled
replicaiton forks is achieved thanks to ubiquitylation of PCNA
or by interaction with Revl.

Adapted from: Sale, Julian E., Alan R. Lehmann, and Roger Woodgate. "Y-

family DNA polymerases and their role in tolerance of cellular DNA
damage." Nature reviews Molecular cell biology 13.3 (2012): 141.
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1.10 Replication of difficult to complex DNA regions

The wider catalytic site of DNA poln is exploited by the replication
machinery also in processes that are not related with the bypass of exogenous
forms of DNA damage. Peculiar regions of the genome can represent a
challenge for the replication fork mainly due to their base composition. A
clear example of such situation are common fragile sites (CFSs) (Glover T et
al. 2017). Metaphase chromosomes were frequently observed to present
breaks in such sites. More interestingly, these genomic loci have been
proposed to be the cause of chromosomal rearrangements in numerous types
of tumours. In fact, if replication is perturbed, these sites are commonly found
broken in metaphase chromosome. Nowadays these loci have been precisely
mapped after treatment with chemicals that slow the replication fork speed
(Le Tallec B et al. 2011). The most used compound with this aim is
aphidicolin (Glover T et al. 1984). This drug is capable of inhibiting DNA
polymerases but does not block completely DNA replication. A similar
compound is hydroxyhurea, a ribonucleotide reductase inhibitor, that has
instead a milder effect on fragile sites breakage (Yan Z et al. 1987). Thus,
CFSs have been described as genomic loci that are particularly sensitive to
replication stress. Their initial genetic characterisation together with recent
mechanistic models of CFSs replication have shed light on the possible causes
of their instability.

Timing of replication is one of the factors underlying CFSs instability. In fact,
many of the identified CFSs are replicated during late S phase and can even
remain unreplicated until the G2 phase (Le Beau M et al. 1998). The eventual
presence of replication stress would obviously have a consequence on late
replicating regions with the possibility of leaving these regions under
replicated. Apart from exogenous sources of replication stress, even sequence
composition can influence the efficiency of the replication fork. In the last
few years many CFSs have been sequenced demonstrating that they are AT
rich regions with the presence of AT microsatellites (Boldog F et al. 1997,
Ried K et al. 2000; Arlt M et al. 2002). This characteristic correlates with a
higher DNA flexibility and a higher propensity to form secondary structures.
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As a consequence, these anomalous structures may represent an obstacle for
replication fork progression and thus could be the source of replication stress
in these regions (Mirkin E et al. 2007). Detailed studies of different CFSs
using multiple cell lines have revealed another genetic property of these loci
that would further explain replication stress in these regions. In particular, it
was demonstrated that CFSs present scarce replication origins. Either
directly, by measuring origin firing, or by verifying binding of the pre-
replicative complexes, it was shown that these regions have lower density of
replication initiation events (Le Tallec B et al. 2011; Letessier A et al. 2011;
Miotto B et al. 2016). The scarceness of replication origins forces the
replication fork to move for long distances before reaching CFSs further
exacerbating the occurrence of replication stress. Finally, transcription of the
genes localised in a CFS region can lead to genomic instability. For instance,
the majority of CFSs have been mapped in long coding regions. Their length
is remarkable and may require an entire cell cycle for transcription with the
result of being actively transcribed during S phase. The simultaneous
presence of the replication fork and the elongation of the transcript by RNA
polll may lead to R-loops formation and finally to instability of the loci
(Wilson T et al. 2015; Helmrich A et al. 2011).

1.11 Consequences of CFSs instability

All of these CFSs hallmarks are responsible for their instability (Fig. 14). The
main outcome of replication slowing along these sites is their persistence at
late stages of S phase as under replicated regions. This in turn causes
chromosomal rearrangements that represent the typical CFSs instability
phenotype. A number of different mitotic aberrations have been linked to
CFSs expression. In particular, persistence of unreplicated DNA until the late
G2 or even M phase of the cell cycle may impede its proper condensation into
mitotic chromosomes and thus generate breaks and gaps (Minocherhomji S
et al. 2015). If replication of these loci is not proficiently completed, then ultra
fine anaphase bridges (UFBs) are detectable as non chromatinised DNA
linking the two chromatids during M phase. UFBs are responsible for
different abnormalities in chromosome separation and thus represent a very
dangerous intermediate for the dividing cells (Chan K et al. 2011). Moreover,
copy number variations (CN'Vs) can be the consequences of CFSs instability.
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These arise through non canonical breaks repair by template switch micro
homology mediated repair (Arlt M et al. 2012; Liu P et al. 2012). Many of the
CNVs that arise as a consequence of CFSs instability have been precisely
mapped. Interestingly, several of the identified genomic regions upon
aphidicoline treatment can also be found mutated in cancer (Wilson T et al.
2015). The majority of the identified lesions are deletions of coding sequences
that slightly differ according to the type of tumour. The role of genes
containing CFSs in cancer progression is still to be clearly defined. It is clear
that the occurrence of deletions in putative tumour suppressor genes may
boost cancer progression. The eventual association of these genes with CFSs
would make them highly prone to genetic instability and thus increase their
probability to be functionally lost. Most of the present work has focused on
two CFSs associated genes with putative tumour suppressor functions: the
FHIT gene and the WWOX gene (Karras J et al. 2017; Schrock M et al. 2015).
While the first has a role in controlling dNTPs balance, the latter is an
oxidoreductase whose function in DNA damage is yet to be defined. Loss of
either of the two genes in mouse predisposes animals to develop cancer and
causes a higher sensitivity to carcinogens (Ageilan R et al. 2007; Zanesi N et
al. 2001). Although other CFSs associated genes have similar functions in
cancer development, they are considered to be passenger mutations as the
result of a general replication stress phenotype in cancer.
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Fig. 14 Consequences of replication stress at CFSs
Properties of CFSs make them highly prone to replication
stress. Resolution of replication fork stalling leads to different
outcomes for these genomic loci. A) efficient restart of the fork
progression may not alter CFSs; B) late stages replication such
as during M phase may lead to inappropriate repartition of the
chromosomes creating chromosomal breaks; C) presence of
unreplicated DNA during mitosis leads to formation of
chromosome abnormalities such as ultrafine anaphase bridges;
D) attemps to resolve fork stalling with mutagenic pathways
may lead to CNVs or other gross chromosomal
rearrangements; D) in the end the pre

Adapted from: Glover, Thomas W., Thomas E. Wilson, and Martin F. Arlt.

"Fragile sites in cancer: more than meets the eye." Nature Reviews
Cancer 17.8 (2017): 489.
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1.12 CFS replication by TLS mechanisms

Since CFSs are exquisitely sensitive to replication stress, any defect in genes
coding for replication associated proteins also causes a higher frequency of
CFSs breaks. The first of such genes to be identified was ATR, confirming
its role in the maintenance of CFSs stability. In fact, cells lacking the ATR
gene have a higher incidence of breaks occurring at CFSs even in the absence
of exogenous replication stress (Casper A et al. 2002). Interestingly, also
translesion synthesis factors, in particular TLS polymerases have been linked
to the maintenance of CFSs stability. Preliminary works showed that upon
DNA poln depletion, CFSs breaks increased significatively both in the
absence or in the presence of replication stress (Rey L et al. 2009).
Afterwards, DNA poln was mapped by chromatin immunoprecipitation
(ChIP) at FRA7H.1 , FRA7H.2 and FRA16D (Bergoglio V et al. 2013),
showing a greater enrichment when employing a dead-polymerase mutant in
which the catalytic site is disrupted. This mutant has a decreased mobility on
the chromatin making its presence easier to be appreciated by ChIP
(Sabbioneda S et al. 2008). Thus, the model predicts that DNA poln could
take advantage of its wider catalytic site to accommodate non-B DNA
structures that are frequently found in CFSs. This hypothesis has been
confirmed in vitro comparing the replication efficiency of DNA poln with
that of DNA pold. The TLS polymerase was able to extend CFSs sequences
in vitro with a considerable higher efficiency than replicative polymerase
even though at the expense of a higher mutagenicity, as demonstrated by the
typical TLS DNA lesions bypass signature (Bergoglio V et al. 2013).
Deficiency in CFSs replication results in their presence as under replicated
regions at late S phase or even M phase (Le Beau M et al. 1998). In
accordance to this model and the presumptive role of DNA poln in replicating
these regions, loss of the poln gene in mammalian cells caused a higher
presence of unreplicated DNA at the level of G2-M phase. Overall, this model
suggests that DNA poln catalysis is required when the fork encounters CFSs
regions also in the absence of exogenous replication stress. Even if the study
cleverly demonstrates the engagement of TLS for replicating past difficult
regions, the use of polymerase dead mutants has an impact on cell viability.
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In fact, catalytic mutants showed a chronic activation of the checkpoint as
demonstrated by phosphorylation of Chkl. This chronic activation of the
checkpoint finally leads to apoptosis at higher frequency when compared to
poln wt expressing cells. Thus, a different and more sensible approach is
required to avoid the use of such mutants but still be able to detect the activity
of DNA poln on the genome. In a more recent work the possible mechanism
of CFSs replication by TLS was reconstituted in vitro (Barnes R et al. 2017).
In reconstituted reactions past CFS sequences, after loading of DNA pold and
PCNA on DNA, only the addition of either DNA poln or DNA polxk resulted
in the efficient elongation of the primers. Moreover, specific mutagenic
signature with T to C transitions was present along the CFS region thus
confirming that the replicative polymerase exchanged with the TLS
polymerase to elongate the CFS template. More surprisingly, the exchange
between replicative and specialised polymerases did not require Ubi-PCNA,
once again proposing the presence of a different mechanism for polymerases
switch at least in vitro. Altogether evidences of the last years suggest a major
role for TLS polymerases during replication stress occurring at the level of
CFS. Nonetheless, previous studies still lack a precise identification of the
mechanisms occurring in vivo and the identification of specialised
polymerases activity in those regions of the genome.

1.13 Replication of structured DNA

The human genome presents other difficult to replicate regions. For instance,
guanine rich sequences can form non B-DNA structures called G-
quadruplexes (Sen D and Gilbert W 1988). When ssDNA arises during
dynamic processes such as replication and transcription, four adjacent
guanines can arrange in a quaternary structure stabilised by hydrogen bonds.
Stacking of G-quartets forms a G4 structure extruding the adjacent filaments
as ssDNA loops (Davis J 2004) (Fig. 15). Monovalent cations stabilise the
structures in the central cavities neutralising the repulsion between guanines
(Williamson J et al. 1989).
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Fig. 15 G-quadruplex structure

G-quadruplex can form from adjacent guanines with the
coordination of an ion in the central cavity (a).

More complex structures arise from interactions between the
planar tetrads and are classified according to their composition
(either a single strand or multiple strands) and their orientation
(b-e).

Adapted from: Hénsel-Hertsch, Robert, Marco Di Antonio, and Shankar
Balasubramanian. "DNA G-quadruplexes in the human genome: detection,

functions and therapeutic potential." Nature Reviews Molecular Cell
Biology 18.5 (2017): 279.

Despite being deeply characterised in vitro in the last few years, G4s have
been first computationally predicted (Todd A et al. 2005; Huppert J and
Balasubramanian S et al. 2005) and only recently identified and mapped in
vivo in mammalian cells (Biffi G et al. 2013; Henderson A et al. 2014).
Sequencing of G4s has revealed they are not randomly distributed and they
are conserved among organisms from yeast to mammalian cells. These
properties may suggest a functional role for these structures (Capra J et al.
2010).
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A high prevalence of G4 structures has been identified at the level of
telomeric DNA given by the high GC content and the presence ssDNA
(Henderson E et al. 1987). Additional G4 sequences have been identified at
satellites, near promoters, at ribosomal DNA and mitotic or meiotic DSBs
(Capra J et al. 2010; Hershman S et al. 2008; Huppert J et al. 2005; Rawal P
et al. 2006; Nakken S et al. 2009). G4s at telomeric regions have been
extensively characterised and have served for modelling G4s resolution.
Telomeric DNA protects linear chromosomes from shortening and prevents
chromosomal aberrancies during cell division (Zakian V 2012). Intriguingly,
telomeric regions consist of G rich tracts prevalently running 5’ to 3’ from
centromeres to telomeres. These stretches are longer than their
complementary strand thus forming a G-rich tail. Hence, telomeric tails have
been demonstrated to form G4 structures in vitro (Henderson E et al. 1987,
Sundquist WI et al. 1989). Most of the studies on G4s telomeric DNA
employed the ciliate Stylonychia lemnae as a model organism, and relied on
the development of antibodies against its G4 telomeric DNA. These studies
led to identification of G4 telomeric DNA in vivo and its mechanism of
assembly and unfolding (Paeschke K et al. 2005; Schaffitzel C et al. 2001;
Paeschke K et al. 2008). The relationship between DNA replication and
folding/unfolding of these structures was first demonstrated in this model
organism. In particular, it was shown that these structures are actively
resolved during DNA replication to prevent fork stalling (Schaffitzel C et al.
2001). TEBPP is phosphorylated during genome replication and as a
consequence disassembled from G4 structures. Its disassembly favours G4
resolution. Interestingly also telomerase and helicases of the RecQ family are
necessary for G4 unfolding at late stages of the S phase (Paeschke K et al.
2005; Paeschke K et al. 2008; Juranek SA et al. 2012; Postberg J et al. 2012).
The role of telomerase in G4 unwinding is still to be defined. Evolutionary
conservation of TEBP proteins suggests that similar mechanisms may be
conserved in vertebrates. Lack of specific G4 binding molecules against
higher organisms G4 structures has left their resolution mechanisms
undetectable for years. Only recently two specific antibodies have been
developed, namely BG4 and 1H6 (Biffi G et al. 2013; Henderson A et al.
2014). Immunofluorescence analysis with these antibodies in mammalian
cells revealed a cell cycle dynamic for G4 formation with a peak during S
phase.
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Moreover, staining of metaphase chromosomes revealed a telomeric
localisation even though this was not exclusive with diffused staining along
the chromosomes (Biffi G et al. 2013). Telomerase and G4 binding antibodies
co-stained in a relevant number of chromosomes thus confirming the data
obtained in the ciliate specie (Moye A et al. 2015). Chemical synthesis of G4
trapping compounds has expanded the possibilities of their detection and
dynamic analysis (Rodriguez R et al. 2012; Huang WC et al. 2015;
Shivalingam A et al. 2015). G4 stabilising compounds and in particular
pyridostatin (PDS), have been employed in a newly established sequencing
protocol, G4-seq. Stalling of the polymerase during sequencing reaction at
the level of stabilised G4 structures has allowed their precise mapping
(Chambers V et al. 2015). Such sequencing maps have revealed a higher
number of G4 than expected in the human genome, arriving at about 700,000.
Interestingly, these structures matched with promoters and 5° UTRs and
correlate well with genes overexpressed in numerous cancers (Chambers V et
al. 2015). The use of G4 stabilising compounds combined with the use of
specific anti-G4 antibodies are a promising strategy for the precise capture
and sequencing of G4 structures and analysis of their dynamic formation.

1.14 Consequences of G4s on genome replication

The high prevalence of G4 outside of telomeres poses the question of how
transcription of replication can resolve their structure without blocking any
of the two processes. As already mentioned G4s are present at the level of
many promoters. More interestingly, they were found in promoters of well
known oncogenes such as myc and kras (Siddiqui-Janin A et al. 2002; Cogoi
S et al. 2006). By using G4 ligands, the expression of these genes was altered,
thus suggesting that G4 structure may have a role in transcription of these
loci. In addition to this, binding of G4 antibodies is enriched at
transcriptionally active chromatin regions in human cells (Haensel-Hertsch R
et al. 2016). Across the years different helicases have been identified as G4
resolving enzymes. These comprise the Werner syndrome protein (WRN) and
the Bloom syndrome protein (BLM) and mutations in these helicases
predispose to cancer (Monnat et al. 2010). In addition, their alteration
influences transcription of genes that are predicted to have G4 motifs
(Johnson J et al. 2010; Nguyen GH et al. 2014; Tang W et al. 2016).
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Recent findings speculate that the role of G4s in transcription is highly
dynamic and can be thought as an additional layer of transcription regulation.
However, the presence of structured DNA constitutes an obstacle to the
replication fork progression (Fig. 16). As many other lesions encountered
during genome replication cells need to resolve such non B-DNA structures
to avoid replication stalling. Apart from being present as regulatory elements,
G4 motifs may also form transiently and spontaneously during DNA
replication. In particular, during lagging strand synthesis that transiently
exposes ssSDNA or upon fork slowing. In any of the previous cases G4s must
be resolved and different helicases have been hypothesised to unfold them. A
plethora of DNA helicases have been studied for their G4 unwinding activity
over recent years, however WRN, BLM, FANCJ and Pifl are the best
characterised. The most characterised in human cells is FANCJ. Mutations of
this helicase cause a form of Fanconi anaemia and patients carry genomic
deletions in regions that are predicted to have G4 structures (London TB et
al. 2008). In addition, the use of telomestatin, a G4 stabilising compound,
provokes a higher level of DNA damage in the FANCJ mutated cells and
finally leads to apoptosis (Wu Y et al. 2008). Pifl helicases instead was
initially studied in the S. cerevisiae yeast model (Paeschke K et al. 2011).
Genomic mapping of Pifl binding revealed that it binds around 25% of the
total G4 predicted sequences in this organism. In human cells PIF1 has been
hyphotesised to have a similar role. Treating human cell lines with
pyridostatin as a G4 stabiliser, caused DNA damage detectable as y-H2AX
foci. These foci co-localised with fluorescently labelled PIF1, indicating a
possible role of this helicase at the level of G4 motifs (Rodriguez R et al.
2012). The occurrence of DNA damage was already documented in yeast. In
fact Pif1 deficient cells had a high mutation rate at the level of G4 involving
a possible error prone process during their replication (Paeschke K et al.
2011).
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Fig. 16 Consequences of G4 stabilisation

G4s can cause replication fork stalling. Presence of either G4
stabilising compounds (such as Pyridostatin) or mutations that
impair helicases activity prevent G4s resolution. Unresolved G4
structures may trigger double strand breaks (DSBs). Stabilisation
of G4s to cause DSBs may be a promising strategy to treat cancer

in a DSBs repair defective background.
Adapted from: Hinsel-Hertsch, Robert, Marco Di Antonio, and Shankar
Balasubramanian. "DNA G-quadruplexes in the human genome: detection,

functions and therapeutic potential." Nature Reviews Molecular Cell
Biology 18.5 (2017): 279.

1.15 Replication of structured DNA by TLS mechanisms

A possible involvement of TLS and their specialised polymerases in
replicating past G4 sequences was documented. In detail, Revl has been
demonstrated to take part in replication across G4 motifs in DT40 chicken
cells (Sarkies P et al. 2010). Moreover it was shown to be able to bind and
disrupt G-quadruplex DNA in vitro displacing and stabilising the template
(Eddy S et al. 2014). To have more insights into the role of TLS in bypassing
G4 structures, the role of the main TLS polymerases DNA polrn, DNA polk
and DNA polt was investigated (Betous R et al. 2009). Analysis were
performed in cell lines where each of the three polymerases were
independently and stably silenced via shRNA. Use of telomestatin, a G4
ligand, did not influence the survival of DNA polt depleted cells while

showing a great decrease in survival rate for both DNA poln and DNA polxk
depletion.
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This would suggest that while DNA polt may not have a role in G4 structures
resolution, the other two TLS polymerases may be directly implied in the
resolution of structured DNA. Loss of the specialised polymerases increased
the presence of DSBs events, events that have been linked to replication fork
stalling when G4 motifs cannot be resolved. Supporting a role of TLS in G4
resolution, DNA poln was shown to be able to bind G4 motifs and replicate
across them in vitro (Eddy S et al. 2015). During last few years there is
mounting evidence on the role of specialised polymerases in assisting
replication past structured DNA. However, how replication fork progresses
through these sites and the coordination between the S phase checkpoint and
Y-family polymerases recruitment is yet to be defined. Understanding the
mechanisms of G4 resolution and the response of the replication fork to these
structures will be fundamental. The presence of G4 motifs in many oncogenic
sequences has raised the interest to the analysis of the molecular events that
permit their resolution, since any factor involved would be a promising
druggable target.
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2. Aims of the research

DNA translesion synthesis has been proven to be a critical damage tolerance
system essential for the survival of the cells after genotoxic stress. New
evidence suggests a more widespread role for TLS also in normal genome
replication. The role of polymerase n and PCNA ubiquitylation in this process
is still ill defined and our aim was to establish new tools and strategies to
ascertain their function in mammalian cell lines. One of the goals of this
project was to establish a reliable cell system for tracking TLS polymerase
activity in human cells. We propose to alter the sugar discrimination of
polymerase n, as a proof of concept, and study how this tool could help
unravelling how TLS works both in the absence and in the presence of DNA
damage. The final aim of the study will be to construct DNA libraries from
ribonucleotides containing genomic DNA for NGS sequencing. Activation of
the DNA damage tolerance pathway relies on PCNA and in particular on post
translational modifications of the K164. Previous works, in a number of
model systems, have not unequivocally defined the role of this residue,
especially in human cells. To this end, we propose to establish a human cell
lines mutated to K164R by the CRISPR/Cas9 technique in MRC5 and
XP30RO backgrounds that differ for the presence or the absence of DNA poln
respectively. Overall the establishment of such human cell lines would help
in clarifying the role of modified PCNA K164 in translesion synthesis.
Finally, DNA poln has also been involved in the replication of structured
DNA sequences such as the ones formed by G-quadruplexes. Preliminary
results suggest that poln could replicate past G4 DNA in vitro, but its role in
vivo is only speculative. We plan to verify its role after treatment with a G4
stabilising compound, especially by comparing the activation of the DNA
damage response in poln deficient and poln proficient cells. Ultimately, this
will help shedding some light on the role of the polymerase in G4
quadruplexes methabolism, a new and exciting target for the development of
novel cancer therapies.
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Table 1. List of primers

1

2

3

10

11

12

13

14

15

16

17

18

19

20

21

22

23

5 CTCGTGGACATGGACTGTTTTGCCGTTCAAGTGGAGCAGCG 3’
5’ CGCTGCTCCACTTGAACGGCAAAACAGTCCATGTCCACGAG 3’
5" ACCACAGTCCATGCCATCAC 3’

5’ TCCACCACCCTGTTGCTGTA 3’

5 TAATGCGTCCCCTTGTGACT 3'

5' GGCAGATTTTAGTCCCTCAGC

5 TGAGCCATTCTGTCACCAAG 3'

5' AACCTTCCTACTGCCTGCTG 3'

5 TCCTGTGGAAGGGATATTTA 3'

5' CCCCTCATATTCTGCTTCTA 3'

5 TGTTGGAATGTTAACTCTATCCCAT 3'

5' CATATCTCATCAAGACCGCTGC 3'

5’ ATATGCCGAGATCTCAGCCATATTGGAGATGCTGTTGTAATTTCTTGTGCAAGGGAC
GGAGTGAAGTTTTCTGCAAGTGGAGAACTTGGAAATGGAAACA 3!

5'TGTTTCCATTTCCAAGTTCTCCACTTGCAGAAAACTTCACTCCGTCCCTTGCACAAGAAA
TTACAACAGCATCTCCAATATGGCTGAGATCTCGGCATAT 3!

5' GATCGGAATTCTTTGTTCTTAATAGGAACAG 3'

5' GATATGGTACCTCCTAACAATGTTATGAGG 3'

5' GTCATCCTAGGAAGAGCTTAGCATATGCTGTG 3'

5 GTCTAGTCGACTATCTTACCAAGGGGTACATC 3'

5 GTAATTTCCTGTGCAAGGGACGGAGTGAAATTTTCTGCAAGTGG 3'
5' CCACTTGCAGAAAATTTCACTCCGTCCCTTGCACAGGAAATTAC 3'
5 TCTGAGTTGTTTAGGTGTTGCC 3'

5 TCTGAGTTGTTTAGGTGTTGCC 3'

5' AGGAGGCCTTCCATCTGTTGC &
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Cell culture and treatments

SV-40 transformed human primary fibroblasts, MRC5V1 and XP30RO
human fibroblasts from XP-V patients have been cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% FBS. In the case
of XP30RO cells complemented with transgenes carrying neomycin (G418)
resistance medium was supplemented with 0.5 mg/mL G418. Cells were
sorted with Biorad S3 Fluorescence Automated Cell Sorter (FACS) for eGFP
to monitor transgenes expression. XP30RO complemented stable cell lines
were obtained by integration of the poln wt or poln F18A transgenes. In brief,
3*10° cells were seeded and transfected using Viafect (Promega) transfection
protocol according to manufacturer’s instructions. The day after cells were
diluted into 10 cm dishes in DMEM 10% FBS supplemented with 1 ug/ml of
G418. Surviving colonies were picked after 15 days using cloning disks
(Sigma Aldrich). Single colonies were expanded and screened for the
presence of eGFP DNA poln by western blot analysis. Growth rate of each
line was calculated by seeding the same number of cells and counting at
different time points. All values were normalised on the initial seeding
numbers.

Transfections were performed using Viafect (Promega) according to
manufacturer’s instructions. Briefly, plasmids were dissolved into Opti-MEM
medium (Gibco) and 3 uL of Viafect for each ug of plasmid were added to
the mix. Transfection mixes were vortexed thoroughly and incubated at RT
for 15 min. After that, the mix was added dropwise to the cells. Cells were
incubated overnight and, unless otherwise stated, further analysis were
performed after 24 hours.

UV irradiation was performed at indicated UV doses after removing media
from the cells. Recovery was performed in DMEM 10% FBS at indicated
timepoints. Unless otherwise stated cells were fixed with 4%
paraformaldehyde for immunofluorescence analysis or lysed for SDS PAGE
as indicated afterwards.
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Hydroxyurea (HU) treatment was done by dissolving HU 1 M into DMEM
10% FBS. Dilutions of the concentrated mix were used to supplement media
at indicated concentrations. Cells were grown in the HU supplemented media
for 24 hours and then either fixed for FACS analysis or lysed for SDS page
as indicated afterwards.

Pyridostatin (PDS) treatment was performed by diluting a S mM solution into
DMEM 10% FBS at the indicated concentration. Cells were incubated in the
PDS supplemented media for 24 hours and then lysed to obtain total protein
extracts or cell’s fractions for SDS PAGE as indicated afterwards.

Plasmids and cloning

To obtain the eGFP-poln constructs for in vivo analysis, we used the N-
terminal eGFP tagged full length cDNA of DNA poln wt in a peGFP-C3
vector (Clontech) (Kannouche et al. 2001). The plasmid was mutagenised to
obtain F18A mutant by Quickchange site directed mutagenesis (Strategene)
with the indicated primers (Table 1, primers 1 and 2). For protein expression
and purification, we mutagenized C-term His tagged full length DNA poln
cDNA contained in a pET-21 vector by site directed mutagenesis as
previously indicated. Either TOP10 or BL21-Ade3 Codon+ E. coli chemically
competent cells (NEB) were transformed with eGFP tagged or His tagged
constructs respectively. Competent cells were heath shocked by rapid
incubation at 42 °C followed by incubation on ice and plating on LB-agar
plates to isolate single colonies. MIDI preparations from single bacterial
colonies using Macherey Nagel Nucleobon Xtra MIDI kit according to
manufacturer’s instruction. Presence of the desired mutation was verified by
sequencing plasmids. For generating a plasmid for homologous
recombination following CRISPR/Cas9 genome targeting, we used the
pDonor-D09 plasmid (Genecopoeia). Homology arms were subcloned from
genomic DNA amplification of the PCNA locus spanning 1130 bp before and
after the site targeted by the gRNA. Target regions were amplified by PCR
using primers to insert restriction sites (Table 1, primers from 15 to 18).
EcoRI and Kpnl restriction sites were added for cloning the left homology
region while Sall and Avrll restriction sites were added for right homology
region. Both plasmid and amplification products were digested using the
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indicated restriction enzymes according to manufacturer's instructions
(NEB). Vector and inserts were purified and ligated overnight using T4 DNA
ligase (NEB). Ligated products were transformed by heat shock into E. coli
TOP10 chemically competent cells (NEB). Isolated colonies were expanded
and plasmid DNA was purified by MIDI preparation (Macherey Nagel). To
obtain K164R plasmid as homology donor template we mutagenised the
constructs by Quickchange site directed mutagenesis (Stratagene) according
to manufacturer's instructions with the indicated primers (Table 1, primers 19
and 20). Mutated products were transformed and plasmids isolated from
single bacterial colonies were sequenced to check for the presence of the
K164R mutation.

Total RNA extraction and retrotranscription

Total RNA was extracted using Nucleospin RNA kit (Macherey Nagel)
according to manufacturer’s instructions. Samples were quantified by
spectrophotometric analysis and 1 ug of total RNA was used for
retrotranscription. cDNA was obtained by retrotranscription with M-Mulv
Reverse Transcriptase kit (Roche). Relative quantity of cDNA in each sample
was assessed by amplification of GAPDH locus by PCR using the indicated
primers (Table 1, primers 3 and 4).

Immunofluorescence

For detection of epifluorescence, cells were fixed with 4% paraformaldehyde
(PFA) and coverslips directly mounted using Aqua-Poly/Mount
(Polyscience). For immunofluorescence staining using the S9.6 antibody,
cells were washed and then fixed with 4% PFA and then permeabilised with
0.5% Triton X-100. After that, slides were treated with 0.5% SDS followed
by blocking with 3% BSA - Tween 20 0.1% - 4x SSC. Incubation with S9.6
antibody was performed at 1 ng/uLL concentration in 3% BSA - Tween 20
0.1% - 4x SSC and incubated overnight at 4 °C. Fluorescent secondary
antibody, Alexa Fluor 555 was used at 1:1000 dilution in 3% BSA - Tween
20 0.1% - 4x SSC and incubated for 1 hour at room temperature. Nuclei were
stained with DAPI and coversliprs mounted as previously indicated. RNase
HII treatment was performed prior to fixation. In brief, cells were
permeabilised with 1% Tween 20 in PBS 1x for 10 min on ice.
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After that, 10 U of E. coli recombinant RNase HII (NEB) were dissolved in
ThermoPolBuffer 1x and the solution was used to treat slides at 37° C for 25
min in a humid chamber. Afterwards, cells were fixed with 4% PFA and
stained with S9.6 antibody as previously indicated.

Clonogenic assay

Cell lines were seeded and UV irradiated the following day at increasing UV
doses. After 15 days cells were fixed with 70% ethanol and stained with
methylene blue (0.1% Page-Blue, 50% methanol, 7.5% acetic acid). Plating
efficiency was calculated and used to normalise values.

Cell cycle analysis

Cells were seeded and the day after treated with either UV or HU to monitor
cell cycle progression. After 24 hours cell were resuspended in PBS and fixed
in cold ethanol to a final concentration of 70%. Fixed samples were left at 4
°C overnight. Once fixed, cells were pelleted by centrifugation at 1500 rpm
for 5 min. Pellets were resuspended in 50 ug/mL propidium iodide, 5 ng/mL
of RNase A in PBS 1x, 0.1% Tween 20. Solutions were incubated at 37 °C
for 15 min and then analysed at FACS.

Cell’s viability assay

Cell’s viability was assessed by staining with Trypan Blue. In brief, cells were
detached with trypsin-EDTA solution and diluted in a 0.4% Trypan Blue
solution at 1:1 volume ratio. Percentage of viable cells was obtained by
counting unstained vs stained cells.
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SDS PAGE and western blot

Whole cell extracts were obtained by resuspension of cells into Laemmli
buffer 1x (0.1% beta-mercaptoethanol, 10% glycerol, 2% SDS, 63 mM Tris-
HCI pH 6.8). Proteins were separated by SDS PAGE and transferred onto
0.22 um nitrocellulose membrane. 5% skim milk in PBS 1x, 0.1% Tween 20
was used as a blocking agent. Primary antibodies were all incubated overnight
at 4 °C. After that, membranes were incubated with HRP-conjugated
secondary antibodies and signal revealed by chemiluminescent substrates
(Millipore). A LAS500 Imager was used for signal detection coupled with
ImageQuant software for immunoblots analysis (GE-Healthcare).

Table 2. List of primary antibodies

anti-Check1 mouse monoclonal (Cell Signal)
anti-DNA poln rabbit polyclonal (Abcam)
anti-histone H3 rabbit polyclonal (Abcam)
anti-PCNA (pc10) mouse monoclonal (custom made)
anti-phosphoCheckl ' rabbit monoclonal (Cell Signal)
anti-Rad18 mouse monoclonal (Abcam)
anti-RNase H2A rabbit (Abcam)
anti-RPA rabbit polyclonal (Abcam)
anti-tubulin mouse monoclonal (Sigma Aldrich)
anti-UbiPCNA rabbit monoclonal (Cell Signal)
anti-vimentin mouse monoclonal (Sigma Aldrich)

Cell fractionation

Cells were lysed in a hypotonic buffer (10 mM Tris-HCI pH 8, 2.5 mM
MgCl12, 0.5% Igepal, 1 mM dithiothreitol, protease and phosphatase
inhibitors) and incubated on ice for 1 min. Soluble fraction was obtained by
centrifugation at 6000 rpm at 4 °C for 1 min, an aliquot of supernatant was
used for protein quantitation by Bradford assay and samples were
resuspended in Laemmli buffer for SDS PAGE. Pellets were washed in
hypotonic buffer and centrifuged at 6000 rpm at 4 °C for 1 min.
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After that, pellets were washed in isotonic buffer (10 mM Tris-HCI1 pH 8, 150
mM NaCl with protease and phosphatase inhibitors) and centrifuged again as
previously indicated. To release chromatin-bound proteins, DNA was
digested with benzonase (Merck) according to manufacturer’s instructions,
for 30 min at 4 °C. Chromatinic fractions were isolated as by centrifugation
at 13200 rpm at 4 °C for 1 min. Samples were diluted with Laemmli buffer
1x for SDS PAGE as previously indicated.

Transcription and translation reactions

In vitro transcription and translation reactions (TNT T7 Quick Coupled
Transcription/Translation System, Promega) were performed according to
manufacturer’s instructions. In brief, 1 ug of plasmids coding for His-tagged
poln were incubated with the TNT master mix for 90 min at 30 °C. Aliquotes
were immediately frozen in liquid nitrogen and stored. An aliquot was taken

to check for DNA poln by western blot analysis.
Purification of 6His-DNA poln F18A

BL21-Ade3 Codon+ E. coli competent cells were heat-shock transformed
with a codon optimized plasmid carrying the C-terminal His tagged DNA
poln F18A full length cDNA. Glycerolate stocks were used to inoculate 300
mL of LB medium supplemented with 50 ug/mL of ampicillin and 25 pg/mL
of chloramphenicol. Culture was grown overnight at 30 °C, shaking at 200
rpm. Growth rate was calculated by calculating spectrophotometric
absorbance at 600 nm (OD600). Culture was diluted to an OD600 of about
0.1 into 3 liters of culture medium supplemented with ampicillin and
chloramphenicol at previously indicated concentrations. The 3 L culture was
incubated at 37 °C until it reached an OD600 of 0.6. At this point the culture
was immediately chilled on ice for 20 minutes and induction was performed
adding IPTG to a final concentration of 0.5 mM. Following induction, the
culture was grown at 12 °C for 40 hours. After 40 hours the entire culture was
centrifuged at 5000 rpm for 10 min at 4 °C. Supernatant was discarded and
pellets were resuspended in 15 mL of resuspension buffer 10 mM KPO4, 300
mM NaCl, 10% glycerol, 0.2 mM PMSF supplemented with protease
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inhibitors (Roche). 30 mg of lyophilised lysozyme (Sigma Aldrich) were
added directly to the 15 mL bacterial suspension to lyse bacterial cells.
Bacterial suspension with lysozyme was incubated at 4 °C for 10 min rocking.
To get rid of bacterial debris lysates were sonicated in a Bioruptor sonicator
for 10 cycles (30 sec ON followed by 30 sec OFF). Debris were removed by
centrifugation at 15000 g for 15 min at 4 °C. Supernatant was used for
incubation with the affinity resin. An aliquot of 1 ml TALON affinity resin
(Clonetech) was prepared by eliminating ethanol with centrifugation at 1000
rpm for 5 min. Afterwards the resin was equilibrated with 10 mM KPO4, 150
mM NaCl, 5% glycerol and 5 mM Imidazole, PMSF at 0.2 mM and protease
inhibitors were added just before incubation with the lysate. The equilibrated
resin was centrifuged and supernatant discarded. The lysate was directly
mixed with the resin and incubated for 30 min at 4 °C. The entire volume was
loaded on a column for gravity flow purification at 4 °C. After a first passage
the collected flow was loaded again on column and left flowing. Column was
washed twice with 10 mM KPO4, 300 mM NaCl, 10% glycerol, 10 mM
Imidazole and 0.2 mM PMSF together with the addition of protease
inhibitors. After washing, fractions were eluted in 1 mL of elution buffer (10
mM KPO4, 300 mM NaCl, 10% glycerol, 300 mM imidazole, 0.2 mM PMSF
and protease inhibitors). Aliquotes from eluted fractions were taken for
western blot analysis. To remove imidazole, the eluted fractions were desalted
using desalting columns (GE-Healthcare) in 10 mM KPO4, 150 mM NaCl,
10% glycerol with 0.2 mM PMSF with protease inhibitors. Eluted fractions
were aliquoted and immediately frozen in liquid nitrogen.

Primer extension assays

For TNT reactions, an aliquot was used for primer extension assay of a
template containing a thymidine dimer (CPD) at position +13/+14: 5’
CTCGTCAGCATCT-TCATCATACAGTCAGTG 3’ annealed with a 5’
FAM labelled 13mer 5> CACTGACTGTATGATG 3’. TNT products were
quantified by western blot analysis while purified His tagged proteins were
quantified by Comassie stain. Comparable amounts of proteins were used for
the primer extension assays. Primer extension assays were performed in 10
ul of replication buffer (40 mM Tris—CI pH 8, 5 mM MgCl2, 10 mM DTT,
0.25 mg/ml acetylated BSA, 60 mM KCl, 2.5% glycerol).
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dNTPs or NTPs were used at a 100 uM concentration of each nucleotide. All
reactions were incubated at 37°C for 15 min and stopped with 10 ul of 2%
loading buffer, (98% deionized formamide, 10 mM EDTA pH 8, 0.025%
xylene cyanol and 0.025% bromophenol blue). Samples were boiled at 95°C
for 5 min and rapidly chilled on ice. Reaction products were resolved on a
15% acrylamide-7 M urea gel and then imaged on a Typhoon imager (GE
HealthCare).

Post replication repair assay

Cells were seeded and the day after irradiated with 8 J/m? as previously
described (Bienko M et al. 2010). After irradiation, cells were incubated in 2
ml of DMEM 10% FBS supplemented with 0.3 mg/ml caffeine for 30 min
before the addition of 1.85 MBq of *H-thymidine. After irradiation cells
recovery occurred in fresh media supplemented with 10 uM thymidine and
10 uM deoxycytidine for 150 min. At the end of the chase period, cells were
suspended in PBS containing 0.2 g/L of ethylenediaminetetraacetic acid
(EDTA). After that cells were lysed in 0.2 mL of lysis buffer (1% SDS, 0.75
M NaOH, 0.75 M NaCl, 20 mM EDTA) and layered on top of 5 ml of a 5—
20% sucrose gradient (in 0.1 M NaOH, 0.1 M NaCl). Gradients were exposed
to visible light for 1 hour and then centrifuged at 38500 rpm for 70 min. In
the end, 25 fractions were spotted on Whatman grade 17 paper, followed by
precipitation in trichloracetic acid (TCA) and washed twice in 70% ethanol
before being counted on a Perkin Elmer scintillation counter. The weight-
average molecular weights of the distributions were calculated as omitting the
top and bottom three fractions.

Purification of S9.6 antibody

The HB-8730 hybridoma cell line was purchased from ATCC. Cells were
cultured according to manufacturer’s instructions. The supernatant was
collected and used for purification by affinity chromatography. A Sepharose
protein G resin (GE-Healthcare) was used for antibody purification. Resin
was diluted into cold PBS 1x and left sediment in 10 mL purification column.
Once thawed overnight at 4°C, supernatant was buffered with 1/10 of volume
of PBS 10x. Sample was loaded on column and flow-through was saved for
a second round of flow. Column was washed 5 times with PBS 1x.

66



3. Materials and methods

A pre-elution step was performed with 10 mM phosphate buffer pH 6.8. After
that, elution was performed with 200 mM glycine pH 2.5 in 1/10 of elution
volume in 1.5 M Tris pH 8.8. Aliquotes of eluted fractions were used for
analysis by TGX gel (Bio-Rad).

Detection of genomic embedded ribonucleotides

Detection of ribonucleotides in genomic DNA was performed as previously
described (Meroni A et al. 2017). In brief, genomic DNA was extracted from
cells wusing Macherey-Nagel Nucleospin Tissue kit according to
manufacturer’s instructions. 1 ug of genomic DNA was used for E. coli
recombinant RNase HII (NEB) digestion. Genomic DNA was either treated
or mock treated with 1 U of RNase HII at 37 °C for 2 h and 30 min shaking
at 550 rpm. After that, DNA was precipitated with 1/10 volume of sodium
acetate 3 M pH 7 and 2 volumes of cold ethanol. Samples were left
precipitating overnight at -20 °C. Pellets were obtained by centrifugation at
13200 rpm at 4° C for 30 min, followed by wash with 1 mL of cold ethanol
70% and a further spin at 13200 rpm at 4 °C for 15 min. Pellets were left
drying and finally resuspended into 25 uL of ddH2O overnight at 4 °C.
Samples were run on a 1% agarose gel in TAE 1x and then normalised by
densitometric analysis for nick translation reaction. Nick translation reactions
were performed in the presence of 15 uCi of a-**dCTP with 20 uM of each of
the remaining nucleotides and 5 U of DNA poll (NEB). Samples were
incubated at 16 °C for 30 min and reactions stopped with 5% glycerol, 20 mM
EDTA and Bromophenol Blue. Reactions were run on 1% agarose gel in TAE
Ix and ethidium bromide signal was quantified. Gel was treated with 30%
TCA for 30 min shaking and then dryed on paper overnight at room
temperature. Radioactive signal was detected at Typhoon imager (GE-
Healthcare) and quantified by densitometric analysis with ImageQuant
software (GE-Healthcare). Detection with fluorescent nucleotide analogues
after RNase HII treatment was performed as before. Nick translation reactions
were done by stopping RNase HII reaction on ice and then incubating with
DNA poll and the Atto647 NT labelling mix (Jena Bioscience). After
labelling, genomic DNA was run on 1% agarose gel in TAE Ix and
fluorescent signals of both EtBr and Atto647 fluorophore was detected at
Typhoon imager (GE-Healthcare).
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Biotinylation of cDNA by PCR

For biotinylation of cDNA, GAPDH locus was amplified with a nucleotide
mix containing 75 uM Biotin-16-dCTP (Jena Bioscience) and 50 uM
unlabelled dCTP, each of the remaining nucleotide was at an equimolar
concentration of 125 uM, control samples were amplified with unlabelled
dCTP in the nucleotide mix. The GAPDH locus was amplified with specific
primers (Table 1, primers 3 and 4). Amplification was obtained using GoTaq
PCR reagents (Promega) according to manufacturer’s instructions at an
annealing temperature of 60 °C with 25 cycles of amplification. Detection
was performed by adding 2 ug of Streptavidin conjugated Alexa Fluor 647
(Life Technologies). Samples were incubated at room temperature for 1 h and
then run on a 1% agarose gel stained with EtBr. Fluorescent signal was
detected with Typhoon Imager (GE-Healthcare).

Nicking and biotinylation of genomic DNA

Creation of nick into genomic DNA was obtained by treating 5 ug of DNA
with 50 U of Nt. BspQI nickase enzyme (NEB) at 50 °C for 1 h. Reactions
were stopped by chilling on ice for 30 min. Sample was splitted in two and
either labelled 100 uM of Biotin-16-dCTP or with unlabelled dCTP in a nick
translation reaction as previously described. Genomic DNA was precipitated
and resuspended in ddH,O overnight. Samples were sonicated for 10 cycles
(30 sec ON followed by 30 sec OFF). After sonication samples were
incubated with MyOne C1 streptavidin beads (Life Technologies) according
to manufacturer’s instructions. Each sample was splitted: half volume was
eluted with 95% formamide 10 mM EDTA pH 8, the other half was used to
test direct PCR amplification from beads. GAPDH locus was amplified as
previously described. Each purification step was monitored by agarose gel
analysis.

Amplification of common fragile sites

CFS were amplified from genomic DNA or sonicated fragments by PCR with
GoTaq (Promega) according to manufacturer’s instructions. Each of the target
CFS, FRA7H.1, FRA7H.2, FRA16D and FRA3B was amplified with the
indicated primers (Table 1, respectively from 5 to 12).
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Knock-down of RNase H2A

For lentiviral infection, cells were seeded and then incubated with viral
supernatant encoding for small hairpin RNA constructs against either a
scramble sequence (shScramble) or RNase H2A subunit (shRNase H2A) for
48 hours as previously described (Pizzi S et al. 2015). Aliquotes were used to
check silencing efficiency by total protein extraction and western blot
analysis with a specific antibody against RNase H2A subunit (Abcam).
Efficiency of silencing was determined by densitometric analysis of blots.
The remaining samples were used for genomic DNA extraction as previously
indicated. Genomic DNA was used for detection of genomic embedded
ribonucleotides as previously described.

Silencing of RNase H2A by siRNA was performed using a smart pool mix
against RNase H2A transcript and a non targeting control pool (Dharmacon).
siRNAs were transfected at 50 nM concentration for 48 hours using HiPerfect
transfection reagent (QIAGEN) according to manufacturer’s instructions.
Efficiency of silencing was determined as above described.

Genome editing by CRISPR/Cas9

To target lysine 164 in the PCNA locus, we designed a custom made all in
one Cas9 and guide RNA (gRNA) expression plasmid (Sigma Aldrich).
gRNA was designed and validated by the supplier to target the exon 5 region
at the level of K164. As a donor homology, ssDNA oligonucleotides were
used (Table 1, primers 13 and 14). Either XP30RO or MRCS5 cells were
transfected with both CRISPR/Cas9 and oligonucleotides using Viafect
(Promega). Cells were sorted and seeded at low density to obtain single
colonies in DMEM 10% FBS. After 15 days of subculturing, surviving
colonies were picked and expanded. Once at confluency, cells were screened
by HU treatment followed by western blot analysis of whole cell extracts as
previously described. As a second attempt, we designed a custom made all in
one Cas9 and guide RNA (gRNA) expression plasmid (Sigma Aldrich)
targeting instead the intronic region between exon 5 and exon 6 of the PCNA
locus. The pDonor-D09 (Genecopoeia) plasmid was used as homology donor.
Once obtained, either wild type or K164R homology constructs were
simultaneously transfected into XP30RO or MRCS5 cells using Viafect
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(Promega). After 24 hours cells were seeded at low density to obtain single
colonies and puromycin selective agent was added at 2 ug/mL concentration.
After one week, positive selected clones were counterselected to remove cells
in which unscheduled recombination events had occurred by adding
ganciclovir at 0.5 ug/mL concentration for one week. Surviving colonies
were picked and expanded. Once at confluency genomic DNA was extracted
as previously indicated and colonies were screened by PCR. Screening was
performed by checking for the presence of puromycin resistance cassette
inserted in the genomic locus of PCNA. A forward primer in the genomic
locus was used (Table 1, primer 21), while two reverse primers were tested
for the puromycin gene (Table 1, primers 21, 22 and 23). Presence of the
mutation was assessed by sequencing PCR products.
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4. Results

1. Tracking DNA poln
1.2 Generation of F18A mutants and polymerase activity analysis

Mutations of the steric gate residues of DNA polymerases and ribonucleotides
sequencing have been established as a reliable strategy to track polymerases
along the genome. The first aim of this work was to identify the steric gate
residue in DNA poln. Phenylalanine 35 (F35) was already identified as the
steric gate in the yeast orthologous polymerase (Donigan K et al. 2015).
Mutation of the residue led to higher efficiency of ribonucleotides
incorporation in vitro. Interestingly, expression of F35A in RNase H2
deficient strains caused a higher UV sensitivity and an increased mutagenic
spectrum (Donigan K et al. 2015). We looked for the steric gate residue in
human DNA poln by sequence conservation. The steric gate of another TLS
polymerase, DNA poli, was already characterised in humans (Donigan K et
al. 2014). By performing sequence alignment with the addition of this TLS
polymerase, we found that the steric gate residue of DNA poln is well
conserved between organisms and can be identified as phenylalanine 18 (F18)
in humans (Fig. 1). After we identified the steric gate residue in silico, its role
was confirmed by a work that characterised its mutation in vitro (Su 'Y et al.
2016). F18A mutation in human DNA poln caused a higher efficiency in
incorporating NTPs vs dNTPs, while maintaining base selectivity also in the
presence of DNA lesions. Crystal structure of the polymerase showed that
F18 clashes with the 2’-OH group of incoming ribonucleotides increasing the
distance with the 3’-OH template and thus slowing the nucleotidyl transfer
reaction.
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S. cerevisiae poln MSKFTWKELIQLGSPSK———--——--- AYESSLACIAHIDMNAFFAQVEQMRCGLSKEDP 50
D.melanogaster poln | ————————————___ MSSARSHVSMONKYDRVVLLVDMDCFFCQVEEKQHPEYRNRP 42
Mus musculus poln | ———— - MAPGQNRVVALVDMDCFFVQVEQRQNPHLRNKP 33
Homo sapiens poln ——————————————————————————— MATGQDRVVALVDMDCFFVQVEQRQNPHLRNKP 33
Homo sapiens polt | ------ MELADVGAAASSQGVHDQVLPTPNASSRVIVHVDLDCFYAQVEMI SNPELKDKP 54
sk hy KEE HH

Fig. 1 The steric gate residue is conserved in DNA poln
ClustalOmega sequence alignments showing that the steric gate
residue of poln is conserved. A conserved phenylalanine in
position 35, 27 or 18 acts as a steric gate in S. Cerevisiae, D.
melanogaster, M. musculus and human respectively. As a
comparison, in DNA polt, another Y family polymerase, the
steric gate changes to tyrosine 39.

Convinced by these preliminary data and by our in silico analysis, we mutated
the F18 residue in the human DNA poln to alanine (F18A). In detail, we
mutated plasmids encoding for DNA poln to generate both eGPF poln
constructs for in vivo expression in mammalian cells and His-DNA poln
constructs for E. coli expression. Any mutation in the catalytic site of the
polymerase may affect its elongation activity or, in the case of DNA poln), the
damage bypass capability. As a preliminary attempt to verify the catalytic
activity of the F18A mutant, we performed an in vitro coupled transcription
and translation reaction (TNT). This system takes advantage of engineered
reticulocytes lysates to transcribe and translate exogenous cDNA under the
T7 promoter in vitro. The final product of the reaction is a functional protein,
in our case DNA poln. We performed a TNT reaction to produce His-tagged
DNA poln either wild type or FI8A mutated (Fig. 2A). Polymerases were
used for primer extension assays to test catalytic activity in bypassing a CPD
lesion (Fig. 2B).
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CPD template 5" CACTGACTGTATGATG 3
3’ GTGACTGACATACTACT-TCTACGACTGCTC 5’
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NO DNA
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His-poln F18A

CPD template
dNTPS

Fig. 2 TNTreaction can produce DNA polymerase 1 in vitro for primer
extension assays

A Production of DNA polymerase 1 by TNT was assessed by western blotting using
a specific antibody against poln.

B CPD template used in the reactions.

C Primer extension assays with TNT reactions products. Crude reticulocytes lysate
was used as a control to exclude other secondary elongation activities (lane 1).

Poln is required for such a bypass and, as can be observed in lane 1 of Fig.
2B, the reticulocyte lysate is not competent for the elongation of the substrate.
Thus the use of the specific poln substrate allowed us to exclude elongation
activities by other polymerases possibly present in the reticulocytes lysate.
Interestingly, both wild type and FI8A polymerases produced in vitro were
able to bypass the CPD at +1 position (Fig. 2C lane 2 and 3). However, while
the wild type polymerase extended completely the primer, the steric gate
mutant had a lower processivity (Fig. 2C lane 3). In addition to this, it is worth

noticing that primers elongated by the mutant polymerase presented a shift
in the electrophoretic run (Fig. 2C lane 3).
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It is well known that the presence of ribonucleotides in DNA cause such
electrophoretic shift due to the presence of the additional 2’-OH group
compared to dNTPs (Crespan E et al. 2016). Even though we used dNTPs as
nucleotides mix in primers elongation, the reticulocyte lysate contains a large
excess of ribonucleotides for the transcription reaction. Thus, we can
hypothesize that the mutant polymerase incorporates NTPs residual from the
TNT mix.

1.3 Purification of His-poln F18A mutant

TNT reactions provide a fast method to obtain the protein of interest in vitro.
However, subsequent reactions cannot be precisely controlled due to the
presence of residual reticulocytes components, as seen by the presence of
NTPs. To have a higher control of the reactions conditions we purified the
mutant DNA polymerase. A codon optimized plasmid carrying the DNA poln
F18A cDNA was used to transform BL21-Ade3 Codon+ E. coli competent
cells. Transformed bacteria were pre inoculated for an overnight culture at 30
°C. Growth rate was calculated and cultures diluted to an optical density at
600 nm (OD600) of about 0.1 into 3 liters of culture medium. At OD600 of
0.6 the culture was chilled on ice for 20 minutes followed by induction with
IPTG 0.5 mM. After induction, culture was grown at 12 °C for 40 hours.
Pellets were resuspended and lysed with lysozyme followed by sonication.
Bacterial cells suspensions were centrifuged to remove cell debris and the
lysate was incubated with a pre equilibrated TALON affinity resin. The resin
contains cobalt to bind with high affinity and high specificity the Histidine
tag of target proteins. The lysate incubated with the resin was packed in a
column and circulated by gravity. After washes, fractions were eluted with
300 mM imidazole. The first two fractions should contain the highest
concentrated proteins and thus were used in a desalting step to remove
imidazole and lower the concentration of salts. Aliquotes from both eluted
fractions and desalted samples were used for western blot analysis (Fig. 3).
As observed by TGX gel stain, we were able to purify poln at over 90% purity
(Fig. 3 lanes from 1 to 7). The purified product was quantified at the
concentration of 280 ng/microL by densitometric analysis with a bovine
serum albumin (BSA) scale (Fig. 3 compare lane 6 with lanes from 8 to 11).
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Fig. 3  Purification of His-tagged DNA polymerase n
F18A

Each eluted fraction was analysed by running samples on a
prestained TGX gel. Purity of the sample can be assessed by

the presence of a predominant band for His-polm.
Concentration has been confirmed by densitometric analysis
comparing fractions with a BSA scale.
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1.4 His-poln F18A incorporates ribonucleotides in vitro

Having purified the mutant polymerase, we wanted to test both its catalytic
activity and the propensity to elongate primers with ribonucleotides (NTPs)
compared to deoxyribonucleotides (ANTPs) in a more controlled reaction
environment. With this aim, we used purified polymerases in primer
extension reactions with different templates (Fig. 4A) and different
nucleotide substrates. In the presence of an undamaged template extension of
the primer was efficient and the wild type polymerase terminated the reaction
using dNTPs (Fig. 4B lane 1). The mutant polymerase was able to elongate
the primer, although it showed a reduced processivity in the same conditions
(Fig. 4B lane 2). The same undamaged template was used as a substrate for
polymerases in the presence of NTPs instead of dNTPs to test the capability
of ribonucleotides incorporation. Although both polymerases, WT and F18A,
showed a remarkable reduction of elongation efficiency (Fig. 4B lane 3 and
4), the F18A polymerase was able to extend the substrate with NTPs more
efficiently that the WT (Fig. 4B lane 4). After testing the elongation efficiency
of the polymerases we decided to verify the CPD bypass capability with either
of the two nucleotides (Fig. 4C). Again the wild type polymerase was able to
bypass the CPD at +1 position and fully extended the primer with dNTPs,
while the F18A mutant bypassed the lesion but showed once more a lower
processivity (Fig. 4C lane 1 and lane 2). More interestingly the mutant
polymerase bypassed the lesion with NTPs while the wild type showed a very
low efficiency in elongating past the damaged bases with the same
nucleotides (Fig. 4C lane 3 and lane 4). Taken together this data shows that
mutation of FI8 in human DNA poln stimulates ribonucleotides
incorporation at the expense of its processivity. In such scenario, we wanted
to firmly confirm that the mutation was not affecting the catalytic function of
the polymerase. For this aim, we took advantage of different experimental
conditions while performing primer extension assays. Hence, we substituted
magnesium with manganese in the reaction buffers and performed the same
assays on undamaged templates. The precise effects of manganese on
polymerase reactions are still under investigation, but it has long been known
as an enhancer of polymerases catalytic activity.
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In fact, it has been hypothesised that the wider atomic radius of manganese
may enlarge polymerases catalytic site, thus favouring the entrance of
nucleotides for DNA elongation. In this conditions, both polymerases fully
elongated undamaged primers in the presence of either ANTPs or NTPs, thus
finally excluding the possibility that mutation of F18 would completely
abolish the polymerases activity (Fig. 4D). Notably, polymerases elongated
the primers giving rise to products longer than the expected 30 nucleotides
(Fig. 4D lanes from 1 to 4). We hypothesise that this phenomenon may be
caused by the presence of manganese that strengthens catalytic activity to the
point of causing primer slippage. As a consequence, slippage of primers on
template causes addition of bases that are detectable during electrophoresis
as longer products. Remarkably in all reactions, as previously observed in
primer extensions by TNT products, the incorporation of ribonucleotides
caused an electrophoretic shift clearly visible by comparing the products
where NTPs substituted dNTPs in the reaction mixes (Fig. 4B lanes 3 and 4,
Fig. 4C lanes 3 and 4, Fig. 4D lanes 3 and 4). This mobility shift could also
cause the accumulation of products of increased apparent (>30nt) length.
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Fig. 4 Primer extension assays

A Annealed templates used in the assays. 30 mer templates were either

B
or NTPs.

NTPs

undamaged or contained a CPD at +1. Primers were 5’ labelled with FAM.
Elongation of undamaged primers by purified polymerases either with ANTPs

Bypass of the +1 CPD lesion by purified polymerases either with ANTPs or

Elongation of undamaged primers by purified polymerases in reactions
containing manganese instead of magnesium, with either dNTPs or NTPs.
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1.5 F18A mutant cells have an increased UV sensitivity

Since the mutant polymerase was functional in vitro, we wanted to verify the
effects of steric gate mutation in vivo. At first, we verified the correct
subcellular localisation of the polymerase, and its capability to be recruited to
replication factories, thus forming discrete nuclear foci. We transiently
transfected eGFP-DNA poln wt or FI8A in MRCS5 cells. Cells were UV
irradiated with a high dose of UV-C light (25 J/m?) and fixed after 6 hours.
Under these conditions the majority of cells are found blocked in S phase of
the cell cycle and thus it is possible to appreciate discrete nuclear foci of DNA
poln by immunofluorescence. The steric gate mutant showed a correct
nuclear localization and formed visible foci as the wild type variant (Fig. 5).
This was the confirmation that mutant polymerase showed a similar
behaviour as the wt variant.
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DAPI GFP DAPI GFP

eGFP-poln wt
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Fig.5 Localisation of eGFP-polr variants in mammalian cells

Correct localisation of eGFP-poln variants (wt or F18A) was assessed by epifluorescence
after transient transfection.
Representative images of poln localisation are shown: diffused in the nucleus (left) and
focally accumulated (right) for both WT and F18A. About 100 nuclei were quantified for
the analysis. Quantitation of the foci distribution is shown at the bottom in the absence and
presence of UV irradiation.

In light of this, we decided to establish stable cell lines with the DNA poln
variant transgenes. We took advantage of XP30RO cell lines from Xeroderma
Pigmentosum Variant (XPV) patients. These cells carry a frameshift mutation

in the first exon of the DNA poln gene and thus produce a non functional

DNA polymerase and are considered to be poln null. We complemented these
cells with the previously mentioned construct coding for a N-terminally eGFP

tagged DNA polymerase m and established XP30RO-eGFP poln wt and

XP30RO-eGFP poln FI18A stable cell lines that were wused for
characterisation of the mutant polymerase in vivo. Cells were transfected and
seeded to obtain single colonies in the presence of G148 as selective agent.
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Fig. 6 Detection of eGFP-poln in stable cell lines

After isolation of single colonies, cells were screened by western
blot analysis using an antibody against DNA polr. Each clone
was compared to XP30RO cells and XP30RO cells
complemented with with the wild type eGFP-poln variant. The
asterisk (*) indicates an aspecific band identified by the antibody.

Surviving clones were screened for the presence of DNA polymerase n by
western blot (Fig. 6). Two independent clones were isolated, namely clone 3
and 18 (Fig. 6 lanes 3 and 4). Subsequent monitoring of eGFP expression by
FACS revealed an unstable expression of the transgene in clone 18 and thus
these cells were discarded for further analysis (data not shown). To verify the
possible effects of the transgene on cell growth, we followed cell duplication
by counting cell number at different timepoints. No significative differences
were observed at each time point between the different cell lines, thus
excluding the possibility that the mutant polymerase could impair cell growth
(Fig. 7).
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Fig. 7 Cell growth of isolated cell lines

Cells were seeded at equal numbers and then
counted at the indicated timepoints. Each count was
normalised to the initial number and then expressed
as relative cell number. Error bars represent S.E.M.
(n=2)

The function of DNA poln is crucial for cell viability in the presence of UV
damage on DNA, thus we verified the effect of the mutant polymerase on
bypass of UV lesions at long timepoints. A clonogenic survival assay was
performed, where 12 h after seeding the cells were irradiated at increasing
UV doses before being allowed to form colonies. The number of survived
colonies was finally scored 15 days after irradation. As expected, XP30RO
cells had the highest sensitivity showing less than 1% survival at the
maximum UV dose of 6 J/m? (Fig. 8).
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Conversely, cells complemented with the wild type polymerase are able to
bypass the lesions and thus have the highest survival percentage. In contrast,
F18A mutant cells show a more sensitive phenotype reducing their survival.
A similar phenotype was observed in yeast where the presence of
ribonucleotides in the genome inserted by the F35A mutant of DNA
poln caused a higher UV sensitivity than its matched WT control (Donigan
KA et al. 2015) when RNase H2 was present. The phenotype was explained
by the possible conversion of genomic ribonucleotides inserted by the
polymerase into more toxic intermediates. For example, embedded
ribonucleotides may be recognised and cleaved by RNase H2 when the RER
pathway is active. Processing of ribonucleotides may lead to the formation of
gaps in DNA that further damage cells and affect the survival after UV
damage.
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Fig. 8 UV sensitivity of different cell lines

Cells were seeded and UV irradiated at increasing doses.
Survival colonies were counted and expressed as percentage
of survival. Error bars represent S.E.M (n=3)

The presence of long term effects on the survival of F18A cells challenged
with UV led us to analyse in more details the progression of cell cycle after
UV irradiation. Since XP30RO cells cannot bypass UV damage, they are
found arrested in early stages of S phase after irradiation. Complementation
of the cells with the wt DNA poln allows damage bypass and thus progression
through cell cycle. With this in mind, we UV-irradiated the cells and after
fixing, we stained them with propidium iodide (PI). PI intercalates into DNA
and FACS analysis allowed us to follow the cell cycle progression upon
irradiation by monitoring the quantity of DNA in the cells (Fig. 9). As
expected, we found XP30RO cells accumulated in early S phase of the cell
cycle following UV irradiation. In comparison, cells complemented with the
wt variant of DNA poln were found in the middle to late stages of S phase.
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F18A mutant cells had instead an intermediate phenotype with the majority
of cells accumulated at later stages of S phase if compared to the XP30RO

cells but at earlier phases if compared to the DNA poln wt cells.

UV 15)/m?
NO UV 24h
XP30RO
XP30RO-eGFPpomWT e 5
XP30RO-eGFPpolnF18A R

Fig. 9 Cell cycle progression after UV irradiation

Cells were challenged with UV irradiation and fixed
after 24 hours. Cell cycle distribution was analysed by
FACS. Y axis scale was reduced in UV treated samples

to increase readability of the plots.
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Thus, even at earlier timepoints with respect to the clonogenic assay, the
F18A mutation of DNA poln influences UV damage bypass and therefore
cell cycle progression. This deficiency in UV damage bypass confirms our
previous observations and the data obtained in yeast (Donigan K et al. 2015).
In S. cerevisiae strains lacking NER activity, DNA poln is the sole UV
damage repair mechanism and thus the steric gate mutant bypass damages by
inserting ribonucleotides. In this context, the presence of RNase H2 activity
confers cells a higher UV sensitivity. In fact, when damages are bypassed
with ribonucleotides they are subsequently removed by RER pathway leaving
gaps on DNA. We speculate that the UV sensitivity of the F18A human cells
may be attributed to a similar pathway. Differently from the yeast strains,
NER is active in our cell lines. However, cells still rely on poln activity to
repair UV damages as it is evident by the sensitivity of XP30RO cells (Fig. 8
black line). Nevertheless, F1I8A mutant cells are capable of progressing
through S phase and thus can be used as a tool to track polymerase activity in
vivo.

1.6 Analysis of Post Replication Repair

A more direct analysis of UV damage bypass and in particular post replication
repair is made possible by a specific assay. The so called post replication
repair assay, detects nascent DNA by following incorporation of a radioactive
nucleotide analogue (Fig. 10A). Cells are UV irradiated and pulsed with *H-
thymidine that is incorporated into nascent DNA. This is chased over time in
the absence of labelled nucleotides. Deficiency in UV damage repair will
cause replication fork slowing or stalling and thus the production of short
nascent DNA filaments labelled with *H-thymidine. On the contrary, an
efficient bypass of damaged DNA will produce longer nascent filaments by
the active replication fork. Separation of nascent DNA by means of molecular
weight is carried out by centrifugation in an alkaline sucrose gradient.
Detection of radioactive signal along the gradient is a direct measurement of
nascent DNA length and thus can be correlated to bypass capacity of cells. In
a pulse and chase experiment XP30RO cells had a peak of low molecular
weight fragments indicating the presence of short stretches of nascent DNA
and thus a defect in damage bypass (Fig. 10B grey line).
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In contrast, XP30RO cells complemented with the wild type polymerase
showed a peak of high molecular weight fragments indicating an efficient
elongation after damage bypass (Fig. 10B black line). Cells complemented
with the F18A mutant had a peak indicating the presence of low molecular
weight fragments, leading us to hypothesise a possible defect in post
replication repair after UV irradiation (Fig. 10B red line). However, it should
be considered that in this assay DNA is separated in an alkaline gradient.
Alkali conditions are known to cause breaks at the level of ribonucleotides
due to their higher reactivity. Thus, it is reasonable that in this case the low
molecular weight fragments we are detecting in F18A cells could be an
artefact given by the reaction of incorporated NTPs with the alkaline gradient.
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UV = Fecovery__ 3H-thymidine pulse _ recovery - Separation on
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Fig. 10 PostReplication Repair Assay

A Schematic workflow of the assay

B Dimension of nascent DNA is correlated to damage bypass capability.
The sucrose gradient is spotted as separate fractions from the highest
molecular weight fractions (High MW) to the lowest molecular weight
fractions (Low MW). Radioactive signal of each fraction is plotted as
percentage of 3H-thymidine over total 3H.
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1.7 F18A cells accumulate DNA:RNA hybrids detected by the S9.6
antibody

After the initial characterisation of the mutated cell lines, we decided to have
a more direct proof of ribonucleotides incorporation in DNA by the F18A
mutant polymerase. With this aim we purchased an hybridoma cell line to
have a large scale production of the S9.6 antibody. This antibody has been
extensively characterised for its affinity to DNA:RNA hybrids (Bugoslawski
SJ et al. 1986; Garcia-Rubio M et al. 2018). The antibody shows a sub-
nanomolar binding to DNA:RNA stretches with a minimum length of 6 bp
and has been recently used to detect DNA:RNA hybrids formation in vivo
(Phillips DD et al. 2013; Garcia-Rubio M et al. 2018). We subcultured the
hybridoma cells to have a sufficient volume of supernatant that was used for
affinity purification of the antibody (Fig. 11). The purified S9.6 antibody was
used for immunofluorescence to detect the nuclear signal of DNA:RNA
hybrids in our stable cell lines. Staining of cell lines carrying either the wt or
the F18A allele revealed a different accumulation of hybrids in the nucleus
(Fig. 12A). Despite the cytoplasmic signal that is detected by the antibody
and documented in other works (Zhang ZZ et al. 2015; Hartono SR et al.
2018) we were able to quantify with high level of significance an increase of
about 2 folds in the nuclear S9.6 signal in FI8A cells compared to the wild
type cells (Fig. 12B).

89



4. Results

S9.6 eluted fractions

1 2 3 4 5

75 kDa

Heavy chain
—>

Light chain
—

Fig. 11 Purification of S9.6 antibody from a hybridoma cell
line

Supernatant from a hybridoma cell line was used to purify the
antibody by gravity flow with a Protein G Sepharose resin. Eluted
fractions were qualitatively analysed by running a TGX gel to check
for the presence of the eluted antibody. Each fraction was
subsequently quantified by Comassie stain with a BSA scale
reference.
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Fig. 12 Immunofluorescence detection of DNA:RNA hybrids

A Immunofluorescence detection of nuclear hybrids with purified
S9.6 antibody. Cells were fixed and stained with S9.6 primary
antibody followed by staining with fluorescent secondary antibody.

B S9.6 nuclear signal of GFP positive cells was quantified using a
specific CellProfiler pipeline. Relative fluorescence signal for each
cell is here reported as arbitrary units.
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It should also be considered that the S9.6 is capable also of recognizing RNA
stretches paired with DNA filaments namely R-loops (Garcia-Rubio M et al.
2018). The specificity of the antibody and the increase in nuclear signal were
confirmed by a pre-treatment of the cells with recombinant RNase HII, before
processing for immunofluorescence. In particular, prior to fixation the cells
were permeabilised and treated in situ with RNase HII to remove both
DNA:RNA hybrids and genomic embedded ribonucleotides. After treatment
with RNase HII we could appreciate a reduction of the S9.6 signal in both the
wt and F18A cells (Fig. 13). While the antibody has a broader specificity
towards R-loops, dsRNA structures and genomic embedded ribonucleotides,
the enhanced nuclear signal was directly correlating with the expression of
the F1I8A mutant of the polymerase. This result made us confident that the
increase we were detecting was specifically caused by ribonucleotides
inserted by the steric gate mutated poln.
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Fig. 13 Detection of S9.6 specificity towards DNA:RNA
hybrids

Slides were permeabilised and pre treated with recombinant RNase
HII before fixation. After fixation cells were stained with S9.6
antibody and nuclear signal was quantified with a specific
CellProfiler pipeline.
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1.8 Load of genomic ribonucleotides is higher in F18A cells

Accumulation of ribonucleotides embedded in genomic DNA can be detected
more directly and at higher level of resolution with a specific assay.
Recombinant prokaryotic RNase HII recognises and cleaves NTPs embedded
into DNA. Treatment of genomic DNA purified from cells with RNase HII
produces nicked genomic DNA at the level of ribonucleotides. Nick
translation reactions allow to fill the gaps left by RNase HII and the use of a
detectable nucleotide analogue permits quantification of the ribonucleotides
originally present in DNA. We decided to use this assay to quantify the
accumulation of genome embedded ribonucleotides in our cell lines. At first,
we took advantage of a radioactive nucleotide analogue, **P-adCTP for nick
translation reaction and subsequent quantification. Comparison of radioactive
signal between mock treated and RNase HII treated samples allows to
monitor the background incorporation due to nicks generated by genomic
DNA extraction and processing. Quantification of radioactive signal after gel
electrophoresis of genomic DNA revealed a significant accumulation of
ribonucleotides in the F18 A mutated cells when compared to the wild type or
XP30RO parental cell line (Fig. 14 compare lane 6 with lane 4 and lane 2).
Quantification of the radioactive signal showed an almost 2-fold increase
when compared to the wt cells, confirming the observations obtained by
staining with the S9.6 antibody. This is a direct indication of the presence of
ribonucleotides specifically incorporated into genomic DNA by the steric
gate mutant of DNA poln. While being extremely sensitive, this assay
resulted to be laborious and samples had to undergo a considerable number
or passages.
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Fig. 14 Detection of genomic ribonucleotides

After digestion with RNase HII and nick
translation reaction with «a’?P-dCTP, samples
were run on agarose gel and radioactive signal
was detected at the phosphoimager.

We wanted to improve this assay and be able perform it more quickly and in
a safer experimental setting, avoiding the use of radioactive nucleotides. To
pursue this goal, we decided to substitute radioactive dCTP with a
fluorescently labelled nucleotide analogue for nick translation reactions.
After setting the right reaction conditions, we performed the same assay with
the fluorescent analogue. Detection of the signal from dUTP-Atto647 again
revealed a higher and significant accumulation of ribonucleotides in the DNA
poln steric gate mutant cells, thus confirming previous results (Fig. 15
compare lane 6 with lane 4 and lane 2).
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Fig. 15 Detection of genomic ribonucleotides with
a fluorescent analogue

After digestion with RNase HII and nick translation
reaction with Atto647-dUTP, samples were run on
agarose gel and fluorescent signal was detected.

96



4. Results

1.9 Ribonucleotides can be isolated from genomic DNA of F18A mutant
cells

Since the final aim is to track the activity of the polymerase along the genome,
we wanted to be able to isolate DNA fragments where ribonucleotides were
inserted by DNA poln F18A. Once again the use of a different nucleotide
analogue during nick translation reaction makes possible to label and
subsequently isolate DNA fragments. We decided to use biotinylated
nucleotide analogues, in particular biotin-dCTP. As a preliminary step, we
tested biotinylation of DNA during a PCR amplification. As a proof of
concept, we decided to amplify GAPDH from cDNA in the presence of
biotin-dCTP. After PCR reactions, we detected biotinylated DNA by
incubation with fluorescently labelled streptavidin and electrophoresis on an
agarose gel. Amplification of GAPDH gene in the presence of biotin-dCTP
resulted in the partial biotinylation of the PCR product as detected by
fluorescent signal of the conjugated fluorophore (Fig. 16 lane 4). This
experimental conditions were set as a proof of principle for our subsequent
biotinylation of genomic DNA. In that case we would expect a more efficient
insertion of biotinylated nucleotides due to the higher frequency of gaps
present in DNA.
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Fig. 16 Biotinylation of GAPDH locus with biotin-dCTP
and fluorescence detection

GAPDH locus was amplified from cDNA by PCR either with
dNTPs or with a dNTPs mix containing biotin-dCTP. Samples
were incubated with a fluorescent conjugated streptavidin and
run on gel. Fluorescent signal was detected at Typhoon Trio
imager.

Given these results we were confident that our biotin-dCTP substrate could
be used in nick translation reactions. We moved to genomic DNA and decided
to test the experimental workflow by initially nicking purified gDNA. We
took advantage of a recombinant nickase, Nt.BspQI that generates nicks at
high frequency in genomic DNA recognising a highly frequent consensus.
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After incubation with the nickase, nick translation reactions were performed
in the presence of biotin-dCTP, followed by sonication to obtain smaller
genomic fragments of around 200 bp (Fig. 17A, lanes 1 and 2). Fragmented
genomic DNA was incubated with paramagnetic streptavidin beads and
finally DNA was eluted. We observed that only samples that had been filled
by DNA poll in the presence of biotin-dCTP could be eluted from the beads
(Fig. 17A, compare lanes 5 and 6; and lanes 7 and 8). Exclusive elution of
biotinylated samples led us to confirm that binding was specific.

However, the final outcome of this assay would be to amplify and sequence
all the genomic regions that were filled with ribonucleotides by DNA poln,
thus marking its activity along the genome. With this in mind, we decided to
test the possibility to amplify specific genomic loci after biotinylation and
DNA elution from beads. As a proof of principle, we successfully amplified
GAPDH locus directly from the beads (Fig. 17B).
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INPUT PRECIPITATE ELUTION1 ELUTION?2 PCR GAPDH
+ Biotin-dCTP

Biotin-dCTP _ + B + - + s

200 bp

Fig. 17 Elution of biotinylated genomic DNA and direct amplification
of GAPDH locus

A Biotinylated or not biotynilated control genomic DNA was sonicated,
precipitated and incubated with paramagnetic streptavidin beads.
Two subsequent elution steps were performed. Expected lengths of PCR
products are of 133 bp.

B Eluted samples were used in a PCR reaction to amplify GAPDH locus.

The activity of DNA poln is required for replication past difficult to replicate
regions, such as CFSs (Bergoglio V et al. 2013). These loci were the first
DNA poln target that we decided to isolate in our experimental setting. To
begin we tested amplification of all the fragile sites previously identified as
DNA poln substrates (Bergoglio V et al. 2013). FRA7H.1, FRA7H.2,
FRA16D and FRA3B were successfully amplified from genomic DNA (Fig.
18A) and FRA7H.1 was also amplified from sonicated genomic DNA
fragments (Fig. 18B).
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Fig. 18 Amplification of fragile sites from genomic DNA

A Genomic DNA was used a template to amplify fragile sites that

were already identified as DNA polr) substrates. Expected
lengths of PCR products are listed below the figure.

* indicates aspecific products.
B Amplification of FRA7H.1 from sonicated gDNA. Different

sonication cycles were tested.

To summarise our preliminary data, we demonstrated that we could nick,
biotinylate and detect genomic DNA. Moreover, we could amplify fragile
sites from sonicated DNA that is the final substrate of the assay after binding
with paramagnetic streptavidin beads. Thus we had established all
experimental conditions for the final assay to nick specifically at the level of
ribonucleotides embedded in genomic DNA by DNA poln F18A. To isolate
genomic loci where DNA poln FI8A inserted ribonucleotides, we treated
genomic DNA from cells with RNase HII and then biotinylated the nicked
DNA. Sonication produced gDNA fragments that were incubated with
streptavidin beads and after washing, beads were used as a PCR substrate to
amplify fragile sites. While FRA7H.1 was efficiently amplified in the input
samples, we could not detect any amplification product from beads (Fig. 19
lanes from 1 to 6).
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Fig. 19 Amplification of fragile sites from streptavidin beads

Amplification of FRA7H.1 after treatment with RNase HII and
biotinylation. After binding beads were directly used as a PCR
substrate. An aliquote of sonicated genomic DNA was used as an input
sample.

We hypothesise that further improvements of the assay are necessary to
enrich our samples for the desired genomic targets. Indeed, at present DNA

poln has been detected in CFSs only in the presence of replication stress, such
as after aphidicoline treatment. Thus, we cannot exclude that such conditions

may be necessary to be able to identify DNA poln activity in these sites.
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1.10 Inactivation of the RER pathway in the steric gate mutants

All of the previous experiments were performed in the presence of an active
RER pathway in the cell lines. For instance, the activity of RNase H2 is
removing ribonucleotides from genomic DNA leading us to underestimate
the quantity of genomic NTPs. Having a more precise quantitation of
ribonucleotides load by DNA poln requires the inactivation of the RER
pathway. As a first attempt to remove RNase H2 activity in our cell lines we
used lentiviral infection with small hairpin RN As (shRNAs) against either the
RNase H2A subunit or a control scramble construct. Efficiency of silencing
in cell lines was assessed by western blot analysis (Fig. 20A). Quantification
of the residual RNase H2A protein revealed an unexpected increase of the
subunit in XP30RO cells knocked down with shRNase H2A compared to
control (Fig. 20A compare lane 1 and lane 4), while about 50% residual
protein was present in wild type completemented cells (Fig. 20A compare
lane 2 and lane 5). Interestingly we detected only 30% of residual protein in
F18A complemented cells (Fig. 20A compare lane 3 and lane 6). The F18A
cells had the most efficient reduction in RNase H2A and thus we decided to
assess the presence of ribonucleotides in their genomic DNA. Genomic DNA
from lentiviral infected cells was purified and treated with RNase H2
followed by nick translation with fluorescent nucleotide precursors as
described before (Fig. 20B). Detection of fluorescent signal in shRNase H2A
samples showed a 2x increase in ribonucleotides content when calculating the
ratio between RNase H2 digested vs untreated samples. This result further
confirms our previous analysis showing an increase in genomic
ribonucleotides by the FI8A mutant. Thus, reduction of RNase H2A by
lentiviral infection increased the amount of detectable ribonucleotides as
expected.
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Fig. 20 Knock down of RNase H2A by lentiviral infection

Efficiency of silencing was assessed by western blot for both shScramble and
shRNase H2A, using an antibody against H2A subunit. Quantification by

densitometric analysis is reported below the blot.

The asterisks (*) indicates an aspecific band identified by the antibody.

After digestion with RNase HII and nick translation reaction with Atto647-
dUTP, samples are run on agarose gel and fluorescent signal is detected. Ratios

of treated vs untreated samples are reported.
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Although lentiviral infection led to a significant reduction of the RNase H2
protein, we wanted to have a more efficient method to inactivate the RER
pathway. For this reason, we decided to silence the transcript for RNase H2A
by siRNAs. After an initial setup of the optimal conditions, we were able to
silence more than 90% of the RNase H2A subunit in all of the cell lines, as
detect by western blotting with an antibody against this subunit (Fig. 21). A
novel clone expressing the steric gate mutation for DNA poln was isolated
and will be used for future analysis. This clone showed a higher and more
stable expression of the transgene at levels comparable to the wt transgene in
the control cell line (data not shown). This RNase H2A deficient background
will be useful for future experiments to have a more precise quantitation of

ribonucleotides inserted by the mutant DNA poln.
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Fig. 21 Knock down of RNase H2A by siRNA

Cells were silenced either with a NTC scrambled siRNA or
with a smartpool against the H2A subunit of human RNase
H2. Efficiency of silencing was tested by western blot in all
of the cell lines. The asterisk (*) indicates an aspecific band
identified by the antibody.
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2. Genomic editing of PCNA K164

2.1 CRISPR/Cas9 of PCNA K164 with ssDNA oligos for homologous
recombination

Previous works on PCNA K164 have employed different model organisms
showing conflicting behaviours of cell lines carrying the K164R mutation.
This in turn puzzled researchers in the field about the role and importance of
this residue in DNA damage tolerance. To date we still lack a mammalian
model to study the importance of this residue on PCNA. For these reasons we
decided to establish a mammalian cell line carrying the K164R mutation on
the PCNA genomic locus. In recent years the CRISPR/Cas9 system has
demonstrated to be a powerful tool to edit precisely genomic loci and generate
useful model organisms. We took advantage of this system to target the K164
residue in mammalian cell lines thus abolishing post-translational
modifications. We purchased a verified gRNA plasmidic system that carries
both the gRNA and a GFP-fused Cas9 enzyme (Fig. 22B). CRISPR/Cas9
system has been extensively used to generate precise knockouts, however
precise editing of a single allele, also called knock-in, is still considered a
challenging task. Generation of point mutations in desired alleles requires a
homologous recombination intermediate and thus there is the necessity of a
homologous donor DNA sequence. Many works have demonstrated that
ssDNA homologous sequences are sufficient to have a successful
recombination and acquisition of the mutated allele (Liang X et al. 2017). For
this reason, we decided to use ssDNA oligonucleotides as donor DNA
sequences (Fig. 22A). Two different oligonucleotides were chosen: one
targeting the coding strand and a complementary sequence targeting the
opposite strand. Both oligonucleotides carried the K164R mutation, a PAM
inactivating mutation to prevent undesired cut by Cas9 and finally a silent
mutation to inactivate the Apol restriction site, useful for subsequent
screening.
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5’-ATA TGC CGA GAT CTC AGC CAT ATT GGA GAT GCT GTT GTA ATT TCT TGT GCA
AGG GACGGA GTG AAGTTT TCT GCA ACT GGA GAA CTT GGA AAT GGA AACA-3’

5-TGT TTC CAT TTC CAAGTT CTC CACTTG CAG AAA ACT TCA CTC CGT CCCTTG
CAC AAG AAATTA CAA CAG CAT CTC CAA TAT GGC TGA GAT CTC GGC ATAT-3’

19-20bp
Target region

pCas9-GFP

(8,242 bp)

Fig. 22 DNA substrates for CRISPR/Cas9 targeting

A Sense and antisensedonor homology single stranded
oligonucleotides with the indicated modifications. In green the
PAM mutation, in red the K164R mutation and in blue the
Apol mutation.

B gRNA design and verification was performed by SIGMA. The
plasmid contains the designed gRNA cloned together with the
Cas9 endonuclease fused with GFP to detect transfected cells
and the presence of Cas9.
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We chose to target two cell lines: the human transformed embryonic
fibroblasts MRC5 and the XP30RO transformed fibroblasts from XPV
patients. The difference between these two cell lines lies in either the presence
or absence of the DNA polymerase 7 respectively. After transfecting cells
with the gRNA/Cas9 construct, GFP positive cells were sorted by FACS and
seeded to obtain isolated colonies. Screening of surviving colonies was
performed by treating cells with hydroxyurea (HU). HU is a ribonucleotide
reductase inhibitor and slows down the replication fork. This slow down
causes ubiquitylation of PCNA on K164. In fact, if cells were correctly
targeted we would expect a reduction or the total absence of PCNA
ubiquitylation upon HU treatment due to successful targeting of the locus.
Thus, colonies were screened by western blot for PCNA ubiquitylation. Only
few examples of the total clones screened are here reported (Fig. 23). Clones
that did not present monoubiquitylation were reconfirmed by a second
treatment in the same conditions (Fig. 23E). After the second confirmation
screening, a single colony of XP30RO cells still presented a drastic reduction
in PCNA ubiquitylation after HU treatment, remaining clones were
ubiquitylated and thus discarded (Fig. 23E lane 6). For the identified
putatively positive clone, we amplified the genomic locus for PCNA K164
and sequenced the PCR products. Unfortunately, although showing a non
ubiquitylated phenotype, the locus resulted to be wild type (Fig. 24). Overall
we screened 94 clones comprising both cell lines but did not obtain any
successfully targeted clone.
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Fig. 23 Screening of targeted cells

Clones were screened by western blot for PCNA
ubiquity lation after hydroxyurea treatment. Controls in lane
1 and 2 for each gel.

MRCS5 cells targeted with sense oligonucleotide.
MRCS cells targeted with antisense oligonucleotide.
XP30RO cells targeted with sense oligonucleotide.
XP30RO cells targeted with antisense oligonucleotide.
Secondary screening for putatively positive clones.
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Fig. 24 Sequencing of PCNA K164 locus in CRISPR targeted cells

Genomic DNA was extracted from XP30RO clone 12 and the PCNA
K164 locus amplified by PCR. The amplification product was sequenced
and the chromatogram is here reported. The site of interest is here
highlighted.

2.2 CRISPR/Cas9 of PCNA K164 with plasmidic DNA for homologous
recombination

Given the unsuccessful outcome of the previous editing we decided to change
our targeting strategy. To reduce the presence of false positive clones and thus
be able to reach a higher efficiency of screening we decided to insert a
selectable marker into the targeted locus. The only way to have a selectable
cassette as donor DNA is to use a donor plasmid containing homologous
sequences for recombination with the target locus. For this aim we substituted
DNA oligonucleotides with a donor plasmid containing two homology arms
that flank the selectable marker (Fig. 25).
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Insertion of the marker should not atfect the coding sequence of the locus, so
in this case we targeted insertion into the intron between exon 5, that contains
the K164 residue, and the flanking exon 6 (Fig. 25). For this reason, we had
to change our gRNA to target the desired intronic region. Cutting by Cas9 in
the region would stimulate homologous recombination using the homology
regions in the donor plasmid. If the donor plasmid is mutated homologous
recombination would insert the nucleotide variant together with the selectable
marker. The plasmid also carries the thymidine kinase gene, that becomes
toxic after treatment with ganciclovir. Consequently, a secondary negative
selection with ganciclovir excluded all cells that may have integrated the
entire donor construct and not only the regions flanked by the homology arms.
In addition, subculturing clones in the presence of the selective agent would
kill cells where homology recombination was not successful thus reducing
the number of false positive clones. In the end, we also changed our screening
protocol and clones were screened by PCR checking the presence of the
selectable marker cassette in the PCNA intronic locus. Subsequent
sequencing of the amplification products would allow genotyping of the
clones (Fig. 25). The first step of the workflow required the insertion of the
homologous sequences into the donor plasmid. Starting from genomic DNA
we amplified about 1130 bp around the K164 locus in the 5th exon and the
same length of bp in the 6th exon. Amplification was performed to insert
specific restriction sites (see Materials and Methods) and homology
sequences were cloned into the donor plasmid. The final product is a donor
plasmid that carries the selectable marker and homology arms with
homologous sequences from exon 5 and exon 6 of PCNA. After cloning the
donor plasmid, we mutated the K164 in exon 5 by site directed mutagenesis
to have both the wild type and K164R donor sequences.
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Fig. 25 Strategy to target PCNA k164 locus

The pDonor-D09 plasmid carries a puromycin resistance gene. The
puromycin cassette can be inserted in the desired locus by flanking
homologous sequences. Thus once inserted in the plasmid,
homology arms for PCNA would target the mutation and the
resistance cassette to the correct locus. Targeted cells are screened
by PCR with a forward primer 5’ to exon 5 and a reverse primer on
the puromycin gene. The presence of LoxP sites flanking the
resistance cassette allow their excision to have a final scarless locus.
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2.3 Isolation of a K164R heterozygous clone

MRCS5 and XP30RO cells were transfected with the gRNA/GFP-Cas9
constructs and the donor plasmid for homologous recombination with either
the wild type or the K164R allele. GFP positive cells were seeded to obtain
single colonies and grown with puromycin to select for positive
recombination events, before negative selection in ganciclovir. Colonies were
screened by PCR looking for the presence of the puromycin cassette in the
PCNA locus (Fig. 26A). Three clones from MRCS5 cells showed amplification
products, but only one of them could be correctly amplified with the two
screening primers (Fig. 26B). Clone number 36 was further characterised but
presented incorrect amplification products of the locus due to possible
unscheduled rearrangements and thus was discarded. A subsequent screening
amplifying the entire region from exon 5 to exon 6, identified another positive
colony, clone number 122 (Fig. 26C lane 3). As can be seen from PCR
analysis this clone presented the parental locus with the addition of the longer
amplification product given by insertion of the puromycin cassette. PCR
products of the amplicon from clones number 122 and 82 were sequenced.
(Fig. 26D). As evident by the chromatogram we could detect the presence of
a wild type coding allele for clone 122 and a heterozygous sequence for clone
82. Since products were amplified using a primer for the puromycin
resistance, we hypothesize a phenomenon, where, in clone 82, only a part of
the homology harms were used for recombination. In fact, in these cells two
alleles were targeted, one carrying the WT gene and the other the K164R
mutant. Further analysis of the locus by amplification of the region between
exon 5 and exon 6 revealed the presence of both the parental and the
puromycin resistance locus (Fig. 26C lane 2). Having simultaneously the
presence of two targeted alleles and an additional parental locus, we presumed
that more than two copies of the PCNA gene may be present in our cell lines.
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To verify this hypothesis we sent our cells for a karyotipic analysis. MRC5
paternal cell lines showed the presence of 3 copies of the PCNA locus (data
not shown, Courtesy of Catherine Green, University of Oxford). The
amplified karyotype explains the presence of a non targeted locus as shown
by PCR analysis (short band in Fig. 26C lane 2) alongside a longer
amplicicons carrying the puromycin cassete and both WT and K164R
mutated exon 5 (as monitored by sequencing).
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Fig. 26 Screening of PCNA CRISPR targeted cells

A Schematic representation of the screening strategy. The genomic locus is
targeted by a forward primer mapping 5’ the exon 5 and two different reverse
primers inside the puromycin resistance gene.

B Results of PCR screening of surviving colonies. Both reverse primers mapping
inside the puromycin resistance have been tested. MRC5 genomic DNA is used
as negative control.

C Results of PCR screening using primers to amplify the region from exon 5 to
exon 6. Presence of the puromycin cassette should be detected as a higher
electrophoretic band compared to the parental locus.

D Sequencing results of the amplification products from clone 122 and 82. K164
locus is highlighted in the figure showing the presence of wild type alleles for
clone 122 and heterozygous alleles for clone 82.
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Considering the complex genomic rearrangements and taking into account
that our strategy targets the intronic region of the PCNA gene, we also
decided to control the correct maturation of transcripts in the CRISPR/Cas9
targeted cells. We extracted total mRNA from cells, retrotranscribed the
samples and finally amplified the target region from exon 5 to exon 6. Only
one amplification product was present, indicating that no alternative splicing
was occurring between exon 5 and exon 6 (Fig. 27A). The amplification
product was sequenced and (Fig. 27B) confirmed, as can be seen from the
chromatograms, the expression of both WT PCNA but also PCNA K164R.
This made us confident that we had indeed established a heterozygous cell
line and the transcript was maturating correctly, eventually to be translated as
a functional protein.
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Fig. 27 Analysis of PCNA transcripts by cDNA sequencing.

A Total RNA was isolated from cell lines and cDNA was obtained. PCNA
transcript was amplified with primers spanning from exon 5 to exon 6 to
comprise the K164 locus and the region targeted by the CRISPR/Cas9.

B Chromatograms from cDNA sequencing of each cell line are here reported.
The K164 is highlighted in the figure showing a wt transcript for parental cell
line and CRISPR targeted wt cells. The K164R mutation previously identified
at genomic locus is retained in the transcript of clone 82.

2.4 K164R cells have a reduced PCNA ubiquitylation and a slower
progression through cell cycle in the presence of hydroxyurea

Having obtained a heterozygous clone and its targeted wild type control, we
decided to start their characterisation. At first we checked the response of cell
lines to HU treatment. To begin, we analysed PCNA ubiquitylation by
western blotting. To do so we treated cells with 1 mM HU for 24 hours and
prepared whole cell extracts for SDS PAGE analysis. Comparing
ubiquitylation of PCNA between MRC5, and MRCS5 PCNA KI164R
heterozygous cells and MRCS5 PCNA wt targeted cells, a considerable
reduction of PCNA ubiquitylation can be appreciated both before and after
HU treatment (Fig. 28).
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Quantification of the PCNA monoubiquitin signal revealed a reduction of the
modification when comparing PCNA wt and PCNA K164R heterozygous
both in untreated and HU treated samples (Fig. 28 compare lanes 1, 3 and 5
and lanes 2, 4 and 6). A reduction of about 1/3 was present in the K164R cell
lines both in untreated and HU treated cells. (Fig. 28 lanes 3 and 4). This is
consistent with a possible reduction of the PCNA subunits where K164
cannot be efficiently ubiquitylated as a consequence of CRISPR targeting.
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Fig. 28 PCNA ubiquitylation analysis after HU treatment

Ubiquitylation of PCNA was tested in MRC5 parental cell line, MRC5 CRISPR
PCNA wt and MRC5 CRISPR PCNA K164R heterozygous clone by treatment with
1 mM HU for 24 hours followed by western blot. Intensity of Ubi-PCNA was
detected by densitometric analysis with a specific Ubi-PCNA antibody and
normalised on PCNA content. Values are reported below the blot.

Since we noticed a reduction in the ubiquitylation of PCNA in the
heterozygous cell line, we decided to assess the progression through cell cycle
of the mutated cells. Cell cycle progression is affected following HU
treatment by the depletion of dANTPs pools. In particular, replication forks
slow down due to scarceness of substrates for replication. PCNA
ubiquitylation has been hypothesised to be a central event to preserve S phase
progression and avoid replication fork stalling. To test this hypothesis in our
cell lines, we decided to follow cell cycle progression upon HU treatment.
After treating samples with low doses of HU for 24 hours, cells were stained
with propidium iodide and analysed by FACS analysis. Untreated samples
showed a normal and comparable progression through cell cycle with the
majority of cells in the G1 phase after 24 hours. At 24 hours past HU
treatment, MRCS5 cells presented a block at the early stages of S phase
comparable to the MRC5 PCNA wt targeted cells (Fig. 29). Surprisingly the
heterozygous K164R cells showed a distinct phenotype with a higher number
of cells blocked at even earlier steps of S phase (Fig. 29).
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Thus while progression through unperturbed cell cycle is unaffected in the
K164R heterozygous cells, following conditions that perturb the replication
fork they show a slower entry or progression in S phase.
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Fig. 29 Cell cycle progression after HU treatment

Cells were treated with 1 mM HU and fixed at 24
hours. Cell cycle distribution was analysed by
propidium iodide stain and detected by FACS. Y axis
scale was reduced in UV treated samples to simplify
readibility of the plot.
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2.5 Progression through cell cycle is faster in K164R cells after UV
irradiation

The role of PCNA ubiquitylation is fundamental also in the bypass of UV
lesions, to permit translesion synthesis. In fact, blockages of the replication
fork, encountering UV damage, can be rescued by TLS polymerases that are
recruited after PCNA ubiquitylation. We decided to test the response of our
cell lines also in this case and thus we irradiated the cells with UV-C and
checked PCNA monoubiquitylation by western blotting. (Fig. 30). Even in
unirradiated samples a reduction of PCNA ubiquitylation was detectable
between heterozygous K164R cells and wild type targeted cells (Fig. 28
compare lanes 1 and 3 with lane 5), indicating a lower abundance of the
modification in unperturbed conditions. PCNA ubiquitylation was
considerably reduced at more than a half upon UV treatment in the
heterozygous cells (Fig. 30 compare lane 2 and lane 4 with lane 6). Thus,
even being able to target just one allele we already had a strong phenotype in
terms of PCNA ubiquitylation in response to UV damage.
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Fig. 30 PCNA ubiquitylation analysis after UV treatment

Cells were irradiated at 15 J/ m? of UV-C to cause replication fork arrest
and PCNA ubiquitylation. Samples were taken after 24 hours.
Ubiquitylation of PCNA was assessed by western blot with a specific Ubi-
PCNA antibody.

Also in the case of UV irradiation, damage on DNA blocks the replication
fork and affects cell cycle progression. We tested the role of PCNA
ubiquitylation also in this case, following cell cycle in our targeted cell lines.
Cells were UV irradiated and then stained with propidium iodide at 24 hours
post irradiation (Fig. 31). All untreated cells showed a normal progression
through cell cycle as previously shown. On the other hand, MRC5 and MRC5
wild type targeted cells showed a similar profile with cells blocked mostly at
the early S phase. Interestingly, heterozygous K164R cells had a faster
progression through S phase with less cells at in early S phase and more in to
mid-to late S phase. Again, even in the presence of a single targeted locus, a
clear phenotype was detectable in K164R cells.
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Fig. 31 Cell cycle progression after UV irradiation

Cells were treated with 15 J/m?> UV-C and fixed at 24 hours. Cell cycle
distribution was analysed by propidium iodide stain and detected by FACS.
Y axis was reduced in UV treated samples to simplify readibility of the plot.

To summarise these results, following treatments that either slow or block
replication fork, monoubiquitylation of PCNA was consistently reduced
confirming the reduction of target wt subunits. Surprisingly, heterozygous
K164R cells had a clear distinct phenotype when compared to wild type
counterpart and parental cells. In the case of fork slow down by HU,
heterozygous mutated cells showed a more pronounced block at earlier stages
of S phase compared to the other cell lines. On the contrary, upon UV
irradiation, K164R heterozygous cells showed a faster progression through S
phase than the wild type counterpart.
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These different phenotypes may account for different necessities in terms of
PCNA ubiquitylation in the two different scenarios and thus require further
analysis. In fact, upon UV irradiation, PCNA ubiquitylation has been
demonstrated fundamental to have a maximal UV tolerance in mice (Hendel
A et al. 2011). However other bypass mechanisms that do not rely on PCNA
ubiquitylation on K164 should not be excluded, since knock down of other
players (Rev3L, PolH and Revl) caused each a further increase in UV
sensitivity. This data may be consistent with our results where partial loss of
PCNA K164 ubiquitylation does not impede progression through S phase.

3. Translesion synthesis and G4 DNA

3.1 Stabilisation of G-quadruplex DNA affects cell viability in the
absence of DNA polymerase 1

The needs for a TLS mechanism in replicating past non B-DNA structures,
such as g-quadruplexes is yet to be defined in vivo in mammalian cells. The
use of G4-stabilising compounds has expanded this field of research and
given the possibility to study G4 dynamics in vivo. DNA poln was already
shown to be able to replicate past complex DNA structures. This capability is
provided by its peculiar structural features (Eddy S et al. 2015). Given these
evidences, we decided to investigate the possible involvement of the TLS
mechanism in replication past g-quadruplex DNA. To this end we took
advantage of pirydostatin (PDS), a compound that was isolated as a small
highly selective G4 binding molecule and has been exploited to study the
presence of g-quadruplex in mammalian cells (Rodriguez R et al. 2012;
Zimmer J et al. 2016). In particular, the compound is classified as a G4
stabilizing compound both in vitro and in vivo (Muller S et al. 2010; Koirala
D et al. 2011). Its binding to g-quadruplex DNA in vivo prevents the
resolution of the structure causing replication fork stalling and inducing DSBs
(Rodriguez R et al. 2012; Zimmer J et al. 2016; Moruno-Manchon J et al.
2017). Since we were interested in dissecting TLS dynamics upon PDS
treatment, we used XP30RO and XP30RO-eGFPpoln complemented cell
lines. Eventual differences between cell lines may be correlated to the activity

of poln and thus to replication of g-quadruplex DNA via a TLS mechanism.
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To begin, we analysed viability of the two cell lines upon treatment with
increasing doses of PDS. At the highest dose of PDS (10 uM), a significative
difference between cell lines was evident (Fig. 32). In particular, XP30RO
cells showed about 50% reduction in cell viability compared to the
complemented cell line at 24 hours from treatment. Summarising, in the
absence of DNA poln the presence of unresolved g-quadruplex reduces cells
viability through a yet to be defined mechanism.
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Pyridostatin (uM) )

Viability (%)

Fig. 32 Analysis of cell viability after PDS treatment
Equal number of cells were seeded and treated with the
indicated doses of pyridostatin. After 24 hours cells were
treated with Trypan Blue and counted with an automated cell
counter. Each count was normalised to the initial values and
viability expressed as percentage of living cells.
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3.2 Unresolved G4 structures activate S phase checkpoint in TLS
proficient cells

To analyse more in details, the effect of G4 stabilisation in the two cell lines,
we decided to dissect the DDR pathway. A possible explanation of the
differences we have observed could lie in a different activation of the DNA
damage sensor kinases. For these reasons we treated at the same increasing
concentrations of PDS the two cell lines and then checked the activation of
different players of the DDR and TLS pathways by western blot.

In particular, the stabilisation of g-quadruplex sequences may slow the
replication fork while encountering the obstacle, hence resulting in the
activation of the checkpoint response. Thus we checked activation of the
effector kinase, Chkl. As already mentioned, Chkl is activated by
phosphorylation on S345 and once active it can phosphorylate its downstream
effectors. Using a specific antibody directed against S345 of Chkl, we
detected a dose dependent phosphorylation of this residue (Fig. 33). More
interestingly, the activation of the kinase was higher in XP30RO-eGFP poln
cells compared to their parental cell line at the highest PDS dose (Fig. 33
compare lane 4 and lane 8). Together with the checkpoint, we analysed the
activation of the TLS pathway by means of PCNA monoubiquitylation. A
considerable higher signal of monoubiquitylation was detected with a specific
antibody in poln proficient cells at the highest PDS dose (Fig. 33 compare
lane 4 and lane 8). Interestingly increasing doses of PDS also caused an
increase in DNA poln total quantity (Fig. 33 from lane 5 to 8). Whether this
accumulation could be correlated to a higher production of the transcript or
whether the polymerase may be stabilised in the presence of unresolved G4s
will be an interesting point to be addressed. To summarise, the stabilization
of G4s leads to a stronger activation of the kinase Chkl and an increased

ubiquitylation of PCNA in a manner dependent on the presence of DNA poln.
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Fig. 33 Western blot analysis of S phase checkpoint activation
and TLS after PDS treatment

Cells were treated with increasing doses of PDS and whole cell extracts
were loaded on gel after 24 hours. Activation of Chkl was analysed
using a phospho-specific antibody against S345. The phosphorylated or
hyperphosphorylated forms can be visualized as a shift during
electrophoresis (}). Total Chkl protein in the extracts was also
controlled. Activation of the TLS pathway was assessed using an Ubi-
PCNA antibody to detect its monoubiquity lation on K164. Total PCNA
protein was also controlled in the extracts.
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In these conditions, the slowing down of the replication fork after PDS
treatment may lead to a higher accumulation of ssDNA, followed by RPA
binding and its phosphorylation. This sequence of events recruits the E3
ubiquitin ligase Radl8 at the fork and thus permits PCNA
monoubiquitylation. Given the crucial role of this axis for TLS activation, we
tested whether a different activation of either RPA or Radl8 may be
correlated to the previously observed differences in PCNA ubiquitylation.
However, no differences in either Rad18 activation or RPA phosphorylation
were visible between the two cell lines upon PDS treatment (Fig. 34). Thus,
we can rule out the possibility that the increase of PCNA ubiquitylation may
be related to a higher activity of the E3 ubiquitin ligase or indirectly by
accumulation of ssDNA.
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Fig. 34 Western blot analysis of Rad18 activation and RPA
phosphorylation

Cells were treated with increasing doses of PDS and whole cell
extracts were loaded on gel after 24 hours. Activation of Radl8
was analysed by checking the reduction of the ubiquitylated form
visualised as a retarded band on gel. Phosphorylation of RPA2
was analysed controlling the gel shift of the RPA2 subunit.

3.3 Cells fractionation reveals dynamics of TLS in the presence of stable
G4 structures

The majority of the dynamics of checkpoint and TLS activation occur on
chromatin. To be able to discern subtler changes on protein dynamics on
chromatin, we decided to perform cell fractionation after PDS treatment.
Whole cell extracts in the same conditions were simultaneously obtained (Fig.
35A). Protein content can be subdivided in this case as the soluble fraction
(Fig. 35B), containing both cytoplasmic and nuclear soluble factors (as
indicated by the absence of histone H3, panel B) and the chromatin fraction
(Fig. 35C), containing exclusively those proteins that were bound to DNA at

130



4. Results

the time of extraction (as indicated by the absence of tubulin, panel C). By
analysing whole cell extracts, a stronger monoubiquitylation of PCNA of
about 2.5 fold was still detectable in XP30RO poln wt complemented cells at
the highest PDS dose (Fig. 35A compare lane 4 and lane 5). We were able to
confirm also the accumulation of eGFP poln as total protein content at
increasing doses of PDS increasing at a maximum of almost 4 fold when
compared to the untreated control (Fig. 35A from lane 5 to 8). No differences
in the total amount of RPA2 were noticed comparing either the two cell lines
or the treatment. Regarding the soluble fraction, no changes could be detected
in all the proteins analysed (Fig. 35B). Interestingly chromatin protein
fraction showed again a higher presence of DNA poln at the increase of PDS
reaching an accumulation of about 10 fold when compared to the its matched
control (Fig. 35C from lane 5 to lane 8). In light of these numbers, we can
conclude that the maximum dose of PDS (10 uM) induces an accumulation
of eGFPpoln at chromatin level that it cannot be simply explained by its
increased total protein levels that are found in the cell upon PDS exposure.
This result suggests that DNA poln may be required at the level of chromatin
when G4 are stabilized and present an impediment to the progression of the
replication. Interestingly, also PCNA monoubiquitylation was detectable on
chromatin and doubled at the maximum PDS dose in the complemented cell
lines while it did not change in XP30RO cells (Fig. 35C compare lane 4 and
8). Again, at the level of chromatin also RPA2 subunit did not change neither
between the cell line nor upon PDS treatment. To conclude, differences
between the two cell lines are clear and involve a different response along the
Chkl axis and a different activation of DNA damage tolerance pathway.
However, the precise dynamics of G4 metabolism at stalled replication forks

and the direct involvement of DNA poln will need further detailed studies.
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Fig. 35 Western blot analysis of total, soluble and chromatin
fractions
Cells were treated with increasing doses of PDS for 24 hours.
Fractionation of cells lysates was perfomed and provided whole cell
extracts (A), soluble fraction (B) and chromating bound fraction (C).
Fractionation was controlled by the absence of histone H3 in the soluble
fraction and by tubulin in the chromatin fraction. Values were obtained by
densitometric analysis and normalised on loading controls.
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5. Discussion

DNA poln steric gate mutant incorporates ribonucleotides and it is a
useful tool for DNA polymerase tracking

DNA polymerases have the most delicate task in genome replication,
providing a correct copy and preserving its integrity. However, the genome is
not homogeneous and presents regions that are inherently difficult to replicate
eventually causing genomic instability. In addition to this, exogenous sources
constantly threaten DNA requiring additional factors to preserve its integrity.
DNA damage tolerance is one of the mechanisms that cells have evolved to
counteract replication stress. Between the different players, DNA polymerase
1 and PCNA are among the main actors and remarkable efforts have been
done during years to characterise their roles. Mounting evidences are
redefining the role of DNA polymerase n outside of the TLS pathway. Its
main advantage is given by the versatility of the polymerase catalytic site.
This is a wider catalytic site with respect to replicative polymerases making
it uniquely useful during replication of non canonical DNA structures or in
the occurrence of replication stress. Seminal works have identified a role for
this alternative polymerase in replicating past CFSs or across g-quadruplex
DNA (Bergoglio V et al. 2013; Betous R et al. 2009). Thus, the emergence of
DNA poln as a specialised polymerase in replicating non canonical DNA
requires a more detailed investigation. Different techniques have been set up
to follow polymerases activity. The most recent strategies have developed
methods to force incorporation of ribonucleotides by the desired polymerase
followed by sequencing of NTPs in the genome. This requires genetic
engineering of the polymerase in its active site to change its sugar selectivity
towards ribonucleotides. We started our project with the identification of the
steric gate residue of poln by analysis of evolutionary sequence conservation.
While performing in silico analysis, another group of authors confirmed our
hypothesis on the identity of the steric gate residue for human DNA poln. In
fact, Su Y. et al were able to define the mechanisms of NTPs incorporation
and the main role of F18 by X-ray crystallography (Su Y et al 2016). More
interestingly they also identified a secondary aminoacid, tyrosine 92 (Y92),
as a critical residue to maintain the position of F18 and thus to support its
steric gate function.
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Future analysis may consider also this secondary residue to disrupt the
function of the steric gate. In vitro analysis of the catalytic activity of the
mutant polymerase excluded any major impairment of the active site due to
the F18A mutation. Nevertheless, the mutant polymerase showed a lower
processivity in all conditions tested. It must be taken into account that
additional factors, such as PCNA, were not present in our reactions possibly
explaining the loss of efficiency in DNA elongation. Moreover, as it was
demonstrated by X-ray crystallography, incorporation of NTPs is a slower
process compared to incorporation of dNTPs and further confirming the
mechanisms we were observing in vitro. Overall, the mutation of the single
F18 residue stimulated ribonucleotides incorporation while having little
effects on the catalytic activity of the polymerase. This data made us
confident about our predictions and we generated a mutant construct to
proceed with the in vivo characterization. No deleterious effects were noticed
in the behaviour of XP30RO cells complemented with the DNA poln F18A
transgene. Mutation of F18 lies in a region that is far from the C-term
regulatory motifs. Thus as expected the mutant polymerase retained its
correct nuclear localisation and the capability to form discrete foci after UV
irradiation. The only difference with the wt complemented counterpart was
in the capability of UV damage bypass. Both long term clonogenic assay and
short term cell cycle analysis highlighted a deficiency, although to different
extent, in UV damage bypass for the F18 A mutant cells. This phenotype was
similar to what observed in yeast where the presence of the steric gate mutated
polymerase decreased cells viability in the presence of UV (Donigan K et al.
2015). Loss of RNase H2 gene in yeast recovered cells survival thus
correlating repair of genomic embedded ribonucleotides with the observed
phenotypes. As we have demonstrated in vitro, UV lesions can be bypassed
with ribonucleotides by the mutant polymerase. However, the presence of an
active RER pathway would cause cleavage of NTPs by RNase H2. In this
scenario, an attempt to bypass damage by mutant DNA poln with
ribonucleotides, and its subsequent removal by RER, results in the generation
of gaps in DNA that represent a more detrimental source of damage for the
cells. The simultaneous presence of a polymerase inserting ribonucleotides
and RNase H2 could create a futile bypass cycle in F18A cell lines and may
account for reduced UV damage bypass capability.
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Deeper analysis of this cycle may help confirm our hypothesis and may shed
light on the bypass of DNA damage in a background of genomic DNA filled
with ribonucleotides. Despite this phenotype, in the absence of exogenous
sources of DNA damage, F18A cells behaved as their wt counterpart and thus
represented an ideal substrate for DNA poln tracking in unchallenged
conditions. Taking into account the reduced processivity and somehow
decreased damage bypass, the cell line could be still very useful for tracking
poln after genotoxic insults like UV irradiation and treatment with DNA
crosslinking agents.

Before proceeding with the polymerase tracking strategy, we have verified
the accumulation of ribonucleotides in vivo. Insertion of ribonucleotides in
DNA can occur either as a single insertion event or by primer elongation with
NTPs that leads to longer stretches of DNA:RNA hybrids in genomic DNA.
The possibility to detect DNA:RNA hybrids has relied on the affinity of the
S9.6 antibody for such structures. It must be taken into account that use of
this antibody precludes detection of single ribonucleotides scattered in DNA.
In fact, the minimal sequence detected by the antibody is of about 6
consecutive ribonucleotides forming a hybrid. Increasing data about the
affinity of the antibody for other RNA structures such as RNA:RNA hybrids
or RNA secondary structures must be considered. Accordingly, from our
immunofluorescence staining it is clear how the antibody may recognise
structures different from genomic hybrids, since cytoplasmic stain is always
detectable. However, the nuclear accumulation we detected was specifically
increased in the presence of the F18A cell line. In addition, another evidence
confirming the specificity of the signal came from the use of RNase HII as a
control reaction. In fact, after pre treatment with RNase HII, staining with
S9.6 was barely detectable. This was a clear indication that the signal we were
detecting with previous staining was a substrate of RNase HII, thus it could
be specifically attributed to the presence of nuclear DNA:RNA hybrids. As
anticipated, insertion of ribonucleotides can be efficiently detected by the
S9.6 staining while single NTPs cannot be precisely quantified. In this
scenario we were still able to detect an increase in mutated cell lines but
neglected the contribution of single insertion events. Single ribonucleotides
can be isolated by treating genomic DNA with RNase HII. Nicks that are
generated can be filled by using a labelled nucleotide analogue.
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In order to obtain preliminary data we performed reactions in the presence of
a radioactive precursor (0*?P-dCTP). By performing such an assay, we
confirmed the previous results. We were able to show an accumulation of
hybrids and we could detect an increase of ribonucleotides in genomic DNA
from F18A cells. This provided a higher level of resolution for NTPs
detection and allowed us to quantify more precisely the ribonucleotides load.
While being extremely sensitive, radioactive precursors require a dedicated
and more laborious handling of samples. To counteract these requirements,
more recently a wide variety of labelled nucleotide precursors were made
available. Taking advantage of such substrates, we decided to improve the
assay with the use of a fluorescently tagged nucleotide precursor. Again in
this case we detected an increase of signal from the mutated cell lines
compared to wt complemented or XP30RO cells and thus we confirmed the
previous data. Interestingly in some experiments we also observed an increase
in ribonucleotides also in the XP30RO cells. In light of this, we speculate that
in the absence of DNA polrn, another polymerase with lower sugar
discrimination capability may insert ribonucleotides in genomic DNA. Future
studies on such mechanisms may reveal the activity of alternative
polymerases in the absence of DNA poln. In this scenario abrogation of the
RER pathway would be necessary to detect ribonucleotides that could be
inserted at low frequency by other polymerases. Quantitation of
ribonucleotides in genomic DNA is useful to validate cell lines as substrates
for polymerase tracking experiments. The final aim would be to be able to
isolate DNA fragments containing ribonucleotides. With this in mind, one
possibility is to cleave genomic DNA with RNase HII at the level of
ribonucleotides and then label nicked DNA with a different analogue that
would allow DNA isolation. One of the most used techniques to label DNA
is biotinylation. Therefore, we set up conditions to biotinylate samples
treated with RNase HII and isolate DNA containing ribonucleotides.
However, being able to isolate DNA was more challenging than predicted. At
the moment we are still improving all conditions, from binding to elution, to
be able to isolate sufficient amounts of biotinylated DNA for amplification of
the desired targets. We are sure we could be able to perform the final
amplification steps since we could amplify, even if at low amounts, the
GAPDH locus from nicked genomic DNA.
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In this case, DNA presented a relevant amount of nicks ending up with
numerous biotinylated sites, thus facilitating affinity binding with
streptavidin resin. In the case of RNase HII treatment, we are expecting to
generate considerably lower amounts of nicks thus having lower amounts of
biotinylated DNA. Moreover, it is inevitable to lose material given the
number of reactions and steps required for the entire process. For these
reasons, another point we are addressing is the increase of the input material
to prevent loss of substrate for the final amplification steps. One of the main
targets of DNA poln are common fragiles sites (CFSs) (Bergoglio V et al.
2013). Presently, we failed at isolating these sites in our assay. Besides
technical improvements, it must be taken into account that in previous works
detection of DNA poln at these sites was successful only after induction of
replication stress (Bergoglio V et al. 2013). Thus, we may consider to
reproduce such conditions in order to be able to detect the activity of the
polymerase at these sites. In addition to this, in all of the previously described
cases, the amount of genomic ribonucleotides is reduced by the presence of
RER pathway in the cells. Thus, in all of our experiments we must consider
that we are underestimating the actual insertion of NTPs by the mutant
polymerase. Similar works in yeast have always taken advantage of RNase
H?2 deleted strains (Donigan K et al. 2015). Given the relevance of this active
removal of ribonucleotides we also decided to work in a background with
inactive RNase H2. At first we used a lentiviral system against the catalytic
subunit, RNase H2A. Although being a promising strategy, we did not obtain
a strong reduction of the protein levels in our cell lines. Surprisingly, the
reduction obtained was sufficient to have an appreciable increase of
ribonucleotides as detected by treatment of genomic with RNase H2. These
data confirmed our hypothesis that we might be underestimating genomic
ribonucleotides in the previous analysis. Given these results, we are planning
to perform future experiments in the RNase H2 knockdown cellular
background taking advantage of the siRNA technique. Indeed, using such
strategy, we obtained a higher reduction of the subunit at protein level. Hence,
unexpectedly siRNAs demonstrated to be more powerful in reducing RNase
H2A subunit with the advantage of a safer and easier technique. Taken
together our data, we obtained and characterised a cellular system that will be

suitable to trace DNA poln.
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Previous attempts to track the activity of the polymerase relied on the
chromatin immune precipitation technique (ChIP) (Bergoglio V et al. 2013).
Since DNA poln has a high mobility (Sabbioneda S et al. 2008), its
immunoprecipitation required the use of a catalytic dead mutant that
immobilized the polymerase at the chromatin level. In spite of being
advantageous for immunoprecipitating the protein, cells carrying the catalytic
dead form of the polymerase are less viable and present a chronic activation
of the S phase checkpoint. Thus, using a viable and active form of the
polymerase would make results more comparable to physiological conditions,
preventing effects on cell’s viability. Moreover, ChIP relies on the physical
isolation of the protein from DNA, this leads to an underestimation of the loci
that are replicated by the polymerase. In fact, only DNA regions where the
polymerase is bound at the moment of the crosslinking will be finally isolated.
The use of a tracking strategy permits isolation of all the sites replicated by
the polymerase thus providing a higher resolution. The possibility to track
the specialised polymerase for the first time in human cells would shed light
on the role of this specialised polymerase both with its role in damage bypass
but also outside its TLS activity.

PCNA K164R mutants have a different cell cycle progression after
replication fork block or slow down

In the context of TLS, PCNA has a major role acting as a molecular platform
for highly dynamic protein-protein interactions. K164 is a key residue which
modifications regulate the DNA damage tolerance pathway. Given the
importance of this residue many groups have made efforts to elucidate its role.
However, in diverse model organisms, different results were obtained. For
example, these contrasting evidences did not clarify the interaction between
ubiquitylated PCNA and DNA poln during genome replication. K164R
mutation in chicken cells led to the hypothesis of two temporally distinct TLS
pathways (Edmunds C et al. 2008). For instance, Revl may be employed to
assist the fork in damage bypass during replication and would not require
PCNA ubiquitylation. On the contrary, PCNA ubiquitylation would be
necessary to recruit DNA poln in a post replicative process.
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Opposing to these findings, in mice cells the introduction of K164R
homozygous mutations on PCNA, resulted in a reduction of DNA poln
recruitment as detected by the lower number of replicative foci (Langerak P
et al. 2009). Finally, in human cell lines, the reduction of Ubi-PCNA by
chemical depletion of total ubiquitin with epoxomycin, did not alter DNA
poln recruitment after UV damage (Sabbioneda S et al. 2008). These findings
have clearly stressed the need of a human cell line to study the role of K164.
In recent years, the power of the CRISPR/Cas9 technique has been employed
to introduce precise mutations at desired genomic loci (Doudna J et al. 2014).
Although being recognised as a very efficient method to generate knockout
models, the use of such system for the introduction of single allelic changes
at target genes remains at considerable low efficiency (Mali P et al. 2013).
Lately, PCNA K164R mammary gland tumor cell lines were generated by
CRISPR/Cas9 (Buoninfante O et al. 2018). In this case however, a different
strategy was employed. In fact, at first target cells were transduced with viral
vectors carrying either PCNA wt or K164R cDNA. This led to random
integration of the construct. After integration of the transgene, CRISPR/Cas9
was used to knock-out the endogenous PCNA gene. Although being useful in
their study, this system does not target precisely the endogenous gene.
Moreover random integration of the construct cannot be compared to the
precise targeting of the endogenous locus. In contrast we decided to target
directly the endogenous locus of PCNA and thus to performed a knock-in
strategy. For this purpose, the concomitant use of either ssDNA or dsDNA
oligonucleotides carrying homology with the target sequence are useful to
generate single nucleotide variations (Yang H et al. 2013). At first we took
advantage of this strategy to target K164 in the genomic locus for PCNA.
Screening for Ubi-PCNA by western blot allowed us to immediately verify
the final outcome of our editing. Efficiency of homologous recombination is
generally attested to be below 10% of repair events. This percentage is further
reduced considering the final aim of obtaining a precise targeting event with
the correct insertion of the desired mutation on both alleles. Being PCNA a
fundamental gene we were confident that undesired recombination events
would lead to cell death thus reducing the number of non precisely targeted
cells. Screening by western blot resulted in only one clone with reduced Ubi-
PCNA, so we decided to sequence the K164 locus in these cells.
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Sequencing revealed the presence of a wt allele, in contrast with what
expected from western blot analysis. We did not verify in more details the
causes of such phenotype. We speculate that unscheduled recombination
events may have occurred but remained undetected in the genomic region that
we amplified. In any case, in the end we had not obtained a targeted K164R
clone and thus we decided to improve our strategy. To begin, we wanted to
be able to screen a lower number of clones while increasing the possibility to
detect a successful targeting event. This is possible by introducing selectable
markers with the desired mutation. Introduction of a selective marker poses
two main problems. First, introduction of a marker should not affect the
coding sequence. Second the presence of a marker requires additional
sequences that can be carried only on a dsDNA sequence such as plasmid
DNA. With this purpose, changed the substrates for HR mediated repair
taking advantage of a plasmid system carrying the puromycin resistance
marker. Given the necessity to insert a selectable marker, we decided to
change our gRNAs to target the intronic region of the PCNA locus between
exon 5 and exon 6, instead of targeting directly the K164 locus on exon 5. In
addition, to have a more precise and faster screening strategy we moved to
detection of puromycin insertion by PCR. By sequencing puromycin resistant
clones from MRCS5 cells, we found a wt and a K164R heterozygous clone.
The targeted wt clone was unexpected since those cells were transfected with
the K164R mutant donor plasmid. We hypothesise that a partial
recombination may have brought the puromycin resistance in the PCNA locus
by using the homology arms but stopped before inserting the K164 coding
sequence at 990 bp from the Cas9 cut and at 120 bp from the begin of the left
homology region in the pDonor-D09 plasmid. Further genomic analysis
would clarify the events occurred in the locus. In any case, we managed to
isolate another correctly targeted wt clone that was a suitable control cell line
for the subsequent experiments. Unfortunately, we did not obtain any
homozygous clone for K164R. We started speculating that the cell line may
carry multiple copies of the genomic locus, hence explaining the low
efficiency of homozygous targeting in our genome editing strategy. Results
of karyotypic analysis of the PCNA locus revealed that our MRCS5 cell lines
carried on average three copies of the locus. This partially explained the
unsuccessful homozygous targeting, since simultaneous targeting of more
than one locus is a low probability event.
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Copy number variation is not infrequent in transformed cell lines, and thus
targeting of multiple loci is one of the obstacles in such a cellular background.
We decided to face this issue in future experiments by using another donor
plasmid that carries a different selection marker. This will allow to target once
more the K164R puromycin resistant clones and stimulate homologous
recombination at a secondary locus by the use of a different selective agent.
Even though we had not obtained an homozygous clone, we decided to test
the effects of the partial loss of PCNA ubiquitylation in the heterozygous
cells. Notably, ubiquitylation of PCNA was reduced in the K164R cells in
unperturbed conditions. This reduction did not have a phenotypic effects in
cells not perturbed by exogenous replication stress. This effect rules out the
possibility of an hypomorphic mutation of the sliding clamp that would have
affected its normal replication activity. This hypothesis was also
demonstrated by analysis of cell cycle progression where all cells showed a
similar distribution in untreated conditions. On the other hand, either
treatment with hydroxyurea or UV irradiation revealed a different behaviour
of K164R mutated cells, while parental cells and WT targeted cells had a
comparable behaviour. In more details, in the presence of hydroxyurea, the
lower levels of Ubi-PCNA caused an accumulation of mutated cells in early
steps of S phase, while after UV irradiation these cells had a faster progression
through S phase. Although both treatments should impair the fork progression
it must be taken into account that they act with different mechanisms.
Inhibiting the ribonucleotide reductase, HU depletes cells of nucleotide
precursors, causing a slower progression of the replication fork. UV
irradiation instead acts more severely blocking physically the forks at the
level of lesions on template DNA. For the latter case, rescue of fork
progression requires the activation of the TLS pathway or more complex fork
remodelling processes. Given the two distinct phenotypes between wt and
K164R cells, a decrease in Ubi-PCNA subunits seems to impair DNA
replication when the forks are slowed down. A slower progression through
cell cycle in K164R cells was expected accordingly to models in which Ubi-
PCNA controls responses to replication stress. In contrast, our evidence show
that a reduction of Ubi-PCNA would speed S phase progression UV
irradiation. This is in contrast with the established polymerase switch model
in which ubiquitylation of PCNA is thought to be a necessary step for DNA
damage bypass by specialised polymerases.
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A faster progression through S phase may be explained by the presence of an
alternative bypass of the damage. We may speculate that other more
processive polymerases such as polC, may be recruited at the fork explaining
the faster cell cycle progression. It would be interesting to test the presence
of alternative TLS polymerases and their requirement for Ubi-PCNA as a
binding factor. Another possible mechanism acting could be re-priming by
the newly characterized PrimPol (Helleday T et al. 2013). Fork repriming
leaves a gap at the level of the lesion and priming by PrimPol allows a fast
resumption of fork replication. The gap is left unresolved until post replicative
mechanisms such as template switch or TLS repair the gap. Such a
mechanism would provide damaged cells a faster escape from DNA lesions
in the absence of other bypass pathways. Thus we may depict a mechanism
in response to UV damage, where in the absence of K164 ubiquitylation TLS
polymerases may be able to assist the fork via different interactions. Perhaps,
reciprocal interactions in the pathway have been further complicated by
findings that both Rad18 and DNA polrn may cooperate to recruit and activate
each other to stimulate TLS activity (Watanabe K et al. 2004; Durando M et
al. 2013). A faster damage bypass may also involve recombinogenic
mechanisms. This would not explain why such mechanisms are not employed
in the absence of DNA poln, such as in XP30RO cells, to improve cells’
sensitivity to UV irradiation. However, it should be reminded that K164 is
also SUMOylated and this modification is thought to prevent unscheduled
recombination events during S phase (Pfander B et al. 2005). Although this
modification is less prominent, is still present in human cells (Moldovan G et
al. 2012). This mechanism should however be distinct from template switch
since this pathway also relies on polyubiquitylation of K164. Thus, loss of
K164 may allow recombination to occur, resulting in damage bypass and a
faster progression of the S phase. Future analysis of UV damage bypass may
be interesting and possibly reveal alternative players in DNA damage bypass.
The establishment of a homozygous cell line will help at defining such
mechanisms.
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Presence of DNA poln correlates with different G4 stabilisation effects at
molecular and cellular level.

Interest on g-quadruplex DNA is rising mainly due to the correlation of such
DNA structures with expression of oncogenes such as c-myc and k-ras
(Balasubramanian S et al. 2011). Moreover, small G4 ligands are being tested
to treat sensitive cancer cells causing DNA damage and hopefully their death
(Zimmer J et al. 2016; Moruno-Manchon J et al. 2017). Given this interest it
is of fundamental importance to characterise their dynamics in terms of
stabilisation and resolution. While a considerable amount of data has been
produced on the role of diverse families of helicases in their resolution, only
recently there has been a focus on the interactions between replication and g-
quadruplex DNA to prevent genome instability (Rodriguez R et al. 2012). In
particular, the role of TLS in the dynamics of G4 DNA has come to attention.
Our interest focused on activation of the TLS pathway in the presence of
stabilised G4 structures. The availability of cells deficient for DNA poln and
the complemented DNA poln wt cells gave us the possibility to test TLS
activity in g-quadruplex resolution. Pyridostatin (PDS) has been used to
induce G4 stabilisation both in vitro and in vivo and thus we tested this
compound on our cell lines. In all cases, we tested increasing micro molar
doses of PDS and we obtained differences in our cell lines only at the
maximum dose of 10 uM. At first we tested cell’s viability by treating the
cells with PDS. At the maximum dose, we obtained a significant reduction of
cell’s viability for XP30RO cells that are deficient in poln compared to
XP30RO cells complemented with wild type poln. Hence, we hypothesised
that the absence of DNA poln may affect viability in the presence of stabilized
G4, thus linking the activity of the polymerase with g-quadruplex DNA
resolution. Further analysis on the type of cell death in XP30RO cells after
PDS treatment will be of future interest. This remarkable difference in cell’s
viability convinced us about the possible involvement of TLS in G4
dynamics. In particular, we hypothesise that S phase checkpoint activation
may link g-quadruplex stabilisation to the TLS pathway. Our initial
hypothesis predicted that if poln was important for G4 bypass, its absence
would result in a stronger activation of the DDR, due to the block of the
replication forks. Interestingly, we had an opposite result with complemented
cells showing a stronger Chk1 activation.
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This activation of the S phase kinase correlated with an increased activation
of the TLS pathway as detected by higher amounts of Ubi-PCNA in poln
complemented cells. Therefore, it could be possible that this efficient
activation of the replication stress pathway may be fundamental for g-
quadruplex DNA resolution preventing genome instability. Accordingly, this
response to G4 stabilisation would explain the advantage of DNA poln
complemented cells in terms of cell viability as previously detected.
Interestingly, we also noticed a dose dependent increase of the TLS
polymerase. Further analysis will be useful to discern whether this increment
can be attributed to a higher level of transcript for the polymerase or to an
increased stability of the protein. From the evidence we collected, poln seems
to facilitate checkpoint activation and thus sensitise cells to G4 stabilisation
by PDS. How polrn may stimulate checkpoint activation will be of interest for
future experiments. G-quadruplex stabilisation also led to a higher
ubiquitylation of PCNA in the presence of poln. Ubiquitylation of PCNA 1is
normally controlled by Rad18 that is in turn stimulated by the presence of
ssDNA bound by phosphorylated RPA. However, no differences in RPA2
protein was detected between the two cell lines. We failed to detect the
presence of Rad18 on chromatin and thus it would interesting to analyse its
dynamics to correlate its activation with PCNA ubiquitylation. More
interestingly poln itself was shown to stimulate PCNA ubiquitylation
(Durando M et al. 2013; Masuda Y et al. 2015). The presence of poln on
chromatin stimulates PCNA ubiquitylation in a feedback loop. This
mechanism may explain what we are observing after PDS treatment. In fact,
the increase of DNA polr that we observe at chromatin level may stimulate
PCNA ubiquitylation thus linking the two phenomenons. Intriguingly, the
increase of DNA poln at chromatin level cannot be merely explained by a
general increase of the total protein quantity. Thus, we speculate that after
PDS treatment there must be a system that recruits the specialised polymerase
on the chromatin. In the end, we can hypothesise from our results that the
presence of DNA poln guarantees the activation of an efficient response to g-
quadruplex stabilisation. The presence of an active checkpoint and an
efficient activation of the TLS pathway may facilitate G4 resolution. This
would ultimately result in a higher viability of cells in the presence of stable
g-quadruplex DNA.
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6. Conclusions and perspectives

A considerable amount of literature has identified players that run to the
rescue of the fork and TLS has a major role in damage tolerance and in
bypassing various types of DNA damage. In addition, DNA poln seems to be
required also to replicate genomic regions that represent a challenge for the
replicative fork during normal replication in unchallenged conditions.
Common fragile sites require the activity of DNA polrn in circumstances
where replicative polymerases are slowed down such as the treatment with
aphidicoline (Bergoglio V et al. 2013). Under-replication of these sites may
lead to their breakage and result in gross chromosomal rearrangements, a
mechanism that has been identified in cancers (Glover T et al. 2017). The
importance of this specialised polymerase in replicating DNA either
following DNA damage or in unchallenged conditions, underlines the
necessity to analyse its activity. To study the role of DNA poln it is necessary
to track its activity along the genome, thus defining its contribution in the
replication of DNA. We established a mutated cell line that permits
identification of DNA poln activity following the incorporation of
ribonucleotides. At present, this is the most high resolution technique to
follow polymerases along the genome (Koh K et al. 2015; Clausen A et al.
2015; Daigaku Y et al. 2015). This would be the first attempt to perform a
polymerase tracking experiment in human cells and will represent a major
achievement to define TLS role in genome replication. We have characterised
the cell line, although we encountered difficulties in isolating specific
genomic loci that were predicted to be DNA poln substrates. However, we
should take into account that such loci, such as CFSs were identified only in
conditions that slow the replication fork. It could be possible to hypothesise
that only when the replication slows down, then specialised polymerases may
gain access to the fork and bypass the obstacle. In light of this, in the future
we are planning to perform our experiments in the presence of aphidicoline,
a well known inhibitor that targets replicative polymerases. The final aim
would be to construct libraries from mutated cell lines that will be used for
next generation sequencing (NGS) to identify genomic embedded
ribonucleotides as a DNA poln specific signature.
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Once the methodology has been established, results may be translated to the
context of cancer therapeutics by identifying DNA poln activity in cancer
cells and after treatment with chemo therapeutics. In fact, overexpression of
the polymerase has been correlated with development of cancer
chemoresistance (Srivastava A et al. 2015; Zhou W et al. 2013). After
treatment with cis-platin derivates, bulky adducts are generated in cells. These
should impede DNA replication in cancer cells leading to death. Tumor cells
take advantage of the capability of DNA poln to bypass such structures and
thus overexpress it to develop chemoresistance. Apart from acquired
chemoresistance, DNA polymerase n also contributes substantially to the
mutagenic load of tumour cells (Supek F and Lehner B 2017). Identification
of hotspots of DNA poln substrate sequences may unravel new players in
chemoresistance or in tumor progression and thus give the possibility to
improve present treatments.

DNA poln activity is also controlled by PCNA and in particular its post
translational modifications. Ubiquitylation of lysine 164 (K164 ) has a pivotal
role in the TLS branch of the DNA damage tolerance pathway, facilitating
recruitment of specialised polymerases such as DNA polrn (Lehmann A et al.
2007). Branching of K63-linked ubiquitin chains from the same residue,
controls the error free branch of the pathway that takes advantage of
homologous recombination to bypass DNA lesions. Finally, SUMOylation
also occurs on K164 and finely regulating the template switch. This complex
picture of events has led to the identification of the K164 residue as
fundamental in contributing at different extents to genome stability. The role
of the residue in humans is yet unclear and confounded by conflicting studies
in different model organisms. Our effort is the first to clearly define the role
of K164 in humans by generation of a CRISPR/Cas9 mutated human cell line.
While our first attempt of genome editing did not result in a successfully
targeted cell line, improvement of our strategy that facilitated screening,
resulted in the generation of a heterozygous clone. Quite surprisingly, we
have observed a clear difference in cell cycle progression between the wild
type and K164R cells. Thus, this is already a promising tool to study
dynamics of genomic replication in the absence of PCNA ubiquitylation.
Even more surprisingly, we observed a different progression according to
either replication stalling, as in the case of UV irradiation, or replication slow
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down as in the case of HU treatment. These phenotypes will be analysed more
in depth in future experiments aiming to identify different players in the two
conditions. To do this, the generation of a homozygous clone will be of
fundamental importance to finally elucidate the role of K164 in human cells.
With this aim we have already targeted the heterozygous clone with a novel
construct as homology donor, carrying a different selective marker. The use
of a different marker would push towards selection of cells that carry a
different allelic hit, thus increasing the probability of finding a homozygous
clone. Once obtained different levels of experiments will be carried on in the
K164R cell line. At first the identification of TLS polymerases dynamics by
multiple techniques such as immunofluorescence or live cell imaging. This
would finally define the role of PCNA ubiquitylation in the recruitment of the
specialised polymerases. Biochemical techniques such immunoprecipitation
would also strengthen findings regarding the interaction of the modified
clamp and TLS polymerases. Many other players and interactors may be
analysed in the same mutated background. Another important level of
analysis will be devoted to the replication fork dynamics by studying
replication fork progression by DNA fiber analysis. This would allow to study
fork progression at high resolution in the absence of PCNA modifications
combined with different treatments.

Another challenge for the replicative fork is the presence of structured non B-
DNA as in the case of g-quadruplexes. Also in this case replication by
specialised polymerases is one of the mechanisms identified that prevent
genome instability (Eddy S et al. 2014; Barnes R et al. 2017). We have tested
the possible role of DNA poln by stabilising in vivo G4 structures with
pyridostatin. We obtained different responses to the treatment influenced by
the presence of DNA poln. At first activation of the checkpoint was effective
only in the presence of the specialised polymerase, with a milder activation
in XP30RO cells. How the presence of the polymerase may be linked to
checkpoint activation in this scenario, is still to be defined. Moreover, it
would be of interest to assess whether the activation of the checkpoint may
be advantageous for g-quadruplex resolution or whether this activation may
become chronic and finally detrimental to the cells. We plan to tackle these
questions by performing longer timepoints experiments and analysing other
players in the DNA damage response pathway.
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A more defined picture of the dynamics occurring after g-quadruplex
stabilisation has been allowed by fractionation of cells. Separation of the
soluble proteins, that comprise cytoplasmic and nucleoplasmic portion, from
chromatin-bound proteins allowed us to monitor phenomenons occurring at
chromatin level. One of the most interesting findings was the accumulation
of DNA poln on chromatin after G4 stabilisation. It will be of interest to
understand whether this is an active accumulation mediated by other factors
or by post translational modifications of the polymerase. Interestingly also
Ubi-PCNA, that works as a landing platform for the specialised polymerase,
increases upon G4 stabilisation. This clearly involves TLS in the resolution
of non B-DNA structures. Whether the activity of DNA poln is actually
required in resolving the structures will be addressed in future experiments
by testing the capability of the polymerase to resolve structured DNA in vivo.

Overall we have established important new cellular tools to study dynamics
of TLS players in vivo. Related investigations have usually taken advantage
of simpler eukaryotic systems, such as yeast, and our will be the first attempt
to obtain evidences from human cells. Our strategies are very promising to
study genome replication and instability in a wider context. For instance, TLS
players have been correlated with different steps of cancer evolution. As a
consequence, such studies may be useful to analyse cancer development,
progression and finally chemoresistance.

149



References

References

Ageilan RI, Hagan JP, Aqgeilan HA, Pichiorri F, Fong LYY, Croce
CM. Inactivation of the Wwox gene accelerates forestomach tumor
progression in vivo. Cancer Res. 2007;67(12):5606-5610.
doi:10.1158/0008-5472.CAN-07-1081.

Arlt MF, Rajendran S, Birkeland SR, Wilson TE, Glover TW. De
novo CNV formation in mouse embryonic stem cells occurs in the
absence of Xrcc4-dependent nonhomologous end joining. PLoS
Genet. 2012;8(9):e1002981. doi:10.1371/journal.pgen.1002981.
Arudchandran A, Cerritelli S, Narimatsu S, et al. The absence of
ribonuclease H1 or H2 alters the sensitivity of Saccharomyces
cerevisiae to hydroxyurea, caffeine and ethyl methanesulphonate:
implications for roles of RNases H in DNA replication and repair.
Genes Cells. 2000;5(10):789-802. doi:10.1046/j.1365-
2443.2000.00373 .x.

Ban C, Ramakrishnan B, Sundaralingam M. A single 2’-hydroxyl
group converts B-DNA to A-DNA. Crystal structure of the DNA-
RNA chimeric decamer duplex d(CCGGC)r(G)d(CCGG) with a
novel intermolecular G-C base-paired quadruplet. J Mol Biol.
1994;236(1):275-285. doi:10.1006/jmbi.1994.1134.

Barnes RP, Hile SE, Lee MY, Eckert KA. DNA polymerases eta and
kappa exchange with the polymerase delta holoenzyme to complete
common fragile site synthesis. DNA Repair (Amst). 2017;57:1-11.
doi:10.1016/j.dnarep.2017.05.006.

Barnes R, Eckert K. Maintenance of Genome Integrity: How
Mammalian Cells Orchestrate Genome Duplication by Coordinating
Replicative and Specialized DNA Polymerases. Genes (Basel).
2017;8(1). doi:10.3390/genes8010019.

Bebenek K, Tissier A, Frank EG, et al. 5’-Deoxyribose phosphate
lyase activity of human DNA polymerase iota in vitro. Science.
2001;291(5511):2156-2159. doi:10.1126/science.1058386.
Bergoglio V, Boyer AS, Walsh E, et al. DNA synthesis by pol n
promotes fragile site stability by preventing under-replicated DNA in
mitosis. J Cell Biol. 2013;201(3):395-408.

150



References

Bertoletti F, Cea V, Liang CC, et al. Phosphorylation regulates human
poln stability and damage bypass throughout the cell cycle. Nucleic
Acids Res. 2017. doi:10.1093/nar/gkx619.

Betous R, Rey L, Wang G, et al. Role of TLS DNA polymerases eta
and kappa in processing naturally occurring structured DNA in human
cells. Mol Carcinog. 2009;48(4):369-378. doi:10.1002/mc.20509.
Bienko M, Green CM, Crosetto N, et al. Ubiquitin-binding domains
in Y-family polymerases regulate translesion synthesis. Science (80-
). 2005;310(5755):1821-1824. doi:10.1126/science.1120615.

Bienko M, Green CM, Sabbioneda S, et al. Regulation of Translesion
Synthesis DNA Polymerase 1 by Monoubiquitination. Mol Cell.
2010. doi:10.1016/j.molcel.2009.12.039.

Biertiimpfel C, Zhao Y, Kondo Y, et al. Structure and mechanism of
human DNA polymerase 1. Nature. 2010. doi:10.1038/nature09196.
Biertiimpfel C, Zhao Y, Kondo Y, et al. Structure and mechanism of
human DNA polymerase eta. Nature. 2010. doi:10.1038/nature09196.
Biffi G, Tannahill D, McCafferty J, Balasubramanian S. Quantitative
visualization of DNA G-quadruplex structures in human cells. Nat
Chem. 2013;5(3):182-186. doi:10.1038/nchem.1548.

Bochman ML, Paeschke K, Zakian VA. DNA secondary structures:
Stability and function of G-quadruplex structures. Nat Rev Genet.
2012;13(11):770-780. doi:10.1038/nrg3296.

Boehm EM, Spies M, Washington MT. PCNA tool belts and
polymerase bridges form during translesion synthesis. Nucleic Acids
Res. 2016. doi:10.1093/nar/gkw563.

Boguslawski SJ, Smith DE, Michalak M a, et al. Characterization of
monoclonal antibody to DNA.RNA and its application to
immunodetection of hybrids. J Immunol Methods. 1986.
doi:10.1016/0022-1759(86)90040-2.

Boldog F, Gemmill RM, West J, et al. Chromosome 3pl4
homozygous deletions and sequence analysis of FRA3B. Hum Mol
Genet. 1997;6(2):193-203. doi:10.1093/hmg/6.2.193.

Brown JA, Suo Z. Unlocking the Sugar “Steric Gate” of DNA
Polymerases. Biochemistry. 2011;50(7):1135-1142.
doi:10.1021/b1101915z.

151



References

Buoninfante OA, Pilzecker B, Aslam MA, et al. Precision cancer
therapy: profiting from tumor specific defects in the DNA damage
tolerance system. Oncotarget. 2018. doi:10.18632/oncotarget.24777.
Burgers PMJ, Gordenin D, Kunkel TA. Who Is Leading the
Replication Fork, Pol & or Pol 6? Mol Cell. 2016;61(4):492-493.
doi:10.1016/j.molcel.2016.01.017.

Burgers PMJ, Kunkel TA. Eukaryotic DNA Replication Fork. Annu
Rev Biochem. 2017;86(1):417-438. doi:10.1146/annurev-biochem-
061516-044709.

Byun TS, Pacek M, Yee M, Walter JC, Cimprich KA. Functional
uncoupling of MCM helicase and DNA polymerase activities
activates the  ATR-dependent checkpoint.  Genes  Dev.
2005;19(9):1040-1052. doi:10.1101/gad.1301205.

Capra JA, Paeschke K, Singh M, Zakian VA. G-quadruplex DNA
sequences are evolutionarily conserved and associated with distinct
genomic features in Saccharomyces cerevisiae. PLoS Comput Biol.
2010;6(7):e1000861. doi:10.1371/journal.pcbi.1000861.

Casper AM, Nghiem P, Arlt MF, Glover TW. ATR regulates fragile
site  stability. Cell. 2002;111(6):779-789. doi:10.1016/S0092-
8674(02)01113-3.

Cea V, Cipolla L, Sabbioneda S. Replication of Structured DNA and
its implication in epigenetic stability. Front Genet. 2015;6(JUN).
doi:10.3389/fgene.2015.00209.

Cerritelli SM, Crouch RJ. The Balancing Act of Ribonucleotides in
DNA. Trends Biochem Sci. 2016;41(5):434-445.
doi:10.1016/].tibs.2016.02.005.

Chambers VS, Marsico G, Boutell JM, Di Antonio M, Smith GP,
Balasubramanian S. High-throughput sequencing of DNA G-
quadruplex structures in the human genome. Nat Biotechnol.
2015;33(8):877-881. doi:10.1038/nbt.3295.

Chan KL, Hickson ID. New insights into the formation and resolution
of ultra-fine anaphase bridges. Semin Cell Dev Biol. 2011;22(8):906-
912. do0i:10.1016/j.semcdb.2011.07.001.

152



References

Chilkova O, Stenlund P, Isoz I, et al. The eukaryotic leading and
lagging strand DNA polymerases are loaded onto primer-ends via
separate mechanisms but have comparable processivity in the
presence of  PCNA. Nucleic ~ Acids Res. 2007.
doi:10.1093/nar/gkm741.

Choe KN, Moldovan GL. Forging Ahead through Darkness: PCNA,
Still the Principal Conductor at the Replication Fork. Mol Cell.
2017;65(3):380-392. doi:10.1016/j.molcel.2016.12.020.

Choe KN, Moldovan GL. Forging Ahead through Darkness: PCNA,
Still the Principal Conductor at the Replication Fork. Mol Cell.
2017;65(3):380-392. doi:10.1016/j.molcel.2016.12.020.

Choe KN, Moldovan GL. Forging Ahead through Darkness: PCNA,
Still the Principal Conductor at the Replication Fork. Mol Cell.
2017;65(3):380-392. doi:10.1016/j.molcel.2016.12.020.

Chon H, Vassilev A, DePamphilis ML, et al. Contributions of the two
accessory subunits, RNASEH2B and RNASEH2C, to the activity and
properties of the human RNase H2 complex. Nucleic Acids Res.
2009;37(1):96-110. doi:10.1093/nar/gkn913.

Ciccia A, Elledge SJ. The DNA Damage Response: Making It Safe to
Play = with  Knives. @ Mol  Cell. 2010;40(2):179-204.
doi:10.1016/j.molcel.2010.09.019.

Cipolla L, Maffia A, Bertoletti F, Sabbioneda S. The Regulation of
DNA Damage Tolerance by Ubiquitin and Ubiquitin-Like Modifiers.
Front Genet. 2016;7(3):257-267. doi:10.3389/fgene.2016.00105.
Clausen AR, Lujan S a, Burkholder AB, et al. Tracking replication
enzymology in vivo by genome-wide mapping of ribonucleotide
incorporation.  Nat Struct Mol Biol. 2015;22(3):185-191.
do0i:10.1038/nsmb.2957.

Cogoi S, Xodo LE. G-quadruplex formation within the promoter of
the KRAS proto-oncogene and its effect on transcription. Nucleic
Acids Res. 2006. doi:10.1093/nar/gklI286.

Cohn MA, Kee Y, Haas W, Gygi SP, D’Andrea AD. UAFI is a
subunit of multiple deubiquitinating enzyme complexes. J Biol Chem.
2009. doi:10.1074/jbc.M808430200.

Conover HN, Lujan SA, Chapman MJ, et al. Stimulation of
Chromosomal Rearrangements by Ribonucleotides. Genetics.
2015;201(3):951-961. doi:10.1534/genetics.115.181149.

153



References

Crespan E, Furrer A, Rosinger M, et al. Impact of ribonucleotide
incorporation by DNA polymerases 3 and A on oxidative base excision
repair. Nat Commun. 2016;7:10805. doi:10.1038/ncomms10805.
Crow Y], Livingston JH. Aicardi-Goutieres syndrome: an important
Mendelian mimic of congenital infection. Dev Med Child Neurol.
2008;50(6):410-416. doi:10.1111/5.1469-8749.2008.02062.x.
Daigaku Y, Davies AA, Ulrich HD. Ubiquitin-dependent DNA
damage bypass is separable from genome replication. Nature. 2010.
doi:10.1038/nature09097.

Daigaku Y, Keszthelyi A, Miiller C a, et al. A global profile of
replicative polymerase usage. Nat Struct Mol Biol. 2015;22(3):192-
198. doi:10.1038/nsmb.2962.

Davies AA, Huttner D, Daigaku Y, Chen S, Ulrich HD. Activation of
ubiquitin-dependent DNA damage bypass is mediated by replication
protein a. Mol Cell. 2008;29(5):625-636.
doi:10.1016/j.molcel.2007.12.016.

Davis JT. G-quartets 40 years later: from 5’-GMP to molecular
biology and supramolecular chemistry. Angew Chem Int Ed Engl.
2004;43(6):668-698. doi:10.1002/anie.200300589.

De Piccoli G, Katou Y, Itoh T, Nakato R, Shirahige K, Labib K.
Replisome stability at defective DNA replication forks is independent
of S phase checkpoint kinases. Mol Cell. 2012;45(5):696-704.
doi:10.1016/j.molcel.2012.01.007.

Di Noia JM, Neuberger MS. Molecular Mechanisms of Antibody
Somatic Hypermutation. Annu Rev Biochem. 2007;76(1):1-22.
doi:10.1146/annurev.biochem.76.061705.090740.

Dieckman LM, Freudenthal BD, Washington MT. PCNA structure
and function: insights from structures of PCNA complexes and post-
translationally modified PCNA. Subcell Biochem. 2012;62:281-299.
doi:10.1007/978-94-007-4572-8 15.

DiGiovanna JJ, Kraemer KH. Shining a light on xeroderma
pigmentosum. J [Invest Dermatol. 2012;132(3 Pt 2):785-796.
doi:10.1038/jid.2011.426.

Ding J, Taylor MS, Jackson AP, Reijns M a M. Genome-wide
mapping of embedded ribonucleotides and other noncanonical
nucleotides using emRiboSeq and EndoSeq. Nat Protoc.
2015;10(9):1433-1444. doi:10.1038/nprot.2015.099.

154



References

Donigan K a., Cerritelli SM, McDonald JP, Vaisman A, Crouch RJ,
Woodgate R. Unlocking the steric gate of DNA polymerase 1 leads to
increased genomic instability in Saccharomyces cerevisiae. DNA
Repair (Amst). 2015;35:1-12. doi:10.1016/j.dnarep.2015.07.002.
Donigan KA, McLenigan MP, Yang W, Goodman MF, Woodgate R.
The steric gate of dna polymerase iota regulates ribonucleotide
incorporation and deoxyribonucleotide fidelity. J Biol Chem.
2014;289(13):9136-9145. doi:10.1074/jbc.M113.545442.

Donigan KA, McLenigan MP, Yang W, Goodman MF, Woodgate R.
The steric gate of dna polymerase 1 regulates ribonucleotide
incorporation and deoxyribonucleotide fidelity. J Biol Chem.
2014;289(13):9136-9145. doi:10.1074/jbc.M113.545442.

Doudna JA, Charpentier E. The new frontier of genome engineering
with CRISPR-Cas9. Science (80- ). 2014;346(6213):1258096-
1258096. doi:10.1126/science.1258096.

Durando M, Tateishi S, Vaziri C. A non-catalytic role of DNA
polymerase g in recruiting Radl8 and promoting PCNA
monoubiquitination at stalled replication forks. Nucleic Acids Res.
2013. doi:10.1093/nar/gkt016.

Eddy S, Ketkar A, Zafar MK, Maddukuri L, Choi J-Y, Eoff RL.
Human Rev1 polymerase disrupts G-quadruplex DNA. Nucleic Acids
Res. 2014;42(5):3272-3285. doi:10.1093/nar/gkt1314.

Eddy S, Maddukuri L, Ketkar A, et al. Evidence for the kinetic
partitioning of polymerase activity on G-quadruplex DNA.
Biochemistry. 2015;54(20):3218-3230.
doi:10.1021/acs.biochem.5b00060.

Edmunds CE, Simpson LJ, Sale JE. PCNA Ubiquitination and REV1
Define Temporally Distinct Mechanisms for Controlling Translesion
Synthesis in the Avian Cell Line DT40. Mol Cell. 2008;30(4):519-
529. do0i:10.1016/j.molcel.2008.03.024.

Egli M, Usman N, Zhang SG, Rich A. Crystal structure of an Okazaki
fragment at 2-A resolution. Proc Natl Acad Sci U S A.
1992;89(2):534-538. http://www.ncbi.nlm.nih.gov/pubmed/1370582.
Esposito G, Godindagger I, Klein U, Yaspo ML, Cumano A,
Rajewsky K. Disruption of the Rev3l-encoded catalytic subunit of
polymerase zeta in mice results in early embryonic lethality. Curr
Biol. 2000;10(19):1221-1224. doi:10.1016/S0960-9822(00)00726-0.

155



References

Figiel M, Chon H, Cerritelli SM, Cybulska M, Crouch RJ, Nowotny
M. The structural and biochemical characterization of human RNase
H2 complex reveals the molecular basis for substrate recognition and
Aicardi-Goutieres ~ syndrome  defects. J  Biol  Chem.
2011;286(12):10540-10550. doi:10.1074/jbc.M110.181974.

Frank EG, Woodgate R. Increased catalytic activity and altered
fidelity of human DNA polymerase iota in the presence of manganese.
J Biol Chem. 2007;282(34):24689-24696.
doi:10.1074/jbc.M702159200.

Friedberg EC, Walker GC, Siede W, Wood RD, Schultz R a.,
Ellenburger T. DNA Repair and Mutagenesis.; 20006.
doi:10.1097/01.shk.0000232588.61871.1f.

Gallego-Sanchez A, Andrés S, Conde F, San-Segundo PA, Bueno A.
Reversal of PCNA ubiquitylation by UbplO in Saccharomyces
cerevisiae. PLoS Genet. 2012;8(7):€1002826.
doi:10.1371/journal.pgen.1002826.

Garcia-Rubio M, Barroso SI, Aguilera A. Detection of DNA-RNA
hybrids in vivo. In: Methods in Molecular Biology.; 2018.
doi:10.1007/978-1-4939-7306-4 24.

Giannattasio M, Zwicky K, Follonier C, Foiani M, Lopes M, Branzei
D. Visualization of recombination-mediated damage bypass by
template switching. Nat Struct Mol Biol. 2014;21(10):884-892.
doi:10.1038/nsmb.2888.

Glover TW, Berger C, Coyle J, Echo B. DNA polymerase o inhibition
by aphidicolin induces gaps and breaks at common fragile sites in
human chromosomes. Hum Genet. 1984. doi:10.1007/BF00272988.
Glover TW, Wilson TE, Arlt MF. Fragile sites in cancer: More than
meets the eye. Nat Rev Cancer. 2017;17(8):489-501.
doi:10.1038/nrc.2017.52.

Gohler T, Sabbioneda S, Green CM, Lehmann AR. ATR-mediated
phosphorylation of DNA polymerase n is needed for efficient
recovery from UV damage. J Cell Biol. 2011;192(2):219-227.
doi:10.1083/jcb.201008076.

Gonzalez Besteiro MA, Gottifredi V. The fork and the kinase: A DNA
replication tale from a CHK1 perspective. Mutat Res - Rev Mutat Res.
2015;763:168-180. doi:10.1016/j.mrrev.2014.10.003.

156



References

Guo C, Fischhaber PL, Luk-Paszyc MJ, et al. Mouse Revl protein
interacts with multiple DNA polymerases involved in translesion
DNA synthesis. EMBO J. 2003;22(24):6621-6630.
doi:10.1093/emboj/cdg626.

Guo C, Sonoda E, Tang TS, et al. REV 1 Protein Interacts with PCNA:
Significance of the REV1 BRCT Domain In Vitro and In Vivo. Mol
Cell. 2006. doi:10.1016/j.molcel.2006.05.038.

Guo C, Tang T-S, Bienko M, et al. Ubiquitin-binding motifs in REV1
protein are required for its role in the tolerance of DNA damage. Mol
Cell Biol. 2006;26(23):8892-8900. doi:10.1128/MCB.01118-06.
Haas AL, Ahrens P, Bright PM, Ankel H. Interferon induces a 15-
kilodalton protein exhibiting marked homology to ubiquitin. J Bio/
Chem. 1987;262(23):11315-11323.
http://www.ncbi.nlm.nih.gov/pubmed/2440890.

Hénsel-Hertsch R, Di Antonio M, Balasubramanian S. DNA G-
quadruplexes in the human genome: Detection, functions and
therapeutic potential. Nat Rev Mol Cell Biol. 2017;18(5):279-284.
do0i:10.1038/nrm.2017.3.

Hart GW, Slawson C, Ramirez-Correa G, Lagerlof O. Cross Talk
Between O-GlcNAcylation and Phosphorylation: Roles in Signaling,
Transcription, and Chronic Disease. Annu Rev Biochem. 2011.
doi:10.1146/annurev-biochem-060608-102511.

Hedglin M, Benkovic SJ. Regulation of Rad6/Rad18 Activity During
DNA Damage Tolerance. Annu Rev Biophys. 2015;44:207-228.
doi:10.1146/annurev-biophys-060414-033841.

Helleday T. PrimPol breaks replication barriers. Nat Struct Mol Biol.
2013;20(12):1348-1350. doi:10.1038/nsmb.2727.

Helmrich A, Ballarino M, Tora L. Collisions between replication and
transcription complexes cause common fragile site instability at the
longest human  genes. Mol Cell. 2011;44(6):966-977.
doi:10.1016/j.molcel.2011.10.013.

Hendel A, Krijger PHL, Diamant N, et al. PCNA ubiquitination is
important, but not essential for translesion DNA synthesis in
mammalian cells. PLoS Genet. 2011;7(9):€1002262.
doi:10.1371/journal.pgen.1002262.

157



References

Henderson A, Wu Y, Huang YC, et al. Detection of G-quadruplex
DNA in mammalian cells. Nucleic Acids Res. 2014;42(2):860-869.
doi:10.1093/nar/gkt957.

Henderson E, Hardin CC, Walk SK, Tinoco I, Blackburn EH.
Telomeric DNA oligonucleotides form novel intramolecular
structures  containing  guanine-guanine  base  pairs.  Cell.
1987;51(6):899-908. doi:10.1016/0092-8674(87)90577-0.

Hershman SG, Chen Q, Lee JY, et al. Genomic distribution and
functional analyses of potential G-quadruplex-forming sequences in
Saccharomyces cerevisiae. Nucleic Acids Res. 2008;36(1):144-156.
doi:10.1093/nar/gkm986.

Hoege C, Pfander B, Moldovan GL, Pyrowolakis G, Jentsch S.
RADG6-dependent DNA repair is linked to modification of PCNA by
ubiquitin - and  SUMO.  Nature.  2002;419(6903):135-141.
doi:10.1038/nature00991.

Huang TT, Nijman SMB, Mirchandani KD, et al. Regulation of
monoubiquitinated PCNA by DUB autocleavage. Nat Cell Biol. 2006.
doi:10.1038/ncb1378.

Huang TT, Nijman SMB, Mirchandani KD, et al. Regulation of
monoubiquitinated PCNA by DUB autocleavage. Nat Cell Biol. 2006.
doi:10.1038/ncb1378.

Huang W-C, Tseng T-Y, Chen Y-T, et al. Direct evidence of
mitochondrial G-quadruplex DNA by using fluorescent anti-cancer
agents. Nucleic Acids Res. 2015. doi:10.1093/nar/gkv1061.

Huppert JL, Balasubramanian S. Prevalence of quadruplexes in the
human genome. Nucleic Acids Res. 2005;33(9):2908-2916.
doi:10.1093/nar/gki609.

Jansen JG, Temviriyanukul P, Wit N, et al. Redundancy of
mammalian Y family DNA polymerases in cellular responses to
genomic DNA lesions induced by ultraviolet light. Nucleic Acids Res.
2014;42(17):11071-11082. doi:10.1093/nar/gku779.

Johansson E, Dixon N. Replicative DNA Polymerases. Cold Spring
Harb Perspect Biol. 2013;5(6):a012799-a012799.
doi:10.1101/cshperspect.a012799.

158



References

Johnson JE, Cao K, Ryvkin P, Wang L-S, Johnson FB. Altered gene
expression in the Werner and Bloom syndromes is associated with
sequences having G-quadruplex forming potential. Nucleic Acids Res.
2010;38(4):1114-1122. doi:10.1093/nar/gkp1103.

Johnson RE, Washington MT, Haracska L, Prakash S, Prakash L.
Eukaryotic polymerases v and T act sequentially to bypass DNA
lesions. 2000;406(August):1015-1019.

Johnson RE, Klassen R, Prakash L, Prakash S. Response to Burgers
et al. Mol Cell. 2016;61(4):494-495.
doi:10.1016/j.molcel.2016.01.018.

Johnson RE, Prakash S, Prakash L. Efficient bypass of a thymine-
thymine dimer by yeast DNA polymerase, Poln Science (80- ). 1999.
doi:10.1126/science.283.5404.1001.

Juranek SA, Paeschke K. Cell cycle regulation of G-quadruplex DNA
structures at telomeres. Curr Pharm Des. 2012;18(14):1867-1872.
doi:10.2174/138161212799958404.

Kannouche PL, Wing J, Lehmann AR. Interaction of human DNA
polymerase eta with monoubiquitinated PCNA: A possible
mechanism for the polymerase switch in response to DNA damage.
Mol Cell. 2004;14(4):491-500. doi:10.1016/S1097-2765(04)00259-
X.

Kannouche P, Broughton BC, Volker M, Hanaoka F, Mullenders LH,
Lehmann AR. Domain structure, localization, and function of DNA
polymerase eta, defective in xeroderma pigmentosum variant cells.
Genes Dev. 2001;15(2):158-172. doi:10.1101/gad.187501.

Karras GI, Jentsch S. The RAD6 DNA damage tolerance pathway
operates uncoupled from the replication fork and is functional beyond
S phase. Cell. 2010;141(2):255-267. doi:10.1016/j.cell.2010.02.028.
Karras JR, Schrock MS, Batar B, Huebner K. Fragile Genes That Are
Frequently Altered in Cancer: Players Not Passengers. Cytogenet
Genome Res. 2016;150(3-4):208-216. doi:10.1159/000455753.

159



References

Kashiwaba S, Kanao R, Masuda Y, Kusumoto-Matsuo R, Hanaoka F,
Masutani C. USP7 Is a Suppressor of PCNA Ubiquitination and
Oxidative-Stress-Induced Mutagenesis in Human Cells. Cell Rep.
2015. doi:10.1016/j.celrep.2015.11.014.

Kato T, Shinoura Y. Isolation and characterization of mutants of
Escherichia coli deficient in induction of mutations by ultraviolet
light. Mol Gen Genet. 1977. doi:10.1007/BF00283484.

Kikuchi S, Hara K, Shimizu T, Sato M, Hashimoto H. Structural basis
of recruitment of DNA polymerase { by interaction between REV1
and REV7 proteins. J Biol Chem. 2012;287(40):33847-33852.
doi:10.1074/jbc.M112.396838.

Koh KD, Balachander S, Hesselberth JR, Storici F. Ribose-seq: global
mapping of ribonucleotides embedded in genomic DNA. Nat
Methods. 2015;12(3):251-257. doi:10.1038/nmeth.3259.

Koirala D, Dhakal S, Ashbridge B, et al. A single-molecule platform
for investigation of interactions between G-quadruplexes and small-
molecule ligands. Nat Chem. 2011;3(10):782-787.
doi:10.1038/nchem.1126.

Krijger PHL, Van Den Berk PCM, Wit N, et al. PCNA ubiquitination-
independent activation of polymerase 1 during somatic hypermutation
and DNA damage tolerance. DNA Repair (Amst). 2011.
doi:10.1016/j.dnarep.2011.08.005.

Kumar S, Huberman JA. Checkpoint-dependent regulation of origin
firing and replication fork movement in response to DNA damage in
fission yeast. Mol Cell Biol. 2009;29(2):602-611.
doi:10.1128/MCB.01319-08.

Lange SS, Takata KI, Wood RD. DNA polymerases and cancer. Nat
Rev Cancer. 2011. doi:10.1038/nrc2998.

Langerak P, Krijger PH., Heideman MR, van den Berk PC., Jacobs H.
Somatic hypermutation of immunoglobulin genes: lessons from
proliferating cell nuclear antigenK164R mutant mice. Philos Trans R
Soc B Biol Sci. 2009;364(1517):621-629.
doi:10.1098/rstb.2008.0223.

160



References

Langerak P, Nygren AOH, Krijger PHL, van den Berk PCM, Jacobs
H. A/T mutagenesis in hypermutated immunoglobulin genes strongly
depends on PCNAK 164 modification. J Exp Med. 2007;204(8):1989-
1998. doi:10.1084/jem.20070902.

Le Beau MM, Rassool F V., Neilly ME, et al. Replication of a
common fragile site, FRA3B, occurs late in S phase and is delayed
further upon induction: Implications for the mechanism of fragile site
induction. Hum Mol Genet. 1998. doi:10.1093/hmg/7.4.755.

Le Tallec B, Dutrillaux B, Lachages A-M, Millot GA, Brison O,
Debatisse M. Molecular profiling of common fragile sites in human
fibroblasts. Nat Struct Mol Biol. 2011;18(12):1421-1423.
doi:10.1038/nsmb.2155.

Lehmann AR, Niimi A, Ogi T, et al. Translesion synthesis: Y-family
polymerases and the polymerase switch. DNA Repair (Amst).
2007;6(7):891-899. doi:10.1016/j.dnarep.2007.02.003.

Lemontt JF, Waters LS, Minesinger BK, et al. Mutants of yeast
defective in mutation induced by ultraviolet light. Genetics. 1971.
doi:10.1128/MMBR.00034-08.

Letessier A, Millot GA, Koundrioukoff S, et al. Cell-type-specific
replication initiation programs set fragility of the FRA3B fragile site.
Nature. 2011;470(7332):120-123. doi:10.1038/nature09745.

Li X, Yan Z an, Zhou X. The effect of 1-B-d-arabinofuranosyl-
cytosine on the expression of the common fragile site at 3p14. Hum
Genet. 1986;74(4):444-446. doi:10.1007/BF00280503.

Liang X, Potter J, Kumar S, Ravinder N, Chesnut JD. Enhanced
CRISPR/Cas9-mediated precise genome editing by improved design
and delivery of gRNA, Cas9 nuclease, and donor DNA. J Biotechnol.
2017;241:136-146. doi:10.1016/j.jbiotec.2016.11.011.

Lim YW, Sanz LA, Xu X, Hartono SR, Chédin F. Genome-wide DNA
hypomethylation and RNA:DNA hybrid accumulation in Aicardi—
Goutiéres syndrome. Elife. 2015;4. doi:10.7554/eLife.08007.

Lin JR, Zeman MK, Chen JY, Yee MC, Cimprich KA. SHPRH and
HLTF Act in a Damage-Specific Manner to Coordinate Different
Forms of Postreplication Repair and Prevent Mutagenesis. Mol Cell.
2011. doi:10.1016/j.molcel.2011.02.026.

161



References

Lipps HJ, Rhodes D. G-quadruplex structures: in vivo evidence and
function. Trends Cell Biol. 2009;19(8):414-422.
doi:10.1016/j.tcb.2009.05.002.

Liu P, Barkley LR, Day T, et al. The Chkl-mediated S-phase
checkpoint targets initiation factor Cdc45 via a Cdc25A/Cdk2-
independent mechanism. J Biol Chem. 2006;281(41):30631-30644.
doi:10.1074/jbc.M602982200.

Liu P, Carvalho CMB, Hastings PJ, Lupski JR. Mechanisms for
recurrent and complex human genomic rearrangements. Curr Opin
Genet Dev. 2012;22(3):211-220. doi:10.1016/j.gde.2012.02.012.
LiuY, Yang Y, Tang T-S, et al. Variants of mouse DNA polymerase
k reveal a mechanism of efficient and accurate translesion synthesis
past a benzo[ a ]pyrene dG adduct. Proc Natl Acad Sci. 2014.
doi:10.1073/pnas.1324168111.

Livneh Z, Ziv O, Shachar S. Multiple two-polymerase mechanisms in
mammalian translesion DNA synthesis. Cell Cycle. 2010;9(4):729-
735. d0i:10.4161/cc.9.4.10727.

Loeb KR, Haas AL. The interferon-inducible 15-kDa ubiquitin
homolog conjugates to intracellular proteins. J Biol Chem.
1992;267(11):7806-7813.

London TBC, Barber LJ, Mosedale G, et al. FANC]J is a structure-
specific DNA helicase associated with the maintenance of genomic
G/C tracts. J Biol Chem. 2008. doi:10.1074/jbc.M808152200.

Lopes M, Cotta-Ramusino C, Pellicioli A, et al. The DNA replication
checkpoint response stabilizes stalled replication forks. Nature.
2001;412(6846):557-561. doi:10.1038/35087613.

Lujn SA, Williams JS, Kunkel TA. DNA Polymerases Divide the
Labor of Genome Replication. Trends Cell Biol. 2016;26(9):640-654.
doi:10.1016/j.tcb.2016.04.012.

Ma X, Liu H, Li J, et al. Poln O-GlcNAcylation governs genome
integrity during translesion DNA synthesis. Nat Commun.
2017;8(1):1941. doi:10.1038/s41467-017-02164-1.

Mackenzie KJ, Carroll P, Lettice L, et al. Ribonuclease H2 mutations
induce a cGAS/STING-dependent innate immune response. EMBO J.
2016;35(8):831-844. doi:10.15252/emb;j.201593339.

162



References

Mackenzie KJ, Carroll P, Martin C-A, et al. cGAS surveillance of
micronuclei links genome instability to innate immunity. Nature.
2017;548(7668):461-465. doi:10.1038/nature23449.

Mailand N, Gibbs-Seymour I, Bekker-Jensen S. Regulation of PCNA-
protein interactions for genome stability. Nat Rev Mol Cell Biol.
2013;14(5):269-282. doi:10.1038/nrm3562.

Makarova A V., Burgers PM. Eukaryotic DNA polymerase {. DNA
Repair (Amst). 2015. doi:10.1016/j.dnarep.2015.02.012.

Marteijn JA, Lans H, Vermeulen W, Hoeijmakers JHJ. Understanding
nucleotide excision repair and its roles in cancer and ageing. Nat Rev
Mol Cell Biol. 2014;15(7):465-481. doi:10.1038/nrm3822.

Masai H, Matsumoto S, You Z, Yoshizawa-Sugata N, Oda M.
Eukaryotic Chromosome DNA Replication: Where, When, and How?
Annu Rev Biochem. 2010;79(1):89-130.
doi:10.1146/annurev.biochem.052308.103205.

Masuda Y, Kanao R, Kaji K, Ohmori H, Hanaoka F, Masutani C.
Different types of interaction between PCNA and PIP boxes
contribute to distinct cellular functions of Y-family DNA
polymerases.  Nucleic ~ Acids Res. 2015;43(16):7898-7910.
doi:10.1093/nar/gkv712.

Masuda Y, Piao J, Kamiya K. DNA replication-coupled PCNA mono-
ubiquitination and polymerase switching in a human in vitro system.
J Mol Biol. 2010;396(3):487-500. doi:10.1016/j.jmb.2010.01.003.
Masutani C, Kusumoto R, Yamada A, et al. The XPV (xeroderma
pigmentosum variant) gene encodes human DNA polymerase 1.
Nature. 1999. doi:10.1038/21447.

Maya-Mendoza A, Petermann E, Gillespie DAF, Caldecott KW,
Jackson DA. Chkl regulates the density of active replication origins
during the vertebrate S phase. EMBO J. 2007;26(11):2719-2731.
doi:10.1038/sj.emboj.7601714.

McDonald JP, Frank EG, Plosky BS, et al. 129-derived Strains of
Mice Are Deficient in DNA Polymerase 1 and Have Normal
Immunoglobulin ~ Hypermutation. J  Exp  Med.  2003.
doi:10.1084/jem.20030767.

163



References

Mentegari E, Crespan E, Bavagnoli L, et al. Ribonucleotide
incorporation by human DNA polymerase n impacts translesion
synthesis and RNase H2 activity. Nucleic Acids Res.
2017;45(5):2600-2614. doi:10.1093/nar/gkw1275.

Meroni A, Nava GM, Sertic S, Plevani P, Muzi-Falconi M, Lazzaro
F. Measuring the Levels of Ribonucleotides Embedded in Genomic
DNA. Methods Mol Biol. 2018;1672:319-327. do0i:10.1007/978-1-
4939-7306-4 22.

Minocherhomji S, Ying S, Bjerregaard VA, et al. Replication stress
activates DNA  repair  synthesis in  mitosis.  Nature.
2015;528(7581):286-290. doi:10.1038/nature16139.

Miotto B, Ji Z, Struhl K. Selectivity of ORC binding sites and the
relation to replication timing, fragile sites, and deletions in cancers.
Proc  Natl Acad Sci U S A. 2016;113(33):E4810-9.
doi:10.1073/pnas.1609060113.

Mirkin E V, Mirkin SM. Replication fork stalling at natural
impediments.  Microbiol Mol Biol Rev. 2007;71(1):13-35.
doi:10.1128/MMBR.00030-06.

Monnat RJ. Human RECQ helicases: Roles in DNA metabolism,
mutagenesis and cancer biology. Semin Cancer Biol. 2010.
doi:10.1016/j.semcancer.2010.10.002.

Moruno-Manchon JF, Koellhoffer EC, Gopakumar J, et al. The G-
quadruplex DNA stabilizing drug pyridostatin promotes DNA
damage and downregulates transcription of Brcal in neurons. Aging
(Albany NY).2017;9(9):1957-1970. doi:10.18632/aging.101282.
Motegi A, Liaw H-J, Lee K-Y, et al. Polyubiquitination of
proliferating cell nuclear antigen by HLTF and SHPRH prevents
genomic instability from stalled replication forks. Proc Natl Acad Sci
US A.2008;105(34):12411-12416. doi:10.1073/pnas.0805685105.
Motegi A, Sood R, Moinova H, Markowitz SD, Liu PP, Myung K.
Human SHPRH suppresses genomic instability through proliferating
cell nuclear antigen polyubiquitination. J Cell Biol. 2006.
doi:10.1083/jcb.200606145.

Moye AL, Porter KC, Cohen SB, et al. Telomeric G-quadruplexes are
a substrate and site of localization for human telomerase. Nat
Commun. 2015;6:7643. doi:10.1038/ncomms8643.

164



References

Miiller S, Kumari S, Rodriguez R, Balasubramanian S. Small-
molecule-mediated G-quadruplex isolation from human cells. Nat
Chem. 2010;2(12):1095-1098. doi:10.1038/nchem.842.

Nakken S, Rognes T, Hovig E. The disruptive positions in human G-
quadruplex motifs are less polymorphic and more conserved than their
neutral counterparts. Nucleic Acids Res. 2009;37(17):5749-5756.
doi:10.1093/nar/gkp590.

Nguyen GH, Tang W, Robles Al, et al. Regulation of gene expression
by the BLM helicase correlates with the presence of G-quadruplex
DNA motifs. Proc Natl Acad Sci. 2014.
doi:10.1073/pnas.1404807111.

Nguyen TA, Tak Y-S, Lee C-H, Kang Y-H, Cho I-T, Seo Y-S.
Analysis of subunit assembly and function of the Saccharomyces
cerevisiae RNase H2 complex. FEBS J. 2011;278(24):4927-4942.
doi:10.1111/5.1742-4658.2011.08394.x.

Nick McElhinny SA, Watts BE, Kumar D, et al. Abundant
ribonucleotide incorporation into DNA by yeast replicative
polymerases. Proc Natl Acad Sci. 2010;107(11):4949-4954.
doi:10.1073/pnas.0914857107.

Nick McElhinny SA, Gordenin DA, Stith CM, Burgers PMJ, Kunkel
TA. Division of Labor at the Eukaryotic Replication Fork. Mol Cell.
2008;30(2):137-144. doi:10.1016/j.molcel.2008.02.022.

Niimi A, Brown S, Sabbioneda S, et al. Regulation of proliferating
cell nuclear antigen ubiquitination in mammalian cells. Proc Natl
Acad Sci U S A. 2008;105(42):16125-16130.
doi:10.1073/pnas.0802727105.

Niimi A, Brown S, Sabbioneda S, et al. Regulation of proliferating
cell nuclear antigen ubiquitination in mammalian cells. Proc Natl
Acad Sci U S A. 2008. doi:10.1073/pnas.0802727105.

Ogi T, Lehmann AR. The Y-family DNA polymerase kappa (pol
kappa) functions in mammalian nucleotide-excision repair. Nat Cell
Biol. 2006;8(6):640-642. doi:10.1038/ncb1417.

Ogi T, Limsirichaikul S, Overmeer RM, et al. Three DNA
Polymerases, Recruited by Different Mechanisms, Carry Out NER
Repair  Synthesis in  Human Cells. Mol Cell. 2010.
doi:10.1016/j.molcel.2010.02.009.

165



References

Ogi T, Shinkai Y, Tanaka K, Ohmori H. Polkappa protects
mammalian cells against the lethal and mutagenic effects of
benzo[a]pyrene. Proc Natl Acad Sci U S A. 2002;99(24):15548-
15553. doi:10.1073/pnas.222377899.

Ohashi E, Murakumo Y, Kanjo N, et al. Interaction of hREV1 with
three human Y-family DNA polymerases. Genes Cells.
2004;9(6):523-531. doi:10.1111/5.1356-9597.2004.00747 .x.
Paeschke K, Capra JA, Zakian VA. DNA Replication through G-
Quadruplex Motifs Is Promoted by the Saccharomyces cerevisiae Pifl
DNA Helicase. Cell. 2011. doi:10.1016/j.cell.2011.04.015.

Paeschke K, Juranek S, Simonsson T, Hempel A, Rhodes D, Lipps
HJ. Telomerase recruitment by the telomere end binding protein-3
facilitates G-quadruplex DNA unfolding in ciliates. Nat Struct Mol
Biol. 2008. doi:10.1038/nsmb.1422.

Paeschke K, Simonsson T, Postberg J, Rhodes D, Lipps HJ. Telomere
end-binding proteins control the formation of G-quadruplex DNA
structures in vivo. Nat Struct Mol Biol. 2005;12(10):847-854.
doi:10.1038/nsmb982.

Park JM, Yang SW, Yu KR, et al. Modification of PCNA by ISG15
plays a crucial role in termination of error-prone translesion DNA
synthesis. Mol Cell. 2014;54(4):626-638.
doi:10.1016/j.molcel.2014.03.031.

Pavlov YI, Shcherbakova P V., Kunkel TA. In vivo consequences of
putative active site mutations in yeast DNA polymerases alpha,
epsilon, delta, and zeta. Genetics. 2001;159(1):47-64.

Phillips DD, Garboczi DN, Singh K, Hu Z, Leppla SH, Leysath CE.
The sub-nanomolar binding of DNA-RNA hybrids by the single-chain
Fv fragment of antibody S9.6. J Mol Recognit. 2013.
doi:10.1002/jmr.2284.

Pizzi S, Sertic S, Orcesi S, et al. Reduction of hRNase H2 activity in
Aicardi-Goutieres syndrome cells leads to replication stress and
genome instability. Hum Mol Genet. 2015;24(3):649-658.
doi:10.1093/hmg/ddu485.

166



References

Postberg J, Tsytlonok M, Sparvoli D, Rhodes D, Lipps HJ. A
telomerase-associated RecQ protein-like helicase resolves telomeric
G-quadruplex structures during replication. Gene. 2012;497(2):147-
154. doi:10.1016/j.gene.2012.01.068.

Prakash S, Prakash L. Translesion DNA synthesis in eukaryotes: a
one- or two-polymerase affair. Genes Dev. 2002;16(15):1872-1883.
doi:10.1101/gad.1009802.

Pursell ZF, Isoz I, Lundstrom E-B, Johansson E, Kunkel TA. Yeast
DNA polymerase epsilon participates in leading-strand DNA
replication. Science. 2007;317(5834):127-130.
doi:10.1126/science.1144067.

Pustovalova Y, Bezsonova I, Korzhnev DM. The C-terminal domain
of human Revl contains independent binding sites for DNA
polymerase 1 and Rev7 subunit of polymerase {. FEBS Lett. 2012.
doi:10.1016/j.febslet.2012.07.021.

Quah SK, von Borstel RC, Hastings PJ. The origin of spontaneous
mutation in Saccharomyces cerevisiae. Genetics. 1980;96(4):819-
839.

Reijns MAM, Rabe B, Rigby RE, et al. Enzymatic removal of
ribonucleotides from DNA is essential for mammalian genome
integrity and  development. Cell. 2012;149(5):1008-1022.
doi:10.1016/j.cell.2012.04.011.

Reijns MAM, Jackson AP. Ribonuclease H2 in health and disease.
Biochem Soc Trans. 2014;42(4):717-725.
doi:10.1042/BST20140079.

Rey L, Sidorova JM, Puget N, et al. Human DNA polymerase eta is
required for common fragile site stability during unperturbed DNA
replication. Mol Cell Biol. 2009;29(12):3344-3354.
doi:10.1128/MCB.00115-09.

Ried K, Finnis M, Hobson L, et al. Common chromosomal fragile site
FRA16D sequence: identification of the FOR gene spanning FRA16D
and homozygous deletions and translocation breakpoints in cancer
cells. Hum Mol Genet. 2000;9(11):1651-1663.
doi:10.1093/hmg/9.11.1651.

167



References

Roa S, Avdievich E, Peled JU, et al. Ubiquitylated PCNA plays a role
in somatic hypermutation and class-switch recombination and is
required for meiotic progression. Proc Natl Acad Sci U S A.
2008;105(42):16248-16253. doi:10.1073/pnas.0808182105.
Rodriguez R, Miller KM, Forment J V., et al. Small-molecule-induced
DNA damage identifies alternative DNA structures in human genes.
Nat Chem Biol. 2012. doi:10.1038/nchembio.780.

Rupp WD, Howard-flanders P. Discontinuities in the DNA
synthesized in an Excision-defective strain of Escherichia coli
following ultraviolet irradiation. J Mol Biol. 1968. doi:10.1016/0022-
2836(68)90445-2.

Rydberg B, Game J. Excision of misincorporated ribonucleotides in
DNA by RNase H (type 2) and FEN-1 in cell-free extracts. Proc Natl
Acad Sci U S A. 2002;99(26):16654-16659.
doi:10.1073/pnas.262591699.

Sabbioneda S, Gourdin AM, Green CM, et al. Effect of Proliferating
Cell Nuclear Antigen Ubiquitination and Chromatin Structure on the
Dynamic Properties of the Y-family DNA Polymerases. Mol Biol
Cell. 2008;19(December):5193-5202. doi:10.1091/mbc.E08.
Saldivar JC, Cortez D, Cimprich KA. The essential kinase ATR:
Ensuring faithful duplication of a challenging genome. Nat Rev Mol
Cell Biol. 2017;18(10):622-636. doi:10.1038/nrm.2017.67.

Sale JE, Lehmann AR, Woodgate R. Y-family DNA polymerases and
their role in tolerance of cellular DNA damage. Nat Rev Mol Cell Biol.
2012;13(3):141-152. doi:10.1038/nrm3289.

Sarkies P, Reams C, Simpson LJ, Sale JE. Epigenetic instability due
to defective replication of structured DNA. Mol Cell. 2010;40(5):703-
713. do0i:10.1016/j.molcel.2010.11.009.

Sarkies P, Reams C, Simpson LJ, Sale JE. Epigenetic Instability due
to Defective Replication of Structured DNA. Mol Cell. 2010.
doi:10.1016/j.molcel.2010.11.009.

Schaffitzel C, Berger I, Postberg J, Hanes J, Lipps HJ, Pliickthun A.
In vitro generated antibodies specific for telomeric guanine-
quadruplex DNA react with Stylonychia lemnae macronuclei. Proc
Natl  Acad  Sci u § A 2001;98(15):8572-8577.
doi:10.1073/pnas.141229498.

168



References

Schrock MS, Huebner K. WWOX: a fragile tumor suppressor. Exp
Biol Med (Maywood). 2015;240(3):296-304.
doi:10.1177/1535370214561590.

Sen D, Gilbert W. Formation of parallel four-stranded complexes by
guanine-rich motifs in DNA and its implications for meiosis. Nature.
1988. doi:10.1038/334364a0.

Shimizu Y, Ikeda S, Fujimori M, et al. Molecular characterization of
FRAXB and comparative common fragile site instability in cancer
cells. Genes Chromosom Cancer. 2002;33(1):82-92.
doi:10.1002/gcc.10000.

Shinbrot E, Henninger EE, Weinhold N, et al. Exonuclease mutations
in DNA polymerase epsilon reveal replication strand specific
mutation patterns and human origins of replication. Genome Res.
2014;24(11):1740-1750. doi:10.1101/gr.174789.114.

Shivalingam A, Izquierdo MA, Marois A Le, et al. The interactions
between a small molecule and G-quadruplexes are visualized by
fluorescence lifetime imaging microscopy. Nat Commun. 2015.
doi:10.1038/ncomms9178.

Siddiqui-Jain A, Grand CL, Bearss DJ, Hurley LH. Direct evidence
for a G-quadruplex in a promoter region and its targeting with a small
molecule to repress c-MYC transcription. Proc Natl Acad Sci. 2002.
doi:10.1073/pnas.182256799.

Sparks JL, Chon H, Cerritelli SM, et al. RNase H2-initiated
ribonucleotide excision repair. Mol Cell. 2012;47(6):980-986.
doi:10.1016/j.molcel.2012.06.035.

Srivastava AK, Han C, Zhao R, et al. Enhanced expression of DNA
polymerase eta contributes to cisplatin resistance of ovarian cancer
stem cells. Proc Natl Acad Sci U S A. 2015;112(14):4411-4416.
doi:10.1073/pnas.1421365112.

Su Y, Egli M, Guengerich FP. Mechanism of Ribonucleotide
Incorporation by Human DNA Polymerase n. J Biol Chem.
2016;291(8):3747-3756. doi:10.1074/jbc.M115.706226.

Sundquist WI, Klug A. Telomeric DNA dimerizes by formation of
guanine tetrads between hairpin loops. Nature. 1989.
doi:10.1038/342825a0.

169



References

Swan MK, Johnson RE, Prakash L, Prakash S, Aggarwal AK.
Structure of the human Revl-DNA-dNTP ternary complex. J Mol
Biol. 2009;390(4):699-709. doi:10.1016/j.jmb.2009.05.026.

Tang W, Robles Al, Beyer RP, et al. The Werner syndrome RECQ
helicase targets G4 DNA in human cells to modulate transcription.
Hum Mol Genet. 2016. doi:10.1093/hmg/ddw079.

Tissier A, Frank EG, McDonald JP, Iwai S, Hanaoka F, Woodgate R.
Misinsertion and bypass of thymine-thymine dimers by human DNA
polymerase iota. EMBO J. 2000;19(19):5259-5266.
doi:10.1093/emboj/19.19.5259.

Todd AK, Johnston M, Neidle S. Highly prevalent putative
quadruplex sequence motifs in human DNA. Nucleic Acids Res.
2005;33(9):2901-2907. doi:10.1093/nar/gki553.

Torres-Ramos CA, Prakash S, Prakash L. Requirement of RADS and
MMS2 for postreplication repair of UV-damaged DNA in
Saccharomyces cerevisiae. Mol Cell Biol. 2002;22(7):2419-2426.
doi:10.1128/MCB.2419.

Traut TW. Physiological concentrations of purines and pyrimidines.
Mol Cell Biochem. 1994;140(1):1-22

Uljon SN, Johnson RE, Edwards T a, Prakash S, Prakash L, Aggarwal
AK. Crystal structure of the catalytic core of human DNA polymerase
kappa. Structure. 2004;12(8):1395-1404.
doi:10.1016/j.str.2004.05.011.

Unk I, Hajdu I, Fatyol K, et al. Human HLTF functions as a ubiquitin
ligase for proliferating cell nuclear antigen polyubiquitination. Proc
Natl Acad Sci. 2008. doi:10.1073/pnas.0800563105.

Unk I, Hajdu I, Blastydk A, Haracska L. Role of yeast Rad5 and its
human orthologs, HLTF and SHPRH in DNA damage tolerance. DNA
Repair (Amst). 2010. doi:10.1016/j.dnarep.2009.12.013.

Vaisman A. Unique misinsertion specificity of poliota may decrease
the mutagenic potential of deaminated cytosines. EMBO J.
2001;20(22):6520-6529. doi:10.1093/emboj/20.22.6520.

Vaisman A, Frank EG, Iwai S, et al. Sequence context-dependent
replication of DNA templates containing UV-induced lesions by
human DNA polymerase . DNA Repair (Amst). 2003.
doi:10.1016/S1568-7864(03)00094-6.

170



References

Vaisman A, Woodgate R. Translesion DNA polymerases in
eukaryotes: what makes them tick? Crit Rev Biochem Mol Biol. 2017.
doi:10.1080/10409238.2017.1291576.

Watanabe K, Tateishi S, Kawasuji M, Tsurimoto T, Inoue H,
Yamaizumi M. Radl8 guides poleta to replication stalling sites
through physical interaction and PCNA monoubiquitination. EMBO
J.2004;23(19):3886-3896. doi:10.1038/sj.emboj.7600383.

Waters LS, Minesinger BK, Wiltrout ME, D’Souza S, Woodruff R V,
Walker GC. Eukaryotic translesion polymerases and their roles and
regulation in DNA damage tolerance. Microbiol Mol Biol Rev.
2009;73(1):134-154. doi:10.1128/MMBR.00034-08.

Williams JS, Lujan SA, Kunkel TA. Processing ribonucleotides
incorporated during eukaryotic DNA replication. Nat Rev Mol Cell
Biol. 2016;17(6):350-363. doi:10.1038/nrm.2016.37.

Wilson RC, Jackson MA, Pata JD. Y-family polymerase
conformation is a major determinant of fidelity and translesion
specificity. Structure. 2013. doi:10.1016/j.str.2012.11.005.

Wilson TE, Arlt MF, Park SH, et al. Large transcription units unify
copy number variants and common fragile sites arising under
replication stress. Genome Res. 2015;25(2):189-200.
doi:10.1101/gr.177121.114.

Wittschieben J, Shivji MK, Lalani E, et al. Disruption of the
developmentally regulated Rev3l gene causes embryonic lethality.
Curr Biol. 2000. doi:10.1016/S0960-9822(00)00725-9.

Wood A, Garg P, Burgers PMJ. A ubiquitin-binding motif in the
translesion DNA polymerase Revl mediates its essential functional
interaction with ubiquitinated proliferating cell nuclear antigen in
response to DNA damage. J Biol Chem. 2007;282(28):20256-20263.
doi:10.1074/jbc.M702366200.

Wu 'Y, Shin-ya K, Brosh RM. FANCJ Helicase Defective in Fanconia
Anemia and Breast Cancer Unwinds G-Quadruplex DNA To Defend
Genomic Stability. Mol Cell Biol. 2008. doi:10.1128/MCB.02210-07.
Yamamoto J, Loakes D, Masutani C, et al. Translesion synthesis
across the (6-4) photoproduct and its Dewar valence isomer by the Y-
family and engineered DNA polymerases. Nucleic Acids Symp Ser
(Oxf). 2008. doi:10.1093/nass/nrn171.

171



References

Yan ZA, Li XZ, Zhou XT. The effect of hydroxyurea on the
expression of the common fragile site at 3pl4. J Med Genet.
1987;24(10):593-596. doi:10.1007/BF00280503.

Zakian VA. Telomeres: the beginnings and ends of eukaryotic
chromosomes. Exp  Cell Res. 2012;318(12):1456-1460.
doi:10.1016/j.yexcr.2012.02.015.

Zanesi N, Fidanza V, Fong LY, et al. The tumor spectrum in FHIT-
deficient mice. Proc Natl Acad Sci U S A. 2001;98(18):10250-10255.
doi:10.1073/pnas.191345898.

Zeman MK, Cimprich KA. Causes and consequences of replication
stress. Nat Cell Biol. 2014;16(1):2-9. doi:10.1038/ncb2897.

Zhang H, Chatterjee A, Singh KK. Saccharomyces cerevisiae
polymerase zeta functions in mitochondria. Genetics. 2006.
doi:10.1534/genetics.105.051029.

Zhang Y, Wu X, Guo D, Rechkoblit O, Wang Z. Activities of human
DNA polymerase kappa in response to the major benzo[a]pyrene
DNA adduct: error-free lesion bypass and extension synthesis from
opposite the lesion. DNA Repair (Amst). 2002;1(7):559-569.
doi:10.1016/S1568-7864(02)00055-1.

Zhao H, Piwnica-Worms H. ATR-Mediated Checkpoint Pathways
Regulate Phosphorylation and Activation of Human Chkl1. Mo/ Cell
Biol. 2001. doi:10.1128/MCB.21.13.4129-4139.2001.

Zhou BBS, Elledge SJ. The DNA damage response: Putting
checkpoints in perspective. Nature. 2000. doi:10.1038/35044005.
Zhou W, Chen Y, Liu X, et al. Expression of DNA translesion
synthesis polymerase mn in head and neck squamous cell cancer
predicts resistance to gemcitabine and cisplatin-based chemotherapy.
PLoS One. 2013;8(12):¢83978. doi:10.1371/journal.pone.0083978.
Zimmer J, Tacconi EMC, Folio C, et al. Targeting BRCA1l and
BRCA2 Deficiencies with G-Quadruplex-Interacting Compounds.
Mol Cell. 2016. doi:10.1016/j.molcel.2015.12.004.

Zink D. The temporal program of DNA replication: New insights into
old questions. Chromosoma. 2006. doi:10.1007/s00412-006-0062-8.
Ziv O, Geacintov N, Nakajima S, Yasui A, Livneh Z. DNA
polymerase { cooperates with polymerases k and 1 in translesion DNA
synthesis across pyrimidine photodimers in cells from XPV patients.
Proc Natl Acad Sci. 2009. doi:10.1073/pnas.0812548106.

172



References

* ZoulL, Elledge SJ. Sensing DNA damage through ATRIP recognition
of RPA-ssDNA complexes. Science. 2003;300(5625):1542-1548.
doi:10.1126/science.1083430.

173



List of original manuscripts

List of original manuscripts

Bertoletti, F., Cea, V., Liang, C. C., Lanati, T., Maffia, A., Avarello, M. D.,
... & Sabbioneda, S. (2017). Phosphorylation regulates human poln
stability and damage bypass throughout the cell cycle. Nucleic acids
research, 45(16), 9441-9454.

Cipolla, L., Maffia, A., Bertoletti, F., & Sabbioneda, S. (2016). The
regulation of DNA damage tolerance by ubiquitin and ubiquitin-like
modifiers. Frontiers in genetics, 7, 105.

174



3 frontiers
in Genetics

REVIEW
published: 13 June 2016
doi: 10.3389/fgene.2016.00105

OPEN ACCESS

Edited by:
Kristiian Ramadan,
University of Oxford, UK

Reviewed by:

Danilo Maddalo,

Novartis Oncology, Switzerland
Barbara Van Loon,

Norwegian University for Science
and Technology, Norway

*Correspondence:
Simone Sabbioneda
simone.sabbioneda@igm.cnr.it

Specialty section:

This article was submitted to
Cancer Genetics,

a section of the journal
Frontiers in Genetics

Received: 01 March 2016
Accepted: 25 May 2016
Published: 13 June 2016

Citation:

Cipolla L, Maffia A, Bertoletti F and
Sabbioneda S (2016) The Regulation
of DNA Damage Tolerance by
Ubiquitin and Ubiquitin-Like Modifiers.
Front. Genet. 7:105.

doi: 10.3389/fgene.2016.00105

CrossMark

The Regulation of DNA Damage
Tolerance by Ubiquitin and
Ubiquitin-Like Modifiers

Lina Cipolla, Antonio Maffia, Federica Bertoletti and Simone Sabbioneda*

Istituto di Genetica Molecolare, Consiglio Nazionale delle Ricerche, Pavia, ltalia

DNA replication is an extremely complex process that needs to be executed in a highly
accurate manner in order to propagate the genome. This task requires the coordination
of a number of enzymatic activities and it is fragile and prone to arrest after DNA damage.
DNA damage tolerance provides a last line of defense that allows completion of DNA
replication in the presence of an unrepaired template. One of such mechanisms is
called post-replication repair (PRR) and it is used by the cells to bypass highly distorted
templates caused by damaged bases. PRR is extremely important for the cellular life and
performs the bypass of the damage both in an error-free and in an error-prone manner.
In light of these two possible outcomes, PRR needs to be tightly controlled in order
to prevent the accumulation of mutations leading ultimately to genome instability. Post-
translational modifications of PRR proteins provide the framework for this regulation
with ubiquitylation and SUMOylation playing a pivotal role in choosing which pathway
to activate, thus controlling the different outcomes of damage bypass. The proliferating
cell nuclear antigen (PCNA), the DNA clamp for replicative polymerases, plays a central
role in the regulation of damage tolerance and its modification by ubiquitin, and
SUMO controls both the error-free and error-prone branches of PRR. Furthermore, a
significant number of polymerases are involved in the bypass of DNA damage possess
domains that can bind post-translational modifications and they are themselves target
for ubiquitylation. In this review, we will focus on how ubiquitin and ubiquitin-like
modifications can regulate the DNA damage tolerance systems and how they control
the recruitment of different proteins to the replication fork.

Keywords: DNA tr

SUMOylation, ISGylation, PCNA

INTRODUCTION

DNA damage poses a constant threat to the genetic material. It can arise from products either of
the cellular metabolism or by exposure to exogenous sources (physical or chemical). Regardless
of its origin, DNA damage is addressed swiftly by the multitude of repair mechanisms that
protect the integrity of the genome (Hoeijmakers, 2001). The DNA damage response provides an
overall control network for the repair mechanisms and it allows the coordination of the complex
biochemical reactions that lead to the elimination of DNA damage (Ciccia and Elledge, 2011).
Unfortunately, in certain conditions, the cells are exposed to an amount of damage that the repair
systems cannot handle completely. This could be caused either by an extreme insult, able to saturate
one or multiple repair systems, or by damage that is repaired slowly. The result of both conditions
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is the permanence of lesions in the template DNA. Nevertheless,
the damaged template then must be replicated during S
phase. Replicative DNA polymerases are extremely efficient and
processive but are unable to cope with a distorted template caused
by DNA damage. To solve this impasse, cells possess damage
tolerance pathways that are tasked with the bypass of the damage,
which eventually will be repaired at a later stage (Sale et al., 2012).
Failure to bypass the damage is believed to be one of the main
causes of replication fork blocks, cell cycle arrest and eventually
cell death.

During S phase, the damaged template can be replicated by
either a special class of DNA polymerases, in a process called
DNA translesion synthesis (TLS), or by a damage avoidance
pathway that uses the sister chromatid as a template, in a
mechanism called template switch. TLS utilizes specialized low-
fidelity DNA polymerases (1, t, k, ¢, and Rev1), mostly belonging
to the Y-family, to bypass the damaged template, while template
switch is proposed to use a recombination-like mechanism.
A crucial difference between the two pathways is that the former
is potentially error-prone, while the latter is thought to be error-
free (Branzei and Foiani, 2007; Sale et al., 2012). Given this
background, the choice of pathway is extremely important in
order to bypass the damage with the lowest possible chance
of introducing mutations. Post-translational modifications play
a central role in controlling damage tolerance and, in the last
few years, emerging evidence has shown that ubiquitylation
and SUMOylation sit at a crucial crossroad that influences its
outcomes (Huang and D’Andrea, 2006; Bergink and Jentsch,
2009; Bekker-Jensen and Mailand, 2011; Mailand et al., 2013;
Pinder et al., 2013).

Ubiquitylation is a process that involves the addition of
ubiquitin to a target protein. This process is conserved in
all eukaryotes and it controls a variety of cellular functions,
ranging from protein degradation to cell cycle progression.
Ubiquitylation is reversible and utilizes three classes of
enzymes to target ubiquitin to a desired protein (Hershko and
Ciechanover, 1998). In the initial step, an ubiquitin activating
enzyme (E1) forms a thioester bond with ubiquitin. Afterward,
ubiquitin conjugating enzymes (E2) transfer the ubiquitin from
the E1 to the target protein, either directly or with the help of
an E3 ubiquitin ligase that confers specificity to its E2 partner.
Ubiquitin is normally attached via its C-terminus to lysines
on the target proteins. Once ubiquitin has been linked to its
target, it can be further modified by the addition of additional
ubiquitin moieties on one of the lysines that can be found on
ubiquitin itself: K6, K11, K27, K29, K33, K48, and K63 (Ikeda
and Dikic, 2008; Kulathu and Komander, 2012). The linkage
to the different lysines confers diverse structural properties to
the polyubiquitin chains, creating a different binding platform
for a variety of processes. For example, K48-linked chains have
a compact structure (closed chain) and they direct proteins
to degradation by the proteasome (Varadan et al, 2002). On
the other hand, K63 chains are linear and flexible and they
seem to have a more prominent role in mediating protein-
protein interactions (Varadan et al., 2004). SUMOylation shares
a similar activating pathway with ubiquitin but uses SUMO
(Small Ubiquitin MOdifier) as a substrate (Muller et al., 2001;

Hay, 2005). In most organisms, a single SUMO is present
but human cells express 4 different variants (SUMO1-4, Hay,
2005). Remarkably, while in the human genome we can find
between 10 to 35 ubiquitin E2s and hundreds of putativeE3
ubiquitin ligases have been predicted, this number is greatly
reduced in the case of SUMO, up to the point where UBC9
encodes the only known SUMO E2 (Hay, 2005). The aim of this
review is to highlight the crucial role of both ubiquitylation and
SUMOylation in the regulation of the DNA damage tolerance
pathways.

UBIQUITYLATION OF PCNA

A number of E2 and E3 enzymes has been known for a long time
to be involved in the replication of damaged DNA, among these
the proteins encoded by Rad6, Rad18, Ubc13, Mms2, and Rad5
in the yeast Saccharomyces cerevisiae (Jentsch et al., 1987; Bailly
etal,, 1994, 1997; Xiao et al., 2000). All of these proteins have been
shown to ubiquitylate, in different ways, the PCNA, assigning to
PCNA a central role in the regulation of damage bypass during
replication (Hoege et al., 2002; Mailand et al., 2013).

Proliferating cell nuclear antigen is a homotrimeric protein
that acts as the processivity factor for DNA polymerases, in a
role similar to E. coli B-clamp (Kuriyan and O’Donnell, 1993;
Krishna et al., 1994a,b). Each subunit consists of two different
domains connected by an interdomain connecting loop (IDCL).
The IDCL makes contacts and tethers the DNA polymerases to
the DNA. The binding to the IDCL of PCNA is mediated by a
PCNA interacting peptide (PIP) motif present in the interacting
partner. PCNA plays also crucial roles as a loading platform
for a variety of proteins involved in different repair systems
(Freudenthal et al., 2010; Dieckman et al., 2012). In yeast, PCNA
was originally discovered to be ubiquitylated after the treatment
with methyl methanesulfonate (MMS) by the complex formed by
the ubiquitin ligase Rad18 and the ubiquitin conjugating enzyme
Rad6 (Hoege et al., 2002) (Figure 1). Ubiquitylation was shown
to be attached to lysine 164 that is located on the back side of
the trimer, on the opposite side where the replicating polymerases
make contact (front side, Freudenthal et al., 2010).

Once monoubiquitylated, PCNA (Ubi-PCNA) can be further
modified resulting in the formation of K63-linked polyubiquitin
chains (Hoege et al, 2002). The two modifications were
proposed to channel the bypass toward different branches of
damage tolerance, with monoubiquitylation leading to TLS and
polyubiquitylation of PCNA steering the system toward template
switch (Branzei, 2011; Giannattasio et al., 2014).

Orthologs of all the proteins involved in the process
originally described in S. cerevisiae have been identified in both
invertebrates and vertebrates and, overall, the system appears
to be conserved across different organisms, although subtle
differences are present. For example, in Xenopus laevis, PCNA
is monoubiquitylated during an unperturbed S phase and this
modification is required for the efficient progression of the
replication fork in egg extracts, while polyubiquitylation of the
trimer appears specifically only after DNA damage (Leach and
Michael, 2005).
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FIGURE 1| ic model of in and in-like in the DNA (A) Monoubiquitylation of PCNA leading
to TLS. (B) Polyubiquitylation of PCNA leading to template switch. (C) ISGylation of PCNA and recovery from TLS. (D) SUMOylation of PCNA during unperturbed S
phase and inhibition of Homologous Recombination. Dotted lines indicate interactions between regulators of the DDT and modified/unmodified PCNA.

In vertebrates, the main modification of PCNA is
monoubiquitylation. It is observed after treatments that
block the progression of the replication fork (Kannouche and
Lehmann, 2004; Kannouche et al., 2004; Watanabe et al., 2004).
In such conditions, it is possible to detect an accumulation of
single-stranded DNA (ssDNA), likely caused by the uncoupling
of the activities of the blocked replication fork and the DNA
helicase. At this point, RPA readily binds the free ssDNA creating
the substrate for the recruitment of Radl8 and Rad6 that
ubiquitylate PCNA on lysine 164 (Davies et al., 2008). Rad18 and
replication protein A (RPA) interact directly and the recruitment
of Rad6/Rad18 to RPA-coated ssDNA has been observed in vitro
(Huttner and Ulrich, 2008). Monoubiquitylated PCNA has
increased affinity for TLS polymerases, whose interactions
are mediated by their PIP-boxes (PCNA-interacting peptide)
and ubiquitin-binding motifs (Kannouche et al., 2004; Bienko
et al., 2005; Dikic et al., 2009). Upon fork stalling, replicative
polymerases slow down and dissociate from the replisome
followed by the recruitment of TLS polymerases (polymerase
switching; Figure 1A). In the last few years, there has been
a progressive discovery of new factors that help Radl8 in
promoting the efficient ubiquitylation of PCNA. One of these
factors is a TLS polymerase itself. It is interesting to point out
that originally the recruitment of TLS polymerases was proposed
to be an event that followed the monoubiquitylation of PCNA.
New experimental data seem to suggest that TLS polymerases
can influence themselves the state of PCNA, and an increase
in PCNA ubiquitylation has been observed, in some cell types,
after poln overexpression (Durando et al., 2013; Masuda et al.,

2015). In these conditions, poln is believed to enhance and
stabilize Rad18 in the proximity of PCNA. Rad18 and poln have
been purified as a stable complex and their interaction has been
proposed to be dependent on the phosphorylation of Rad18.
Rad18 is phosphorylated, at a basal level even in unperturbed
conditions but this modification is enhanced after DNA damage
by DDK (Dbf4/Drfl-dependent Cdc7 kinase) and JNK (c-Jun
N-terminal kinase; Day et al., 2010; Barkley et al.,, 2012). This
hyper-phosphorylation is believed to increase the affinity of
Rad18 for poln and promote their mutual recruitment to the
chromatin, leading to the ubiquitylation of PCNA. However,
this model of action is still controversial since it would make
the accumulation of Ubi-PCNA an event dependent on ATR
and Chkl, in contrast with previous established experimental
evidence that demonstrated that ubiquitylation of PCNA is
independent from both ATM and ATR kinases and their
respective DNA damage checkpoints (Chang et al., 2006; Davies
et al., 2008; Gohler et al., 2008; Niimi et al., 2008; Yang et al.,
2008). A cohort of new factors that have been found to interact
with Rad18 to promote efficient PCNA ubiquitylation include
NBS1 (Yanagihara et al., 2011), Claspin and Chkl (Yang et al.,
2008), RPA (Davies et al., 2008), Spartan (see later in this review,
Centore et al,, 2012; Davis et al., 2012; Juhasz et al.,, 2012;
Mosbech et al.,, 2012) and SIVA1 (Han et al., 2014).

In human cells, Radl8 is the principal E3 ligase that
monoubiquitylates PCNA, but avian DT40 cells lacking Rad18
(Rad18~/7) still show detectable levels of Ubi-PCNA, indicating
the existence of another E3 ligase (Arakawa et al., 2006; Simpson
et al, 2006). In fact, other minor pathways leading to the
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ubiquitylation of PCNA have been proposed also in S. cerevisiae
and in human cells under specific conditions. In human cells,
RNEF8 and CRLA® were identified as ubiquitin E3 ligases
of PCNA, although their contribution is rather minor when
compared to Rad18 (Zhang et al., 2008; Terai et al., 2010).

Rad18 is itself ubiquitylated and its modification is believed to
control its availability and cellular localization. Rad18 has been
reported to form a homodimer where the ubiquitin moiety on
each Rad18 interacts with the UBZ (ubiquitin-binding zinc finger
domain) of the other subunit (Miyase et al., 2005; Notenboom
et al., 2007). Once Rad18 is de-ubiquitylated, it becomes active.
The Radl18 dimer, which is considered inactive, is believed
to localize mainly in the cytoplasm, while the active Radl8
monomer is distributed in the nucleoplasm. Recently, Revl has
been shown to bind ubiquitylated Rad18 causing the release
of non-modified Rad18 from the dimer, that is then free to
ubiquitylate PCNA on the chromatin (Wang et al., 2016). This
is another example of the extensive crosstalk between TLS
polymerases, Rad18 and PCNA, further strengthening the idea
that the regulation of DNA damage tolerance is far from a simple
linear pathway.

Once ubiquitylated, PCNA can be further modified via
K63-linked polyubiquitylation. In yeast, the complex formed
by Ubcl3-Mms2 (E2) and Rad5 (E3) is responsible for this
modification (Hoege et al., 2002; Parker and Ulrich, 2009). In
human cells, polyUbi-PCNA is hardly observed in comparison
to yeast (Chiu et al., 2006) although all the proteins involved
are believed to be conserved. Two Rad5 orthologs have been
identified: helicase-like transcription factor (HLTF) and SNF2
histone linker PHD RING helicase (SHPRH; Figure 1B). HLTF
is characterized by ATPase and HIRAN domains that promote
fork regression in vitro, a crucial step in the stabilization of
the replication fork in the presence of DNA damage (MacKay
et al.,, 2009; Blastyak et al., 2010; Achar et al., 2015). Both HLTF
and SHRPH can catalyze the addition of ubiquitin chains to
Ubi-PCNA in vitro and their silencing, mediated by siRNA,
results in a decrease in polyUbi-PCNA in living cells (Motegi
et al, 2006, 2008; Unk et al, 2008, 2010). Recent evidence
suggests that the loss of HLTF and SHPRH increases mutagenesis
induced by UV and MMS treatment, respectively (Lin et al.,
2011). HLTF has been shown to have also a role in the mono-
ubiquitylation of PCNA and in the recruitment of poly (Lin
etal,, 2011). Surprisingly, mouse embyonic fibroblast (MEF) cells
lacking both SHPRH and HLTF are still competent for PCNA
polyubiquitylation and the double mutant is not hypersensitive
to DNA-damaging agents (Krijger et al., 2011a). This seems to
suggest the existence of yet another E3 ligase involved in PCNA
ubiquitylation, at least in mouse. In light of all of this evidence,
it is clear that further investigation will be required in order to
understand the role of the Rad5 orthologs in higher eukaryotes.

GOING BACK: THE DE-UBIQUITYLATING
ENZYMES

Ubi-PCNA plays a central role in the bypass of damaged DNA
by facilitating the access of TLS polymerases to the replication

fork. However, unscheduled recruitment of low-fidelity TLS
polymerases would result in replication errors and mutagenesis
on undamaged DNA, thus the level of Ubi-PCNA must be strictly
controlled. Ubi-PCNA in human cells is negatively regulated
by the ubiquitin-specific protease 1 (USP1; Huang et al., 2006)
(Figure 1A). USP1 interacts with the activating protein partner
UAF1 (USP1-associated factor 1) and de-ubiquitylate Ubi-PCNA
in the absence of DNA damage (Cohn et al., 2007). USPI is
subjected to an auto-cleavage reaction, which regulates its cellular
concentration (Cohn et al., 2007). Furthermore, high doses of
UV-C light result in the down-regulation of the USP1 transcript,
thus ensuring its down-regulation when the ubiquitylation of
PCNA needs to be promoted (Huang et al., 2006). Indeed, Ubi-
PCNA levels correlate nicely with the reduced expression levels
of USP1 after UV treatment (Niimi et al., 2008). Differently from
UV, USP1 is still present after hydroxyurea or MMS treatment,
two genotoxic agents that induce a strong ubiquitylation of
PCNA (Niimi et al., 2008). This observation suggests the possible
presence of other negative regulators.

USP1 has been shown to protect the cells from genomic
instability, as monitored by the formation of micronuclei, caused
by the erroneous recruitment of polk and the following decrease
in fork progression (Jones et al, 2012). USP1 was the first
and most prominent DUB involved in the negative regulation
of PCNA ubiquitylation; however, recent data seem to suggest
the involvement of more DUBs in the control of PCNA. Some
of these DUBs either act directly on PCNA or can regulate
other proteins that control its ubiquitylation. Among these,
USP7, also called HAUSP, is the DUB that controls the stability
of p53 by counteracting the activity of Mdmz2, the E3 ligase
responsible for its degradation (Li et al.,, 2002; Cummins and
Vogelstein, 2004; Sheng et al.,, 2006). Recently USP7 has been
shown to regulate indirectly the ubiquitylation of PCNA via the
stabilization of either Rad18 or poln (Qian et al., 2015; Zlatanou
etal,, 2016). Other work has shown that USP7 can de-ubiquitylate
Ubi-PCNA in vitro and it suppresses UV- and oxidative-stress-
induced PCNA monoubiquitylation in vivo (Kashiwaba et al.,
2015). PCNA ubiquitylation after DNA damage is normally very
stable and can be detected days after the original genotoxic
treatment (Niimi et al., 2008). Another DUB involved in the de-
ubiquitylation of PCNA is USP10. USP10 can interact directly
with PCNA via its PIP box and its silencing results in increased
Ubi-PCNA 24 h after UV irradiation (Park et al., 2014). The
activity of USP10 is remarkably deferred compared with USP1
as no difference could be appreciated in the levels Ubi-PCNA
at 0 and 12 h after UV irradiation (Park et al., 2014), whereas
silencing of USP1 results in the accumulation of Ubi-PCNA
even in the absence of DNA damage (Huang et al., 2006). This
seems to suggest that USP10 may control the de-ubiquitylation
of Ubi-PCNA during the recovery from UV irradiation (see
ISGylation, later on). An USP1 ortholog has not been identified
in yeast. Recently, ubiquitin protease 10 (UBP10) was reported
to de-ubiquitylate Ubi-PCNA in S. cerevisiae (Gallego-Sanchez
et al, 2012). Cells lacking UBP10 accumulate Ubi-PCNA in
response to DNA damage resulting in an increased interaction
between PCNA and Revl. UBP10 appears to de-ubiquitylate Ubi-
PCNA during S phase and its protein levels remain constant
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after UV treatment suggesting that UBP10 in yeast and USP1
in human regulate the de-ubiquitylation of PCNA by different
mechanisms (Gallego-Sanchez et al., 2012).

NEW READERS OF UBIQUITYLATED
PCNA

Once PCNA is ubiquitylated, it provides a loading platform for
a variety of proteins involved in the replication of damaged
DNA. As already mentioned, Ubi-PCNA can recruit a plethora
of TLS polymerases allowing damage bypass and the restart of
a stalled replication fork (Sale et al., 2012). Recently at least two
new proteins have been described to be able to read the state of
ubiquitylated PCNA and to help in maintaining the stability of
the fork: Spartan, also called DVC1, and ZRANB3 (Centore et al.,
2012; Davis et al., 2012; Mosbech et al., 2012) (Figures 1A-C).

Spartan is a substrate of the anaphase promoting complex and
localizes to replication factories in a manner dependent on both
its PIP and UBZ domains (Davis et al., 2012; Mosbech et al.,
2012). In its absence, cells become hypersensitive to DNA damage
agents and they are deficient in the DNA damage tolerance
(DDT) response. Spartan can bind to p97 via its SHP domain
(Davis et al., 2012; Mosbech et al., 2012). p97 encodes for a
chaperone protein that can remodel ubiquitylated proteins in an
ATP-dependent manner (Meyer et al., 2012).

As mentioned, Spartan PIP box and UBZ domain are needed
for its accrual in replication factories and DNA damage foci.
While all the data in the literature consistently report that PCNA
is required for Spartan recruitment, the role of Ubi-PCNA as the
target of Spartan’s UBZ is still controversial. Spartan can bind
Ubi-PCNA in vitro (Centore et al., 2012) but there are discording
evidences that this may occur in vivo. Two groups reported that
Spartan could relocalize to replication factories when Rad18 is
depleted by siRNA, a condition that results in the absence of
Ubi-PCNA (Davis et al,, 2012; Mosbech et al., 2012). Spartan
itself is ubiquitylated and this modification prevents further
binding to ubiquitin targets and decreases its accumulation in
focal structures (Centore et al., 2012).

Given all the conflicting evidence, the role of Spartan is still
under scrutiny, with at least two proposed models of actions. In
the first Spartan is thought to bind to Ubi-PCNA and to promote
both Rad18 and poln recruitment to the chromatin. Its binding
would shield Ubi-PCNA from being de-ubiquitylated by USP1
or by another DUB, and in its absence PCNA ubiquitylation
appears to be reduced (Centore et al., 2012) (Figure 1A). At the
opposite side of the spectrum, an alternative mechanism proposes
Spartan acting as a negative regulator of TLS. In this scenario,
Spartan is thought to recruit p97, which in turn will remove
poln from the replication fork in order to resume processive
replication (Figure 1C). This model is substantiated by increased
focal retention of poln and increased mutagenesis when Spartan
is silenced (Davis et al., 2012; Mosbech et al., 2012). Recently,
three patients showing early onset hepatocellular carcinomas
and progeroid syndrome have been found to carry a mutation
in SPRTN (Lessel et al.,, 2014). When Spartan was mutated or
depleted, the cells showed signs of genomic instability, defects in

replication fork progression and cell proliferation. Interestingly,
depletion of poln in a background mutated in SPRTN did
not rescue the replication phenotypes, indicating that poln is
potentially not the main target of Spartan activity (Lessel et al.,
2014). The discovery of this new progeroid syndrome further
stresses the importance of SPRTN, but additional investigation is
needed to clarify the mechanism of action of this protein essential
for the DDT.

Proliferating cell nuclear antigen polyubiquitylation is
proposed to channel the DDT to an error-free damage avoidance
branch named template switch (Hoege et al., 2002; Branzei and
Foiani, 2007; Branzei, 2011). The molecular mechanism of this
pathway is still not completely understood and, until recently, we
did not know the role of K63-linked chains attached to PCNA.
In the last couple of years the protein ZRANB3/AH2, has been
proposed to be able to recognize specifically polyubiquitylated
PCNA and to promote template switch by stimulating fork
regression (Ciccia et al., 2012; Weston et al., 2012; Yuan et al.,
2012). ZRANB3 encodes for an annealing helicase/translocase
and it can interact with polyUbi-PCNA via multiple domains.
A canonical PIP motif and an APIM (C-terminal AlkB2 PCNA-
interaction motif) domain mediate the direct interaction with
the PCNA trimer while an NPL4 zinc finger (NZF), a variant
of ubiquitin-binding domain, recognizes K63-linked ubiquitin
chains specifically (Ciccia et al, 2012). This domain is able
to bind to polyUbi-PCNA in vitro and it is needed for the
localization of ZRANB3 to damage sites. All these structural
motifs are required for restarting the fork after DNA damage
(Figure 1B).

Experimental observations suggest that ZRANB3 may play
three different roles at the stalled replication fork: (1) it can
stimulate fork regression in order to stabilize the fork and
minimize the amount of ssDNA that is generated (Ciccia et al.,
2012). (2) ZRANB3 can disrupt D-loop formation in vitro and
this in turn could result in the prevention of inappropriate
homologous recombination (HR) (Ciccia et al., 2012); (3) it can
act as a strand-specific endonuclease pointing to a role not only
in damage bypass but also in damage repair (Weston et al., 2012).

ZRANB3 may act in parallel or in conjunction with HLFT
that also has a helicase activity and can stimulate fork regression
in vitro (Blastyak et al., 2010; Achar et al., 2015). Further work
will be needed in the future to completely elucidate ZRANB3 role
in damage tolerance and repair.

PCNA SUMOylation AND ISGylation

Another prominent post-translational modification of PCNA is
its SUMOylation. It was originally identified in yeast and only
recently it was observed in human cells.

In yeast, PCNA is SUMOylated (S-PCNA) on Lys164 (major)
and Lys127 (minor) by the combined action of Ubc9 (E2) and
Siz2 (E3) or by Ubc9 alone, respectively (Hoege et al., 2002)
(Figure 1D). SUMOylation occurs during normal S phase and/or
in response to high doses of DNA damage (Juhasz et al., 2012).
SUMOylated PCNA interacts with Srs2 helicase, which has been
shown to prevent HR by disrupting Rad51 filaments (Papouli
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et al., 2005; Pfander et al., 2005). Srs2 has a non-canonical PIP-
box with limited affinity for PCNA and it binds stably only when
the clamp is SUMOylated. A SUMO interacting motif that is
located in tandem after the PIP in the protein carboxyl terminus
of Srs2 mediates this interaction (Kim S.O. et al., 2012).

Given the catalytic activity of Srs2 and the timing of this
modification, it is believed that SUMOylation of PCNA acts as
a negative regulator of unscheduled HR during S phase, where
this kind of pathway could be detrimental to the cell. In yeast,
one of the replication factor C (RFC)-like complexes, Elgl-RFC
also has a role in regulating S-PCNA. RFC is a complex consisting
of Rfcl-5 and it works as clamp loader/unloader. All eukaryotic
cells contain a series of three alternative RFCs, containing Elgl,
Ctf18, or Rad24 in place of Rfc1(Kim and MacNeill, 2003). Elgl-
REC is required for the efficient unloading of SUMOylated PCNA
from the chromatin during S phase. In cells lacking Elgl, PCNA
accumulates on the chromatin and it is possible to detect an
increase in SUMOylated PCNA (Parnas et al., 2010; Kubota et al.,
2013b).

In X. laevis S-PCNA is present during unperturbed replication
in cell extracts, but it is not required for the replication of either
ssDNA or sperm chromatin (Leach and Michael, 2005).

In human cells, S-PCNA had eluded detection for a number of
years and it has been detected only recently after overexpression
of SUMOI, although to a much less extent than the levels
detected in yeast (Moldovan et al, 2012). PCNA was found
to be SUMOylated on both Lys164 and Lys254 under specific
conditions (Gali et al,, 2012). As in yeast, mammalian UBC9
acts as the E2 enzyme but surprisingly, at least in vitro, the
SUMOylation of PCNA does not require the Sizl orthologs
(PIAS1-4) in either lysine residues (Gali et al., 2012).

A PCNA-SUMO fusion protein not only prevents HR, but
also DNA double-strand break formation, as monitored by
a marked reduction of yH2AX foci (Gali et al., 2012). Two
putative functional homologs of Srs2 have been identified in
human cells: PCNA-associated recombination inhibitor (PARI;
Moldovan et al.,, 2012) and F-box DNA helicase (FBH1; Fugger
etal,, 2009; Bacquin et al., 2013). Both PARI and FBH1 have been
reported to interact with PCNA and to have PCNA-dependent
anti-recombinogenic activity, but only PARI seems to specifically
interact with SUMOylated PCNA, at least in vitro (Moldovan
etal, 2012). On the other hand, FBH1 needs to be degraded, via
CRL4%42 pathway in order to allow efficient recruitment of poly
to replication factories (Bacquin et al., 2013).

In human cells, ATADS, the ortholog of yeast Elgl appears
to have a somehow different role from its yeast counterpart as
it interacts, at stalled replication forks, with the USP1/UAF1
complex and facilitates USP1-mediated PCNA de-ubiquitylation
(Lee et al., 2010; Kubota et al., 2013a).

Last year ISGyaltion, another ubiquitin-like modification, was
discovered to affect PCNA.

ISG15 (interferon-stimulated gene 15) was the first identified
ubiquitin-like protein and it is strongly stimulated by type I
interferon (Haas et al., 1987; Loeb and Haas, 1992). As ubiquitin
and SUMO this post-translational modification relies on a chain
of three classes of enzymes to be linked to its substrates: UBEIL is
the activating E1 enzyme, followed by UBCHS (E2) and finally by

EFP and HERC5 (E3s; Yuan and Krug, 2001; Kim et al., 2004;
Zhao et al.,, 2004; Dastur et al.,, 2006; Zou and Zhang, 2006).
PCNA was reported to be bi-ISGylated 24 h after UV irradiation
by EFP on both K164 and K168 (Park et al., 2014). Mutations
of either residues resulted in the complete disappearance of
ISGylated PCNA indicating that ISGylation at one site influences
the state of the other. The late response to UV irradiation
suggested that ISG15 had a role in the recovery from DNA
damage and post-replication repair (PRR). The E3 ligase EFP
interacts with Ubi-PCNA and this interaction is propaedeutic to
PCNA ISGylation (Park et al., 2014). This modification in turn
recruits USP10 that de-ubiquitylates PCNA in order to block
TLS and resume normal replication. Eventually, UBP43 removes
ISG15 from PCNA (Figure 1C). ISGylation-deficient mutants
of PCNA show increased recruitment of poln to the chromatin
many hours after UV irradiation (Park et al., 2014).

UBIQUITYLATION OF TLS
POLYMERASES

As mentioned before, PCNA is not the only player that is
modified in order to control PRR. All the members of the
Y-family of DNA polymerase (n, t, k, and Revl) involved in
DNA TLS have been identified to be modified by ubiquitin
or ubiquitin-like modifiers (Sale et al.,, 2012). Furthermore, all
four of them contain ubiquitin-binding domains (UBM or UBZ;
(Bienko et al., 2005; Guo et al., 2006, 2008; Plosky et al., 2006).

Probably, the best characterized of the group is poly, the
major TLS polymerase involved in the error-free bypass of
cyclobutane pyrimidine dimers (CPDs), the main adduct created
by UV irradiation. CPDs are repaired slowly by the nucleotide
excision repair (NER) and have a higher probability to persist
in the genome until DNA replication. The importance of the
bypass performed by poln is exemplified by the fact that
individuals carrying an inactivating mutation are affected by
Xeroderma pigmentosum Variant (XPV; Masutani et al., 1999).
Regardless of the importance of its function, poln shares a
common characteristic with other Y-family polymerases, a wide
catalytic site. This structural feature, while beneficial for damage
bypass, makes the polymerase intrinsically error-prone compared
to replicating polymerases when using undamaged DNA as a
template. For this reason, its recruitment to the replication fork
needs to be tightly regulated. Poln is recruited to replication
factories in a manner dependent on its PIP-box and UBZ, a
specialized ubiquitin-binding zinc finger (Kannouche et al., 2001,
2002; Bienko et al., 2005, 2010; Sabbioneda et al., 2009). The
presence of both domains stabilizes the interaction between
the polymerase and Ubi-PCNA after DNA damage (Kannouche
et al., 2004; Bienko et al., 2010). Mutants in either the PIP-
box or the UBZ are required for focal accumulation of the
polymerase but they retain a partial bypass activity, indicating
that they work in parallel to ensure efficient binding with
PCNA (Bienko et al., 2010). Ubiquitylation of PCNA provides a
positive regulation by increasing the affinity between poln and
the clamp when the replication fork is blocked (Kannouche et al.,
2004).

Frontiers in Genetics | www.frontiersin.org

June 2016 | Volume 7 | Article 105



Cipolla et al

DDT, Ubi, and ULM

Conversely, ubiquitylation of the polymerase works as
a negative regulator by preventing its recruitment on the
chromatin (Bienko et al., 2010). In vivo, a small amount of
poln is monoubiquitylated, in the absence of damage, in its
nuclear localization signal directly adjacent the PIP-box. The
modification occurs primarily on K682 but in its absence, also
K686, K694 and K709 have been found to be ubiquitylated
(Bienko et al., 2010; Jung et al., 2011). Ubiquitylation is strictly
dependent on the UBZ of poln. Recently, PirH2 was discovered
to be the E3 ligase responsible for this monoubiquitylation
(Jung et al,, 2011). Ubiquitylation of poln is believed to cause
a conformational change in its C-terminus with the attached
ubiquitin binding intra-molecularly to poln’s UBZ. In this
closed confirmation, neither the UBZ, blocked by the binding
to the ubiquitin attached to poln, nor the PIP-box, that is
located between the UBZ and K682, are available to stabilize its
interaction with PCNA (Bienko et al., 2010). Ubi-poln is indeed
excluded from the chromatin and replication foci. After DNA
damage, ubiquitylated poln gradually disappears. The polymerase
can be then recruited to the chromatin and it becomes proficient
for TLS. The de-ubiquitylation of the polymerase is believed
to be carried out by the DUB USP7 (Qian et al,, 2015). It is
important to note that only 10% of poln is ubiquitylated in the
absence of damage at any given time, indicating that some other
forms of regulation are keeping poln under negative control. In
some cellular background, poly gradually disappears in the hours
following UV irradiation. This process is believed to be mediated
by Mdm2 that polyubiquitylate the polymerase and marks it for
proteasomal degradation (Jung et al., 2012). A similar system,
mediated by CRLA®I? has also been observed in Caenorhabditis
elegans. Interestingly in this system, the degradation of poln is
prevented by its SUMOylation by the SUMO E3 ligase GEI-
17 (Kim and Michael, 2008). It is still unclear whether poly is
SUMOylated in human cells.

Similarly, to poln also its paralog polt is ubiquitylated (Bienko
et al,, 2005; Mclntyre et al., 2015). This polymerase is thought
to bypass lesions when poly is not present (Wang et al., 2007;
Vidal and Woodgate, 2009). In vitro, pol. can bypass different
typologies of DNA adducts with different degrees of fidelity
(Washington et al., 2004a,b; Frank and Woodgate, 2007).

Polu is characterized by two UBMs that are needed for its
modification and correct localization in replication foci (Bienko
et al, 2005 Bomar et al, 2010). It is speculated that the
ubiquitylation of polt might be important for its interaction with
poln (MclIntyre et al., 2013).

The deoxycytidyl transferase Revl possesses two UBMs
(Bomar et al., 2010) and gets ubiquitylated in vivo (Guo et al.,
2006; Kim H. et al., 2012). The UBMs are needed for the efficient
interaction with Ubi-PCNA (Guo et al.,, 2006; Wood et al.,
2007). In yeast, deletion of UBM2 severely affects UV-induced
mutagenesis, a pathway that is strictly dependent on TLS (Wood
et al., 2007; Terai et al., 2010). Mutations in Revl’s UBMs make
the cells hypersensitive to UV in the DT40 system (Guo et al.,
2006). In chicken cells, Revl and its UBMs have been shown
to have a role in replication fork progression in the presence of
UV in a process that is independent from Ubi-PCNA (Edmunds
et al,, 2008). Finally, Revl appears to be able to bind to the

Fanconi core complex via FAAP20 and this interaction is believed
to promote Revl recruitment to replication foci and ultimately
Revl-dependent mutagenesis (Mirchandani et al., 2008; Kim H.
etal., 2012).

The last TLS polymerase that has been reported to be
ubiquitylated is polk (Guo et al., 2008). Polk is characterized by
two UBZ domains in its c-terminus (Bienko et al., 2005) that have
been reported to be important for the interaction with PCNA and
the localization in foci after UV irradiation (Guo et al., 2008).
Polk has also been shown to be important for NER, and its repair
function depends on its UBZs (Ogi et al., 2010).

The role of polik ubiquitylation is currently not clear but it
is likely to promote protein-protein interaction similarly to the
other members of the Y-family of DNA polymerases.

DNA DAMAGE TOLERANCE AND
CANCER

Post-replication repair and the damage tolerance systems provide
an essential safety mechanism that allows the completion of DNA
replication and it is an important pathway to preserve genome
stability. At the same time, it can act as a double-edged sword
since a number of its components, such as TLS polymerases,
are intrinsically error prone and can be a source of mutations if
they are not correctly regulated. Mutations are one of the major
driving forces that lead to cell transformation and tumorigenesis,
therefore it is important to define the contribution of PRR in the
context of cancer. The dichotomy of protection versus increased
risk is emblematic in the case of poln. As already mentioned in
this review, a deficiency in poly is the cause of XPV (Broughton
etal,, 2002). Like other XP groups that are mutated in NER, XPV
patients are sensitive to sun light and are extremely prone to both
melanoma and non-melanoma skin cancers (Fassihi et al., 2016).
Poln is the main polymerase that is able to bypass CPDs in an
error-free manner and it possible to envisage that when missing,
its role is carried out by other TLS polymerases with different
degrees of fidelity.

In these cases, the ultimate and less than desirable outcome
would be the introduction of mutations that are responsible for
the transformation of the skin cells. It is important to note that
poln-deficient patients are the most prone to skin cancers among
the X. pigmentosum groups (Fassihi et al., 2016). XPV patients
tend to have milder skin phenotypes and are normally diagnosed
much later in their life, when they have already accumulated a
number of UV-induced mutations. This higher mutation load
correlates with the possibility of developing more skin tumors
in their adult life (Fassihi et al., 2016). In this context, it is clear
that poln protects the cells from cancer. On the other hand, the
survival capability conferred by this polymerase can be hijacked
to make tumors more resilient. In vitro, cells lacking poln are
more sensitive to cisplatin, one of the most used first line drug
in chemotherapy (Albertella et al., 2005a). Increased expression
of poln associates with worse prognosis and survival in a cohort
of patients suffering from non-small cell lung cancer patients
previously treated with platinum (Ceppi et al., 2009). Poln seems
also to be involved in the cellular response after treatment with
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nucleoside analogs, which are commonly used in the clinic as
cancer drugs (Chen et al., 2006). Interestingly, mutations in
poln are hardly found in patients with sporadic skin carcinomas
(Glick et al., 2006; Flanagan et al., 2007; Lange et al., 2011) but
its overexpression has been reported (Albertella et al., 2005b).
Poln ortholog, polt, has been found to be elevated in breast
cancer cells and in these cell lines a reduced mutation frequency
was recorded when the polymerase was depleted in vitro (Yang
et al., 2004). Furthermore, mutation in polt have been linked to
an increased predisposition of developing lung cancer in both
human (Sakiyama et al., 2005) and mouse (Wang et al., 2004; Lee
and Matsushita, 2005).

Two of TLS polymerases extensively characterized for their
role in mutagenesis and cancer are polg and Revl. Polt is thought
to be the major player involved in error-prone replication of
damaged templates in vivo. In mice, conditional Rev3 knockout
results in increased genome instability and tumorigenesis in a
p53-null background (Wittschieben et al., 2006, 2010; Lange
et al., 2013). Similarly to poln, there is experimental evidence
indicating that the presence of both Revl and polg can confer
drug resistance both in vitro and in vivo (Xie et al, 2010).
Conversely, Rev3 inhibition makes lymphoma and lung cancer
cells more sensitive to platinum-derived drugs (Doles et al.,
2010), once again underlying the dichotomy of TLS regarding
cancer and genome protection. All of these evidences point to the
idea that transient inhibition of TLS could be synthetically lethal
to tumor cells that rely on the TLS mutator activity for survival.
TLS polymerases are not the only proteins involved in damage
tolerance that have been linked to cancer development. The
expression of the E3 ligase HLTF has been found to be altered in
transformed cells and in numerous tumors. A reduced expression
of HLTE, due to hyper-methylation of its promoter, has been
found in colon and colorectal cancer, esophageal squamous
cell and gastric carcinomas (Debauve et al., 2008). Interestingly
HLTF is overexpressed in transformed cells, indicating that a
differential modulation of its expression could be needed at
different stages of tumorigenesis (Debauve et al., 2008). Given
the role of HLTF in the control of the error-free branch of
damage tolerance, it is tempting to speculate that it could
be beneficial for tumor cells to inactivate HLTF in order to
channel the PRR pathway toward the more mutagenic TLS
bypass, thus allowing the malignant cells to accumulate more
mutations. As mentioned before a SPRTN deficiency has been
linked with a new progeroid syndrome with propensity to
develop early onset hepatocellular carcinomas, but it is still
not clear whether this phenotype is directly linked with its
proposed control of poln (Lessel et al., 2014). In conclusion,
a tight regulation of TLS and the DNA damage tolerance
pathway in general is required to preserve the delicate balance
between protecting the genome stability and inducing cellular
transformation.

THE UNANSWERED QUESTIONS

In the last decade, mounting evidence has pointed out the crucial
role of ubiquitin, and other ubiquitin-like modifications, in the

control of PCNA and TLS. Nevertheless, we still do not know
whether PCNA ubiquitylation is strictly required for TLS. A series
of experimental hints suggest that there is more to the story
and we still have only a partial picture of the regulation of
the damage tolerance pathway. For instance, MEF cells carrying
the PCNA K164R mutation can be further sensitized by the
deletion of other TLS genes, indicating that some steps of the
pathway could be independent from Ubi-PCNA (Hendel et al.,
2011). Furthermore, PCNA ubiquitylation is not required for
poln-mediated somatic hyper-mutation in mouse B cells (Krijger
etal, 2011b).

In human cells the phosphorylation of poln, that occurs
on the chromatin, is dependent on its UBZ, indicating
that the binding to ubiquitin is needed for this regulatory
modification (Gohler et al., 2011). However, this phosphorylation
does not require Ubi-PCNA and can occur in its absence
(Gohler et al, 2011). Dynamic studies on poln show
that UDbi-PCNA helps in stabilizing the polymerase in
replication foci but do not exclude the possibility that other
ubiquitylated proteins may play a role in its initial recruitment
(Sabbioneda et al., 2008). Consistent with this hypothesis
poln is still recruited to replication factories after chemical
depletion of Ubi-PCNA caused by prolonged treatment
with the proteasome inhibitors MGI132 or epoxomicin
(Sabbioneda et al., 2008). It must be noted that mouse
cells carrying a homozygous K164R mutation appear to be
deficient for poln recruitment (Krijger et al, 2011b), and
so far no explanation has been found for these conflicting
evidences.

CONCLUSION

We are now starting to grasp the complexities of the
regulation of PRR and TLS, the continuous dance between
protein partners and the intricacies that lie behind such an
important tolerance pathway. Meanwhile, behind the scenes,
the hunt for the next big ubiquitylated/SUMOylated target still
rages on.
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ABSTRACT

DNA translesion synthesis (TLS) is a crucial dam-
age tolerance pathway that oversees the completion
of DNA replication in the presence of DNA damage.
TLS polymerases are capable of bypassing a dis-
torted template but they are generally considered in-
accurate and they need to be tightly regulated. We
have previously shown that poly is phosphorylated
on Serine 601 after DNA damage and we have demon-
strated that this modification is important for effi-
cient damage bypass. Here we report that poly is also
phosphorylated by CDK2, in the absence of damage,
in a cell cycle-dependent manner and we identify ser-
ine 687 as an important residue targeted by the ki-
nase. We discover that phosphorylation on serine
687 regulates the stability of the polymerase during
the cell cycle, allowing it to accumulate in late S and
G2 when productive TLS is critical for cell survival.
Furthermore, we show that alongside the phosphory-
lation of S601, the phosphorylation of S687 and S510,
S512 and/or S514 are important for damage bypass
and cell survival after UV irradiation. Taken together
our results provide new insights into how cells can,
at different times, modulate DNA TLS for improved
cell survival.

INTRODUCTION

DNA replication is crucial for the perpetuation of genetic
information. To ensure its completion, cells possess dam-
age tolerance mechanisms that are capable of replicating a
template even when DNA damage is present. One of such
tolerance systems is DNA translesion synthesis (TLS) and
it takes advantage of specialized DNA polymerases to al-
low the progression of the replication fork in the presence of

a distorted template (1). The majority of TLS polymerases
belong to the Y family and include polm, pol, polk and
Revl along with the B-family member pol{ (1). The Y fam-
ily polymerases can bypass the damage by virtue of a more
open catalytic site that can accommodate DNA lesions,
such as cyclobutane pyrimidine dimers (CPDs), created by
exposure to UV light (2). As a trade-off, this wider catalytic
site is prone to errors during nucleotide incorporation, so
TLS polymerases need to be tightly controlled. This regula-
tion is achieved in multiple ways in different model organ-
isms: while in Saccharomyces cerevisae the concentration of
TLS polymerases seems to be regulated (3), in mammalian
cells TLS polymerases are believed to be regulated mainly
by modulating their localization and recruitment to DNA
(3). Post-translational modifications (PTMs) play a funda-
mental role in such control, and numerous lines of evidence
now support the notion that ubiquitylation, SUMOylation
and phosphorylation are crucial in activating and blocking
TLS in different contexts (4-9). Poln is one of the main TLS
polymerases and is the only one that can bypass CPDs in an
error-free manner. The genetic disease, xeroderma pigmen-
tosum variant, which is caused by inactivating mutations in
the POLH gene, exemplifies its importance (10). Polmcan be
considered the archetypal TLS polymerase on the subject of
PTMs as it has been shown to be ubiquitylated, phosphory-
lated and more recently SUMOylated (4-5,7,9,11-12). Poln
is monoubiquitylated on one of four lysines present on its
PCNA (proliferating cell nuclear antigen) interacting region
(PIR) (4). This modification occurs in the absence of DNA
damage and prevents the interaction of the polymerase with
ubiquitylated targets that is mediated by its UBZ (ubiquitin
binding zinc finger) motif. Once ubiquitylated, poln transi-
tions to an inactive state via an intramolecular conforma-
tional change. This structural change allows the UBZ to
make contact with the ubiquitin attached to the PIR, thus
blocking it from binding to other ubiquitylated proteins.
Monoubiquitylation has been shown to prevent polm from
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interacting with PCNA, the polymerase clamp, which plays
a crucial role in controlling damage tolerance. The E3 lig-
ases PirH2 and Mdm?2 have been suggested to be responsi-
ble for this regulatory monoubiquitylation of polm and pre-
viously it has been shown to be linked to the proteasomal
degradation of the polymerase (13-15).

While the ubiquitylation of poln appears to have an in-
hibitory effect on TLS, the phosphorylation of the poly-
merase leads to its full activation. After DNA damage poln
is phosphorylated by the PI3 kinase Ataxia Telangiectasia
and Rad3 related (ATR) on serine 601, and this modifica-
tion is required for efficient damage bypass (5). Phospho-
rylation of S601 occurs only on chromatin and it requires
poln UBZ and depends on Rad18 but not on PCNA ubig-
uitylation. In recent years it has been suggested that other
poln residues might be phosphorylated but direct evidence
of their modification is still missing (12).

Here we report that poln exists in multiple phosphory-
lation states even in the absence of DNA damage and its
phosphorylation changes in a cell cycle-dependent manner.
We identify novel phosphorylated sites and show that one
of them (S687) affects polr protein stability.

MATERIALS AND METHODS
Cell culture and treatments

All the experiments in this study were carried out with
SV40-transformed cells cultured in Dulbecco’s modified
Eagle’s medium containing 10% Fetal Bovine Serum.
XP30RO (XP-V, also designated GM3617) carries a ho-
mozygous deletion in the POLH gene, resulting in a trun-
cated protein of 42 amino acids. The SV40-transformed cell
line was originally established by Cleaver et al. (16). The ab-
sence of the polm protein was routinely monitored by im-
munoblotting and by UV sensitivity assays. MRC5V1 cells
(also called MRCS) are SV40-transformed normal lung fi-
broblasts.

eGFP-tagged mutants of polm (S687A and SSSAAA)
cloned in pEGFP-C3 were created by Quickchange site di-
rected mutagenesis (Stratagene) using the following primers
and verified by sequencing:

S687A: primer forward 5'-GCAAAAGAAATCCCAAG
GCCCCTTTGGCCTGCAC-3', primer reverse 5-GTG
CAGGCCAAAGGGGCCTTGGGATTTCTTTTGC-3'.

SSSAAA: primer forward 5-CTCAGGCTCCCATGG
CCAATGCCCCAGCCAAGCCCTCATTACC-3, primer
reverse 5-GGTAATGAGGGCTTGGCTGGGGCATTG
GCCATGGGAGCCTGAG-3'.

Once obtained, eGFPpoln and its mutants were sub-
cloned in pCDNA3.1(+) (Thermo Scientific) by digestion
with Nhel and BamHI to obtain plasmids suitable for
the TNT Quick coupled Transcription/Translation system
(Promega).

XP30RO stably expressing S687A or SSSAAA were cre-
ated using previously described procedures (5,17). Briefly
4 x 10° cells were seeded on a 6 cm dish and transfected
(see below) with the relevant construct. After 24 h, the cells
were diluted in four 10-cm dishes and selected in 1 pg/ml
G418. Single colonies were collected after 14 days in culture
with cloning discs (Sigma-Aldrich) and expanded. Finally

the clones were screened for the presence of eGFPpoln be-
fore enrichment with a cell sorter.

MG132 (Sigma—Aldrich) was used at 10 uM for 1, 3 or 6
h. Roscovitine (Selleckchem) was used at the final concen-
tration of 20 wM for 1, 3 or 6 h. Dinaciclib (Selleckchem)
was used at the final concentration of 100 nM for 2 or 8 h.
VE-821 (Sellekchem) was used at 10 wM for 1 hour.

Cell synchronization was performed with a double thymi-
dine (Sigma-Aldrich) block and a release in nocodazole
(Sigma—Aldrich) if not otherwise stated. Cells were treated
for 16 h with 2.5-mM thymidine, released in medium with-
out thymidine and then incubated again for 16 h in thymi-
dine. Finally, the cells were released into 50 ng/ml noco-
dazole for up to 16 h and were harvested at different time
points. Transfection was carried out with Viafect (Promega)
or Genejuice (Novagen) according to the manufacturers’ in-
structions.

2D gel electrophoresis

All reagents and solutions for 2D-PAGE (polyacrylamide
gel electrophoresis) were obtained from Bio-Rad except as
noted. Cell pellets were resuspended in 100 pl of rehydra-
tion buffer with protease and phosphatase inhibitors and
sonicated for 3 cycles/30 s with a Diagenode Bioruptor.
Benzonase (50U) (Merk Millipore) was added and the ex-
tracts were incubated end over end for 30 min at 4°C. Sam-
ples were then centrifuged at 13 000 rpm for 30 min at 4°C
and quantified by Bradford assay. A total of 120 pg pro-
tein extract were diluted with rehydration buffer to a final
volume of 200 p.l.

A total of 200 pl of each sample were loaded on a 7 cm
IPG strip (pH3-10) by passive rehydration for 30 min fol-
lowed by an active rehydration in a Bio-Rad Protean i12
1EF cell (14 h 50V 20°C).

The first dimension was performed at 50 mA on a volt-
age gradient. Following focusing, each strip was incubated
for 20 min twice in equilibration buffer with 20 mg/ml
dithiothreitol (DTT) or 25 mg/ml iodoacetamide (Sigma—
Aldrich) respectively. Strips, embedded in agarose, were
then loaded on 10% polyacrylamide gels.

Electrophoresis was performed at 100 mA for 10 min and
then at a constant current of 200 mA for 60 min.

SDS-PAGE and western blotting

Proteins separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) were
transferred onto nitrocellulose membranes. After blocking
in 5% skim milk powder in Tris-buffered saline, pH 7.5,
0.1% Tween-20 for 1 h at room temperature, the membranes
were incubated with primary antibodies overnight at 4°C.
The membranes were then incubated with secondary
antibody and visualized using an enhanced chemilumines-
cence detection kit (Millipore) on a LAS500 system (GE
Healthcare). Western blots were analyzed with Imagequant
(GE Healthcare).

Antibodies

Antibodies used in this study included: anti-mouse-BrdU
(Becton Dickinson, 1:200); Vimentin (Sigma-Aldrich,
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1:1000); Vinculin (Abcam, 1:1000); Phospho-CDK Sub-
strate Motif [(K/H)pSP] (Cell Signaling 1:1000); Polv (Ab-
cam, 1:1000, used only for detection of eGFPpolr); Poln
(custom made 1:500, detects endogenous polm); Poln P-687
(custom made, 1:200); PCNA (Santa Cruz, 1:1000).

RNA extraction, RT-PCR and real-time PCR

Total RNA was extracted using a Qiagen RNA Kit accord-
ing to the manufacturer’s instructions. One microgram of
total RNA was used for cDNA synthesis with a M-MulV
Reverse Transcriptase Kit (Roche). Amplification condi-
tions were as follows: 60 min at 37°C followed by 10 min
at 70°C. Real-time polymerase chain reaction (PCR) was
performed using iTaq™ Universal SYBR® Green Supermix
(Bio-Rad) in a LightCycler 480 (Roche). Reactions were run
in triplicate in three independent experiments. The house-
keeping gene used was GAPDH.

The primers used are:

GAPDH: primer forward 5-ACCACAGTCCATGCCAT
CAC-3' primer reverse 5-TCCACCACCCTGTTGCTGT
A-3.

Polm: primer forward 5-AGTTCGTGAGTCCCGTGGG
-3’ primer reverse 5'-GCTTGGCAACAAGTCTGCC-3'.

Clonogenic assay

Cell lines expressing different eGFP constructs were seeded
and UV irradiated the following day at the indicated doses.
After 13 days, the number of colonies was assessed af-
ter 70% EtOH fixation and methylene blue staining (0.1%
Page-Blue; 50% MetOH; 7.5% Acid Acetic).

Post-replication repair (PRR) assay

Cells were washed in phosphate-buffered saline (PBS) and
irradiated with 8 Jm~=2 as previously described (4). Briefly,
cells were incubated in 2 ml of medium containing 0.3
mg/ml caffeine for 30 min before the addition of 1.85 MBq
of “H-thymidine. Cells were then released in fresh caffeine-
containing medium (0.3 mg/ml) supplemented with 10 wM
thymidine and 10 pM deoxycytidine for 150 min. At the
end of the chase period, cells were collected in PBS contain-
ing ethylenediaminetetraacetic acid (EDTA) (0.2 g/1). Cells
were then lysed in 0.2 ml buffer (1% SDS, 0.75M NaOH,
0.75M NaCl, 20 mM EDTA) layered on top of 5 ml of a 5—
20% sucrose gradient (in 0.1 M NaOH, 0.1 M NaCl). After
exposure to visible light for 1 h, the gradients were spun at
38 500 rpm for 70 min in a Sw55 rotor. At the end of the
run, 25 fractions were spotted on Whatman grade 17 pa-
per, precipitated by trichloracetic acid and washed twice in
ethanol before being counted on a Perkin Elmer scintilla-
tion counter. The weight-average molecular weights of the
distributions were calculated as (18), omitting the top and
bottom three fractions.

Flow Cytometry analysis

Cells were harvested after incubation with 30 uM bromod-
eoxyuridine (BrdU; Sigma-Aldrich) for 30 min, fixed in 1
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ml of cold 70% ethanol and stored at 4°C. DNA was de-
natured with 2N HCI and 0.5% Triton X-100, then neu-
tralized with 1 ml of 0.1M sodium borate pHS8.5. The cell
pellet was resuspended in PBS, 0.5% Tween 20, 1% bovine
serum albumin (BSA) with a mouse anti-BrdU antibody
(Becton Dickinson, Franklin Lakes, NJ, USA) and incu-
bated at room temperature for 1 h, followed by 1-h room
temperature incubation with anti-mouse-488 (Alexa anti-
mouse 488, Molecular Probes/Invitrogen). Samples were fi-
nally incubated with 10 pg/ml Propidium Iodide and ana-
lyzed on a S3 flow cytometer (Biorad). Data were analyzed
using the program ProSort (Biorad) or FCS Express (DeN-
ovo). When Propidium Iodide only staining was performed,
cells were fixed in 1 ml of cold ethanol and resuspended in
PBS, 0.1% Tween 20, 50 pg/ml Propidium lodide, 5 wg/ml
RNase A. After incubation at 37°C for 15 min, cells were
analyzed by flow cytometry.

In vitro CDK assay

Assays for polm phosphorylation were performed with
CDKI1 and CDK2. The reactions were performed with the
same units of enzymes (10U) or with the same quantity of
enzymes (40 ng). Purified polm was incubated either with
CDK1/cyclin B (Millipore) or CDK?2/cyclin A (Millipore)
in reaction buffer (§ mM MOPS/NaOH pH7.0, 2.5 mM
MgAc, 0.05 mM ATP, 0.02 mM EDTA) for 10 min at 30°C.
The reactions were stopped by addition of Laemmli buffer
and boiled at 95°C for 5 min. Activity of the CDKs was
checked by incubating the kinases with Histone H1 (Sigma-—
Aldrich).

Immunoprecipitation

Harvested cells were lysed with a lysis buffer (0.5% NP40,
40 mM NacCl, 50 mM Tris-HCI pH 7.5, 2 mM MgCl,, 1
mM N-Ethylmaleimide (NEM), protease inhibitors cock-
tail (Roche), phosphatase inhibitors (Roche) and 1 pl/ml
Benzonase (Novagen)) and incubated on a rotary wheel
at 4°C for 30 min. After incubation the mixture was cen-
trifuged at 13 000 rpm for 15 min at 4°C and the super-
natants were collected and quantified by Bradford assay.
Samples were diluted in four volumes of immunoprecipi-
tation (IP) buffer (125 mM NaCl, 50 mM Tris-HCI pH 7.5,
protease inhibitors cocktail (Roche)). Protein extracts were
pre-cleared with Protein A/G magnetic beads (100 l/20
mg of protein, Thermo Scientific), previously equilibrated
with three volumes of IP buffer, before IP with anti-GFP
antibody (Thermo Scientific) bound to protein A/G mag-
netic beads.

Protein purification and MS analysis

Poln—6His, was purified from Escherichia coli as previ-
ously described (19). GST-PCNA was bought from Thermo
Fisher Scientific. Flag-HA Polm was purified and analyzed
by liquid chromatography-tandem mass spectrometry (MS)
as described in (20).

Phosphatase treatment

A total of 120 pg protein extracts were incubated in phos-
phatase buffer (New England Biolabs) with or without
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1600U of A phosphatase (New England Biolabs) for 30 min
at 30°C. After incubation the reaction was diluted with re-
hydration buffer up to a volume of 200 pl and processed as
previously described for 2D-PAGE. Alternatively, immuno-
precipitated proteins were incubated with 800U of \ phos-
phatase for 1 h in phosphatase buffer at 30°C before resus-
pension in Laemmli buffer.

Primer extension assay

Plasmids encoding eGFPpoln (WT, S687A and SSSAAA)
or poln-6His (WT and S687A) were used for in vitro
coupled transcription and translation reactions in rabbit
reticulocyte lysate according to manufacturer’s instructions
(Promega). Polymerases were quantified by western blot
analysis and equimolar amounts of proteins were used
for the primer extension assays. A 5 FAM-labeled 13mer
(5 GGGTGGAGGTGAC 3') was annealed with a tem-
plate 33mer primer (5 TCACACTCTATCACACTC[cis-
syn-TTJGTCACCTCCACCC 3') containing a thymidine
dimer (TT) at position +14 (TriLink Biotechnologies).
Primer extension assays were performed in 10 pl of repli-
cation buffer (40 mM Tris—Cl pH 8, 5 mM MgCl,, 10 mM
DTT, 0.25 mg/ml acetylated BSA, 60 mM KCl, 2.5% glyc-
erol). Reactions were incubated at 37°C for 15 min and
stopped with 10 pl of 2x loading buffer, (98% deionized
formamide, 10 mM EDTA pH 8, 0.025% xylene cyanol and
0.025% bromophenol blue). Samples were boiled at 95°C
for 5 min and rapidly chilled on ice. Reaction products were
resolved on a 15% acrylamide-7M urea gel and then imaged
on a Typhoon imager (GE HealthCare).

RESULTS
Polx) presents multiple phosphorylation states

We previously identified and characterized S601 of polnand
discovered how its phosphorylation was crucial for efficient
damage bypass (5). The visualization of the phosphory-
lated state of the polymerase was extremely challenging and
we had to develop a phospho-specific antibody in order to
characterize the function of serine 601. In order to be able to
assess the general phosphorylation state of the polymerase
we adapted a new approach based on 2D SDS-PAGE. This
technique relies on a first dimension that separates the pro-
teins according to their isoelectric point followed by second
dimension under denaturing conditions. This technique al-
lowed us to amplify the small mobility shift caused by
the polymerase phosphorylation as observed by canonical
SDS-PAGE. We were surprised to note that poln separated
in a number of different isoforms (Figure 1A) indicating
that the polymerase could be modified by multiple phos-
phorylation events. To confirm that the different isoforms
we were visualizing were indeed due to phosphorylation,
we treated the cell extracts with N—phosphatase. In such
conditions all the negatively charged forms of polr disap-
peared indicating that our experimental approach had re-
vealed multiple phosphorylated forms of the polymerase
(Figure 1A). This finding was unexpected, as poln was pre-
viously shown to be phosphorylated only after DNA dam-
age in order to trigger damage bypass (5). The damage-
dependent phosphorylation of poln was carried out by the

ATR kinase. By exploiting our experimental set-up we con-
firmed that while poln is significantly phosphorylated in the
absence of DNA damage, after UV exposure its phosphory-
lation profile changes toward a more acidic state (Figure | B
and C) and we confirmed that this hyper-phosphorylation
was dependent on ATR as it could be abrogated by the
ATR-specific inhibitor VE821 (Figure 1B and C).

Poly) is phosphorylated during an unperturbed cell cycle

We wondered if the presence of multiple phosphorylation
states in the absence of DNA damage could have functional
significance in the regulation of the activity of the poly-
merase. In order to assess if the phosphorylation changed
during the cell cycle, we synchronized the cells in early S
phase via a double thymidine block and then released the
cells. This allowed us to sample the global phosphorylation
status of the polymerase at different stages of the cell cycle,
notably during S phase, during anaphase transition and fi-
nally in the G1 of the next cell cycle phase. As can be seen
in Figure 2A and B the phosphorylation of polr increases
toward the end of the S phase before reaching a maximum
when the cells are arrested at the -metaphase-anaphase tran-
sition because of the treatment with nocodazole. Once the
cells reach the G1 phase of the following cell cycle, the phos-
phorylation profile reverts to a more basic state, indicating
that the phosphorylation of poln is cell cycle regulated and
is low in G1 before increasing in late S-G2. A BrdU in-
corporation assay confirmed that the cells progressed syn-
chronously (Figure 2C). The cell cycle-dependent phospho-
rylation of poln occurred also when the cells were released in
the absence of nocodazole, indicating that the progression
through the cell cycle was responsible for the modification
and not the treatment with the drug (Supplementary Figure
SIA).

CDKs are responsible for the cell cycle phosphorylation of
polm

Given the peculiar distribution of poln phosphorylation
through the cell cycle, we investigated if the polymerase
could be the target of CDKs. To address this hypothe-
sis we synchronized the cells in mitosis with nocodazole.
In this condition, the phosphorylation of polm is maxi-
mal, with an evident shift toward an acidic isoelectric point
(compare Figure 3A/B first and second blot). After treat-
ment with nocodazole, the cells were further treated with
two CDK inhibitors, specifically roscovitine and Dinaci-
clib. Both are known to be capable of repressing the activ-
ity of various CDKs (21,22). In both cases we detected a
shift in the mobility of polm, consistent with a reduction in
phosphorylated forms (compare third and fourth blot with
the second in Figure 3A/B). Overall polm was unphospho-
rylated in roscovitine and Dinaciclib-treated cells, indicat-
ing that CDKs played a major role in regulating the cell
cycle-dependent phosphorylation of the polymerase. The
change in polm phosphorylation after CDK inhibition was
also detectable in cycling cells without nocodazole arrest
(Supplementary Figure S1B), indicating that the observed
phenomenon was not due to the synchronization protocol.
Although the phosphorylation was significantly reduced by
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Figure 1. DNA polymerase m is phosphorylated even in the absence of DNA damage. (A) 2D-PAGE analysis of XP30RO cells expressing eGFPpoln shows
the protein separating at different isoelectric points. Top blot, cell extract processed before incubation with phosphatase buffer. Middle blot, cell extract
after incubation in phosphatase buffer at 30°C for 30 min. Bottom blot, cell extract after incubation with A-phosphatase in phosphatase buffer at 30°C for
30 min. The different isoforms disappear after treatment with A-phosphatase indicating that they represent phosphorylated forms of the polymerase. The
2D PAGE were aligned by using Vimentin and PCNA as triangulation markers (see Figure 2). The red dotted line is used as reference of the alignment. (B)
DNA polymerase m becomes hyper-phosphorylated after damage in an ATR-dependent manner. (C) Densitometric analysis of the blots presented in B.

the treatments, some modified form of poln persisted, in-
dicating that either redundant CDKs are involved or other
kinases could phosphorylate polm.

At this point, we could only conclude that CDKs were
important in regulating the phosphorylation of poln, but
we did not know if they directly phosphorylated poln or if
the phosphorylation was mediated by one of the plethora
of CDK substrates. To address this point we purified hu-
man poln and performed an in vitro kinase assay. CDK2
and CDKI are the two major kinases involved in S phase
and G2/M phase progression. For this reason we chose
to test their kinase activity using polm as substrate. Equal
units of CDK1/2 or equal amounts (ng) of active ki-
nases (Supplementary Figure S2A) were incubated with
poln before electrophoresis. In order to monitor the phos-
phorylation activity, we used an antibody able to recog-
nize phosphorylated CDK targets at their consensus mo-
tif (K/R)(S*)PX(K/R)). As can be seen in Figure 3C,
poln was efficiently phosphorylated by CDK?2 but hardly
by CDK1. We therefore concluded that poln was phospho-
rylated directly by CDK2 in a cell cycle-dependent manner.

Identification of new polv) phosphorylation sites

To try to identify the specific residues that were phosphory-
lated, Flag-HA-tagged poln (e-Polm) was stably expressed
in HeLa cells. e-Poln was purified, excised from an SDS-
PAGE gel (Figure 4A) and analyzed by MS/MS, leading to
the identification of new putative phosphopeptides. The MS
analysis confidently assigned a phosphorylation on S687
(Figure 4B, top panel), and another single phosphate on
a peptide containing S510, S512, S514 (Figure 4B, bottom
panel). In this case, it was not possible to pinpoint exactly
which of the three closely clustered serines was modified. As
can be seen in Figure 4C, the new phosphorylation sites lie
toward the C-terminus of the polymerase with S510, S512,
S514 located right after the catalytic domain while S687 re-
sides in the Nuclear Localization Signal (NLS).

To verify that the phosphorylated peptides identified in
the MS analysis were indeed phosphorylated, we estab-
lished a series of XP30RO cell lines stably expressing al-
leles of the polymerases that were mutated at S687 and
S510, S512, S514 (SSSAAA). All the alleles were tagged
with eGFP, as we have previously shown that this tag did not

810z Jaquisda(] | | U0 Jasn p3 eolwiyoolg Boleuss) isu| Aq £2/200%/Lv16/9L/SAdRISqe-8[oiEe/IBU/WOD dNO™OIWBpEo.//:Sd)Y WOl papeojumoq



9446 Nucleic Acids Research, 2017, Vol. 45, No. 16

A Phosphorylated forms B
Double e eGFPpoln T T
thymidine I H{
block © @ BTt sty Ww
> . : - J .
- Vimentin 0 1 2 3
e eGFPpoln [ =
4h e B T Sy e O e ST S brverar e Ve Tey T
S phase il Vimentin L=
release 0
- eGFPpoln
(-] I - i e
o Vimentin
0
v -l eGFPpoln
Nocodazole: 16h' [t e il Bl v
e Vimentin 0 ;
<
" eGFPpoln >
16h G
G1 $3h [l e 2
‘ Vimentin 0o -
H3 H10
B P Distance (cm)
C
0 4h 6h 16h 16h + 3h
) Frooa]

BrdU

e 3 _”,f’!

Pl (DNA content)

Figure 2. DNA polymerase n phosphorylation changes during an unperturbed cell cycle. XP30RO cells expressing eGFPpolm were synchronized by double
thymidine block (0) before being released into S phase in the presence of nocodazole. After 16 h, the cells arrested in anaphase and they were subsequently
released into the G1 phase of the next cell cycle (16 + 3). 2D-PAGE shows increasing amounts of phosphorylated poln during the transition from S to
G2/M before a reduction in G1. The dotted line is used as reference of the alignment. (B) Densitometric analysis of the blots presented in A, the asterisk
marks the reference peak as in A. (C) BrdU analysis of the experiment shown in panel A shows a synchronized progression through the cell cycle.

interfere with the protein catalytic activity (Supplementary
Figure S3A), localization or function (4,17,23). We then
performed a 2D-PAGE analysis to assess the phosphory-
lation pattern of the mutants. As can be seen in Figure 4D,
both S687A and SSSAAA showed a marked reduction in
the number of phosphorylated species, going from seven in
the WT to four in each mutant.

Mutations in either of these residues did not completely
abolish the phosphorylation of pol, indicating that S687

and S510, S512, S514 are phosphorylated independently
and other phosphorylated forms of the polymerase are
still present. Furthermore, the isoelectric point of the poly-
merase changed, with a new more basic spot appearing in
the mutants. This could indicate that in the WT all of the
polymerase is phosphorylated and the unphosphorylated
form becomes evident only when some of the phospho-sites
are mutated or the CDKSs are inhibited (See Dinaciclib blot
in Figure 3A and B).
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Figure 3. DNA polymerase m phosphorylation is dependent on CDKs. XP30RO cells expressing eGFPpoln were synchronized in anaphase by nocodazole
before treatment with CDK inhibitors. (A) 2D-PAGE analysis of poln shows a reduction of phosphorylated forms after treatment with two pan CDK
inhibitors (Dinaciclib and roscovitine). Gels were aligned by using Vimentin (shown) and PCNA (not shown) as first dimension migration markers. (B)
Densitometric analysis of the blots presented in A, the asterisk marks the peak used as reference. (C) In vitro kinase assay with purified polm and purified

CDKI1 or CDK2.

Up to this point, we could successfully monitor the global
phosphorylation status of polm, without being able to dis-
cern specifically the behavior of a specific residue. To over-
come this limitation, we developed a phospho-specific anti-
body raised against P-S687. Unfortunately, we could not es-
tablish an antibody against the other residues due to the dif-
ficulty in pinpointing which serine was modified. The new
antibody was able to detect phosphorylated poln specifi-
cally on S687 as can be seen in Figure 4E. We also verified
that the signal was due to a phosphorylation modification
as a signal was absent when poln was immunoprecipitated
and treated with N\-phosphatase (Supplementary Figure S2,
compare lanes 3 and 4 with 9 and 10). The development of

this antibody gave us the opportunity to specifically study
this modification in vivo.

S687 is a CDK target and is regulated during the cell cycle

As shown before, the phosphorylation of poln was affected
by CDK inhibitors in vivo and was a direct target of CDK2
in vitro. The identification of new putative phosphorylated
residues prompted us to examine if S687 and S510, S512,
S514 were CDK targets in vivo. After IP, we were not able
to detect a signal from the CDK phospho-specific antibod-
ies when S687A was expressed, while it was unchanged in
the SSSAAA mutant (Figure 5). This suggested that only
S687 was a target of CDKs in vivo. It should also be noted
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Figure4. Identification of new phosphorylated residues in Pol. (A) e-Poln was purified and extracted from the gel for MS/MS analysis. (B) MS/MS spectra
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spectrum represents the peptide containing P-S687 (*site confidently assigned) while the bottom spectrum represents a peptide (aa 495-533) containing a
single phosphate that could not be confidently assigned. Based on the fragmentation pattern the possible location of the phosphate was narrowed down to
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cells expressing eGFPpolr carrying S687A or S510A, S512A, S514A allele with respective densitometric analysis. The two mutant alleles show a reduced
phosphorylation pattern. (E) Characterization of a new antibody against P-S687. Cells were transfected with Flag-poln either WT or S687A and probed
with this antibody. Signal is present only in the case of the WT allele.
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Figure 5. Serine 687 is phosphorylated by CDK and changes during the cell cycle and after UV irradiation. (A) eGFPpoln either WT, S687A or SSSAAA
was immunoprecipitated from XP30RO derived cell lines and its phosphorylation status was analyzed with antibodies to P-(S)CDK and pS687. (B)
XP30RO cells expressing eGFPpoln were synchronized by double thymidine block and released into the cell cycle in the presence of nocodazole, before
IP of eGFPpoly. Poly and P-S687A increase in S phase and G2/M. (C) MRCS cells were transfected with eGFPpoln and irradiated with 25 J/m? and
followed for the indicated times. (D) Densitometric analysis of poln and P-S687 after UV irradiation. The signal of P-S687 was corrected for the levels of

total polm. The plots represent the mean of three experiment £+S.E.M.

that the two phosphorylated regions are independently reg-
ulated as S687 is still phosphorylated in the SSSAAA mu-
tant, indicating that the putative phosphorylation of S510,
S512, S514 is not a prerequisite for the modification of S687
(Figure 5A, compare lane 2 with lane 4).

The phosphorylation of poln analyzed by 2D PAGE ap-
peared to follow the progression of the cell cycle. To assess
if S687 followed the same pattern and accounted for a part
of the global cell cycle phosphorylation of poln we used
the phospho-specific antibody to analyze polr in a single
cell cycle after double thymidine synchronization. As can
be seen in Figure 5B, phosphorylation of S687 peaks at the
G2/M transition, with an 8-fold increase compared to the
log phase sample, in a manner compatible with our previ-
ous observation (Figure 2A). Interestingly, we also detected
a change in poln protein levels, with the polymerase being
more abundant in S phase and G2/M than in the cells in log
phase, where the G1 phase is more prominent.

As previously stated, poln is phosphorylated on S601
mainly after DNA damage. This holds true for both UV
irradiation but also other DNA damaging treatments (5).
In contrast, phosphorylation of S687 is detectable even in
the absence of DNA damage and for this reason we specu-
lated that it might be controlled in a different manner. To
test the kinetics of phosphorylation of S687 after genotoxic
insult we treated the cells with UV-C light and monitored

the presence of P-S687 over time. In contrast to what was
recently reported (11) while this paper was in preparation,
P-S687 levels did not increase after damage but slowly di-
minished, being halved 24 h after irradiation (Figure SC and
D). This suggested a marked difference from P-S601. Inter-
estingly the level of poln itself also changed slightly (Figure
5C and D) after UV damage in accordance with what was
previously observed in Caenorhabditis elegans (8,24). It is
important to mention that the signal of P-S687 shown in
Figure 5D was corrected for the levels of total polr, so the
decrease in phosphorylation could not be explained simply
by the reduction in the total amount of the polymerase.

The phosphorylation sites are important for damage bypass
and cell survival

To test the effect of the different newly discovered phospho-
rylated residues on TLS, we used a series of XP30RO cells
stably expressing different alleles of poln. The cell lines ex-
pressed eGFPpoln WT, S601A, S687A and SSSAAA. The
cells were then sorted to perform the experiments with cells
expressing polm at the same, near physiological, level. To as-
sess for TLS proficiency, we monitored the cells in a clono-
genic survival assay after increasing doses of UV. XP30RO
cells are extremely sensitive to UV irradiation followed by
incubation in the presence of caffeine and this has been
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used as a diagnostic assay for a number of years. As can be
seen in Figure 6A, expression of WT eGFPpoln rescued the
UV sensitivity. Consistent with our previous report (5) the
S601A mutant shows a lower survival than WT poln. Mu-
tating S687 to alanine resulted in similar sensitivity and the
survival rates of S601A and S687A are nearly identical. The
triple S510512514A mutant appears to show a milder phe-
notype, although rescue of the sensitivity to the WT level
was not complete. It is important to note that neither the
S601A nor the SSS mutant affected the levels of phosphory-
lation at S687, as can be seen in Supplementary Figure S2C,
and the signal disappeared only when serine 687 was mu-
tated to alanine. Conversely, the phosphorylation of S601
was not affected in the S687A and SSS mutants suggesting
that phosphorylation of S687 and P-S601 are indeed inde-
pendent events.

To complement this analysis we examined also the post-
replicative repair activity of the different mutants by fol-
lowing the size of nascent DNA in the presence of DNA
damage. UV irradiated cells were pulsed with 3H-thymidine
to label newly replicated DNA, before being chased further
without the radioactive nucleoside. The size of newly syn-
thesized DNA was then determined by running the DNA
on an alkaline sucrose gradient. XP30RO cells cannot by-
pass the damage hence the DNA is replicated in shorter
fragments (right side of the plot in Figure 6B). Complemen-
tation of XP30RO with WT poln rescues this deficiency and
the cells are able to bypass the damage, resulting in DNA
of larger size (left side of the plot in Figure 6B). All the
mutants analyzed showed an intermediate phenotype, in-
dicating that the damage bypass was impaired, ultimately
resulting in UV sensitivity as shown by the clonogenic sur-
vival. Note that the catalytic activity of polm is unaffected
in these mutants. It remained comparable between all our
poln constructs, as monitored by in vitro primer extension
assays (Supplementary Figure S3A).

Polx phosphorylation controls protein stability

While performing 2D-PAGE experiments we noticed that
the treatment with roscovitine made the visualization of
poln difficult. This required longer exposures for detection
of the polymerase by western blot. Initially we linked this
phenomenon to a decrease in protein expression after treat-
ment with the CDK inhibitor. Roscovitine, by inhibiting the
phosphorylation of RNApolll, is known to affect the rate
of transcription of a number of genes (25). In agreement
with this, we observed a drop in the levels of poln mRNA
to around 30-50% of the original levels within 6 h of in-
cubation with roscovitine, as monitored by qPCR (Figure
7A). The protein levels of polm appeared to be affected even
more, as the roscovitine treatment resulted in a 70% reduc-
tion after 3 h and more than a 90% decrease after 6 h (lane
2 and 5 respectively of Figure 7B). The substantial decrease
of poln at 6 h indicated that the reduction in protein lev-
els could not be explained only by a block of transcription.
To test if protein degradation was involved in this process
we combined the treatment with roscovitine with the pro-
teasome inhibitor MG132. The concurrent incubation of
MG132 and roscovitine led to a rescue of this phenomenon
(compare lanes 4 and 7 with lane 1 Figure 7B) and we could

observe a stabilization of polm, resulting in a 7-fold increase
at 6 h, even when its phosphorylation was blocked (compare
lanes 5 with lane 7 Figure 7B). During these experiments we
did not observe a significant difference in the cell cycle dis-
tribution, so we could exclude the possibility that the effects
we detected resulted from the cells accumulating in different
phases of the cell cycle upon drug treatments (Supplemen-
tary Figure S4A).

During our studies we also found that the stable cell line
carrying the S687A allele of polrn expressed the transgene
reproducibly at a lower level (approximately at 30% of WT)
than the matching control (Figure 7C, lane 1 and 5). This
was a feature that we observed in multiple independent
clones (data not shown) even after cell sorting, suggesting
that it was not due to the chromosomal locus where the
transgene was integrated. This observation was again con-
sistent with a possible role of the phosphorylation of S687
in controlling the polymerase stability. We reasoned that if
that were the case, blocking the proteasome with MG132
should restore the protein levels of the S687A mutant to the
levels of the WT, possibly with a faster accumulation kinetic
after addition of the drug. As can be seen in Figure 7C, ex-
posure to MG132 for just 1 h resulted in doubling the levels
of the S687A mutant (compare lane 5 and 6) while very little
effect was detected for the WT control (lane 1 and 2). After
6 h of proteasome inhibition, the mutant protein reached
the same protein level as its matched control (compare lane
4 and 8).

These two pieces of experimental evidence point to an im-
portant role for the phosphorylation in controlling poln sta-
bility. We also showed that the polr protein fluctuates dur-
ing a cell cycle (Figure 5B), increasing toward late S and
G2/M phases, matching the pattern of appearance of S687
phosphorylation. If the increase in poln stability was due
to the establishment of phosphorylation, we predicted that
the S687A protein level would not change during a cell cy-
cle. To test this hypothesis we synchronized the cells in early
S phase by double thymidine block before releasing them.
Again, the WT showed an increase of polmin S and G2/M
before dropping in the G1 of the next cell cycle. Consis-
tent with our hypothesis the S687A mutant showed (i) lower
overall protein levels; (ii) hardly any fluctuation in polm dur-
ing the cell cycle (Figure 7D and E). We conclude that phos-
phorylation of S687 is important for the regulation of poln
protein stability throughout the cell cycle.

DISCUSSION

DNA polymerase m protects the genome by allowing the
completion of replication during stress conditions and can
bypass CPDs in an error-free manner. Regardless of this
characteristic, polnis potentially an error prone polymerase
and, along with the other TLS polymerases, it has to be
correctly regulated. In yeast, part of the control of TLS is
achieved by transcriptional regulation and protein stability
(26,27). In human cells, the current working model is that
TLS polymerases are controlled by modulating their access
to the replication fork by protein—protein interactions and
by PTMs. In the case of polw, the protein levels have been
reported to be constant throughout the cell cycle (28).
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Figure 6. S687 is important for damage bypass and cell survival after UV. (A) Clonogenic survival of XP30RO cells expressing various mutant alleles of
poln (n > 3 + S.E.M). Statistical significance was assessed by z-test: **P = 0.0031, ***P < 0.0001. The inset shows the survival of the cell lines at 6 J/m> on
a linear scale. (B) Damage bypass assay using alkaline sucrose gradient fractionation of newly-synthesized DNA. The inset shows the normalized average

molecular weight of DNA from the distributions (n = 3 + S E.M).

Here we show that poln is phosphorylated by CDK2 dur-
ing an unperturbed cell cycle, with a peak in G2/M and this
phosphorylation is important for regulating its stability and
activity. We further identify the sites where this modification
occurs and demonstrate that missense mutations at these
sites affect TLS.

The identification of phosphorylation during an unper-
turbed cell cycle complements our previous observation
that poln was phosphorylated on serine 601 after DNA
damage (5). These lines of evidence suggests that phospho-
rylation plays an even more important role in the frame-
work of TLS regulation. It is interesting to note that Polx
is phosphorylated in a similar manner and its phosphory-
lation on multiple sites by CDK2 protects it from ubiquitin
mediated protein degradation in late S and G2 (29).

Increasing the levels of polm during S phase, with a peak
after the bulk of DNA replication is completed provides an
appealing form of control to avoid excessive recruitment of
a potentially inaccurate polymerase during replication (Fig-

ure 8). On the other hand, once the bulk of DNA replica-
tion finishes and any remaining gaps in the DNA become a
threat to cell survival, increasing the amount of polm would
improve the cell’s ability to bypass the damaged bases and
complete DNA replication. In this situation the presence of
polm provides a crucial viability advantage even if the poly-
merase is inaccurate and could generate mutations in the
genome. This model of action is in agreement with observa-
tions in yeast and mammalian cells, which showed that TLS
was able to function also in late G2 and was not limited to
the replicating phase (28,30).

The demonstration that cell-cycle phosphorylation of
polm peaks in G2/M suggests a molecular mechanism for
this kind of regulation. Interestingly Revl, another TLS
polymerase, has also been found to accumulate in G2 in S.
cerevisiae (26).

Recently Dai et al. identified the phosphorylation of Ser-
ine 687 of poln by immunoprecipitating Flag-tagged poln
followed by MS (11). They detected a time-dependent in-
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during the cell cycle (mean of three experiments + S.E.M).

crease in P-S687 after UV irradiation and they speculated
that P-S687 mediated the release of the polymerase from
PCNA after damage bypass was completed. This model
originated from the observation that a C-terminal fragment
of poln carrying a S687D mutation had lower affinity for
PCNA in vitro. By using a phospho-specific antibody we
have shown instead that P-S687 decreases over time after
UV (Figure 5). One possible explanation for this discrep-
ancy lies in the fact that Dai et al. used nocodazole in some
of their experiments after UV irradiation, thus increasing
the percentage of cells in G2/M. As we have shown, in
G2/M the phosphorylation of S687 increases substantially
in an unperturbed cell cycle so the compounded effect of
UV and nocodazole treatments may have masked the de-
crease we have observed and resulted in a net apparent in-
crease of P-S687. Furthermore, we failed to observe any dif-
ference in binding to PCNA in vitro between full length poln

and poln phosphorylated on S687 (Supplementary Figure
S3B). Both studies suggest that CDK2 is involved in poln
phosphorylation and that S687 could be important for end-
ing TLS activity after damage is bypassed.

The C-terminus of poln contains a number of important
regulatory domains such as the NLS (aa 682-694), the UBZ
(aa 633-654) and the PIP (aa 701-708). Furthermore, fol-
lowing DNA damage polr is phosphorylated on S601 by
ATR. Serine 687 is located in the region that is also referred
to as PIR that spans from the canonical PIP to the NLS
and contains four lysines that can be ubiquitylated in the
absence of DNA damage (4). We confirmed that the S687A
mutation did not impair the correct localization of the poly-
merase (data not shown) and poln appears to be ubiquity-
lated normally (see Supplementary Figure S2C). Our anal-
ysis of P-S687 enables us also to propose that S687 is likely
phosphorylated on the diffusing fraction of the polymerase,
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Figure 8. Proposed model of phosphorylation-controlled TLS. During an unperturbed cell cycle polm becomes phosphorylated by CDK2 on Serine 687
from late S to G2/M. This results in the accumulation of the polymerase, which is available for bypass activity (left panel). After damage, phosphorylated
poln s recruited to the chromatin via its UBZ (1) and it is further phosphorylated on S601 by ATR. Once S601 has been phosphorylated, poln can interact
with Ubiquitylated PCNA and perform TLS (2). Once the damage has been bypassed P-S687 is removed (3) leading to poln degradation (4).

for two reasons: (i) phosphorylation occurs in the absence
of DNA damage when the majority of poln is not associ-
ated with DNA. (ii) The phosphorylation is not altered in
the UBZ mutant (not shown) where poln recruitment to the
chromatin is severely hindered. Both in C. elegans and mam-
malian cells, poln appears to be degraded after UV (8) in
order to keep the TLS polymerase engaged at a minimum.
In C. elegans, SUMOylation of polr protects it from degra-
dation by CUL4/Cdt2 and it is removed after damage by-
pass, leading to removal of the polymerase. In human cells,
SUMOylation of polr has been recently identified but with
a completely different function (9). Our data suggest that
phosphorylation could play a role similar to SUMOylation
in C. elegans, as S687 defective alleles show enhanced degra-
dation. Furthermore after UV, P-S687 is removed with ki-
netics similar to that of poln degradation. Serine 687 thus
provides an appealing candidate to play the role of regu-
lator of polw, making the polymerase available during the
cell cycle and protecting it in the first few hours after DNA
damage. In these first crucial moments, polr, stabilized by
the phosphorylation of S687, is recruited to DNA via its
UBZ. Once on the chromatin, ATR can phosphorylate S601
on polmand the polymerase can interact with ubiquitylated
PCNA becoming proficient for damage bypass. Once TLS
has been completed P-S687 is removed and this in turn leads
to a decrease in polm that could favor resumption of normal
replication (Figure 8). How the phosphorylation regulates
degradation is an open question.

In recent years, several lines of evidence suggest that poln
is important for the bypass of difficult to replicate templates,
such as common fragile sites (CFS), even in the absence of
damage (31,32). CFS are replicated in late S phase and a
large percentage are still unreplicated as the cell enters G2
(33,34). The replication timing of CFS strikingly matches
the accumulation of polmand it is tempting to speculate that
the accumulation we observe of the polymerase in G2/M
could be linked with its CFS bypass role.

It is also interesting to note that damage bypass is im-
paired in vivo in the phosphorylation mutants, although

their catalytic activity is unaffected in vitro. As all the func-
tional assays were performed after cell sorting, we can ex-
clude the possibility that the phenotype is merely dependent
on reduced protein levels, as the cells expressed the different
alleles at similar levels right after sorting, comparable to en-
dogenous polmin MRCS cells (Supplementary Figure S4B).

Our results complement a recent finding that unveiled
how the C-terminus of polv was important for protein sta-
bility, by analyzing a mutant allele derived from an XPV
patient (10,35). One of the mutations present in XP872VI
was a T692A transversion in addition to a STOP codon loss
that resulted in a protein with eight extra aminoacids (35).
Threonine 692 is located just outside the CDK2 consensus
and still in the poln NLS. It is plausible that part of the en-
hanced degradation of the allele resulted from its defective
phosphorylation, further supporting the physiological im-
portance of serine 687 and phosphorylation in general in
controlling TLS.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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