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DNA damage is one of many possible perturbations that challenge the mechanisms that
preserve genetic stability during the copying of the eukaryotic genome in S phase. This short
review provides, in the first part, a general introduction to the topic and an overview of
checkpoint responses. In the second part, the mechanisms of error-free tolerance in response
to fork-arresting DNA damage will be discussed in some detail.

Before eukaryotic cells divide, the successful
completion of DNA replication during S

phase is essential to preserve genomic integrity
from one generation to the next. During this
process, the replication apparatus traverses in
the form of bidirectionally moving forks to syn-
thesize new daughter strands. Cells use several
means to ensure faithful copying of the parental
strands—first, by means of regulatory mecha-
nisms a correctly coordinated replication appa-
ratus is established, and second, a high degree of
fidelity during DNA synthesis is maintained by
replicative polymerases (Kunkel and Bebenek
2000; Reha-Krantz 2010). However, under sev-
eral stressful circumstances, endogenouslyorex-
ogenously induced, the replication apparatus
can stall (Tourriere and Pasero 2007). Mostly,
structural deformations in the form of lesions
or special template-specific features arrest the
replication process, activate checkpoint path-
ways and set in motion repairor tolerance mech-

anisms to counter the stalling (Branzei and
Foiani 2009; Zegerman and Diffley 2009). Basic
replication mechanism, its regulatory pathways
and means to tolerate DNA damage are largely
conserved across eukaryotic species (Branzei
and Foiani 2010; Yao and O’Donnell 2010). Un-
derstanding the mechanisms involved may en-
able therapeutic intervention to several human
conditions arising from an incomplete replica-
tion or from the inability to tolerate perturba-
tions (Ciccia et al. 2009; Preston et al. 2010; Ab-
bas et al. 2013). Enhanced replication stress has
also been commonly identified in precancerous
lesions, and the inactivation of checkpoint re-
sponses coping with this presumably oncogene-
induced condition is considered necessary to
establish the fully malignant phenotype (Bart-
kova et al. 2005; Negrini et al. 2010).

It is not possible to treat this topic in a com-
prehensive manner in the allotted space; the
reader is referred to excellent recent reviews for
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more details (Branzei and Foiani 2010; Jones
and Petermann 2012). We will attempt to pro-
vide an overview of the various strategies that a
eukaryotic cell invokes to avoid problems caused
by replication stress related to DNA damage and,
if problems arise, to tolerate damage without
endangering the entire process of genome du-
plication. In this context, we will only give a brief
outline of checkpoint responses that are dis-
cussed in more detail in Sirbu and Cortez
(2013) and Marechal and Zou (2013). Also, a
detailed discussion of translesion synthesis can
be reviewed in Sale (2013).

REPLICATING UNDAMAGED DNA

Under normal conditions, replication is a high-
fidelity process with an error rate of 1028 to
10210 mutations per base pair per cell division
(Kunkel and Bebenek 2000). In ageneral scheme,
for the eukaryotic genome to be duplicated,
the replication machinery needs to access the
DNA from its highly packaged chromatin con-
formation, move bidirectionally to synthesize
new daughter strands, terminate the synthesis,
and finally repackage the new strands before mi-
tosis (Bell and Dutta 2002). Replication is sub-
divided into three major steps: initiation, elon-
gation, and termination.

Regulation of Origin Firing

Before S-phase entry, a prereplication complex
(pre-RC) recognizes and assembles at replica-
tion origins in late M and early G1 phase of the
cell cycle (Dutta and Bell 1997). Pre-RC facili-
tates unwinding of parental DNA strands and
subsequent formation of the replication fork.
There are around 500 AT-rich origins of defined
sequence in yeast (Dhar et al. 2012) and about
2.5 � 104 origins in metazoan cells (Pope et al.
2013), allowing multiple initiation sites for rap-
id replication of a complex genome. In metazo-
ans, DNA topology rather than DNA sequence
may define an origin (Vashee et al. 2003; Remus
et al. 2004; Mechali 2010). Origins are first rec-
ognized by the origin recognition complex
(ORC) proteins (ORC 1-6). ORC bound at the
replication origin serves as a docking site for

CDC6 (cell division cycle 6), CDT1 (chromatin
licensing and DNA replication factor 1), and
then MCM (mini-chromosome maintenance)
2-7 helicase complex, licensing it for the next
step of initiation (Tye 1999).

In metazoan cells, around 2–5 adjacent or-
igins are organized in one cluster and are simul-
taneously initiated for replication (Gillespie and
Blow 2010; Aparicio 2013). One or more of these
clusters are arranged into DNA domains. Each
domain may comprise an individual focus that
can be identified microscopically, indicating
sites of active replication during S phase termed
replication factories, and there is evidence that
the sister forks of each replicon stay associated
with each other within these factories (Kitamura
et al. 2006). In highereukaryotic cells, even when
all origins are licensed similarly, only around
10% are used for replication and the rest remain
dormant, albeit fully capable of initiating repli-
cation (McIntosh and Blow 2012). During times
of replication stress, dormant origins are activat-
ed to compensate for fork stalling and to prevent
genomic instability (Ge et al. 2007).

Activation of pre-RC to a preinitiation com-
plex (pre-IC) occurs in S phase by sequential
phosphorylation, loading, and activation of ini-
tiation complex proteins (Pospiech et al. 2010).
In metazoans, two proteins, Treslin/Ticrr (ho-
molog of yeast Sld3) and TopBP1 (Dpb11 homo-
log), associate in a CDK-phosphorylation-de-
pendent manner with chromatin (Tanaka et al.
2007) to provide a docking site for the next set of
proteins. Then, dependent on RPA (replication
factor A) and again dependent on CDK phos-
phorylation, CDC45 bindsto Treslin/Ticrr (Zou
and Stillman 1998, 2000), and unphosphory-
lated RecQ4 (Sld2 homolog) binds to TopBP1
to enable subsequent helicase activation and or-
igin unwinding. MCM protein phosphorylation
by the CDC7/DBF4 kinase is yet another essen-
tial event of origin activation (Zou and Stillman
2000; Masai and Arai 2002). Third, GINS com-
plex loads onto chromatin (Labib and Gambus
2007). Polymerase 1 is recruited to pre-RC, en-
abling formation of CMG (CDC45, MCM2-7,
and GINS complex) helicase (Muramatsu et al.
2010). ATP binding activates the CMG helicase
activity, which switches dsDNA-bound MCM2-
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7 helicase to two ssDNA strands. MCM2-7 heli-
case activity is required throughout replication
for fork progression (Labib et al. 2000). At this
stage, the DNApolymerase machineryassociates
with MCM2-7 and begins bidirectional synthe-
sis of complementary strands (Fig. 1).

Although origin use appears to be develop-
mentally regulated, few regulatory molecules are
known that determine early or late origin firing,
and the replication timing program remains
an active area of investigation (Aparicio 2013;
Pope et al. 2013). High abundance of CDC45
near early origins as well as its recruitment by
Fkh1/2 (forkhead transcription factor) protein,
bound to ORCs in G1, facilitates early initiation.
On the other hand, late origins are localized and
tethered to the nuclear periphery by Rif1/Taz1/
Yku70 complex, preventing CDC45 from reach-
ing these origins by chromatin-bound Rpd3.

Elongation and Termination of Replication

As essential players, the replication complex in
mammals is composed of RFC (replication fac-
tor C complex), PCNA (proliferating cell nucle-
ar antigen), and DNA polymerases—Pol a/pri-
mase, Pol 1, or d—to synthesize the new leading

and lagging strand, respectively (Fig. 1) (Still-
man 2008; Pope et al. 2013). Generally, Pol a
first synthesizes a few nucleotides before synthe-
sis is shifted to the elongating replicative poly-
merase by the RFC-PCNA complex (Stukenberg
et al. 1994), which later also recruits other com-
ponents such as Fen1 and DNA ligase for com-
pletion of replication. Additional proteins such
as Claspin (homolog of yeast Mrc1), the com-
plex of Tipin and Timeless (homolog of yeast
Tof1), associate with replicons and are required
for signaling during the replication stress re-
sponse (Kumagai and Dunphy 2000; Chini
and Chen 2004; Chou and Elledge 2006). Other
associated proteins, such as the Rrm3 helicase
may come into play to prevent fork stalling by
resolving difficult template structures (Torres
et al. 2004).

The sister forks of the replication bubble
progress in a bidirectional manner until the rep-
lication complex encounters a termination sig-
nal. The termination signals in higher eukary-
otes presumably occur when converging forks
meet each other randomly (Santamaria et al.
2000); in yeast, Top-II-dependent resolution of
catenated DNA may become the site of termina-
tion (Cuvier et al. 2008).

MCM

RPAPol α primase

Pol δ

PCNA
Cdc45

Pol ε

Leading
strand

Lagging strand

Figure 1. A model of the eukaryotic replisome. See text for details. (From Yao and O’Donnell 2010; adapted, with
permission, from Elsevier # 2010.)
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DNA DAMAGE AND REPLICATION

DNA damage has been reviewed in other re-
views and so a few general comments will suffice.
Lesion formation in DNA can have endogenous
(“spontaneous”) or exogenous origins (Fried-
berg et al. 2006). The lesions that can inter-
fere with replication are typically categorized
as bulky or, in more general terms, as a base
alteration that does not allow a high-fidelity rep-
licative DNA polymerase to insert a comple-
mentary base or, following insertion, to extend
from an imperfectly matched base pair. Struc-
tural interruptions of the template strand such
as single and double-strand breaks or single-
stranded gaps represent another class of lesions
interfering with replication. These may have
been introduced directly, for example, by ioniz-
ing radiation or restriction enzymes. They may
also represent intermediates of DNA repair tak-
ing place before or during replication, or sec-
ondary damage as a result of failed damage tol-
erance and a consequence of replication fork
collapse (see below). A special class of DNA le-
sion that undoubtedly will stall replication by
preventing strand separation are interstrand
crosslinks between two complementary DNA
strands (discussed in Clauson et al. 2013).

Only recently, the incorporation of deoxyri-
bonucleotide triphosphates (rNTPs) during S
phase received special attention, and such le-
sions were found to be the most frequent endog-
enous lesions in the mammalian genome (Nick
McElhinny et al. 2010b; Reijns et al. 2012).
Whereas the occurrence of these lesions is min-
imized by the selectivity of replicative DNA po-
lymerases, RNase H1 and RNase H2 activities
are needed to repair incorporated dNMPs and
to prevent toxic consequences that may be aggra-
vated by additional replicational stress (Lazzaro
et al. 2012; Reijns et al. 2012). Presence of rNMPs
in the genome may lead to sensitivityof the DNA
backbone, problems during DNA synthesis as a
result of altered helix geometry, and short dele-
tions in repeated sequences through atopoisom-
erase I-dependent mechanism (Nick McElhinny
et al. 2010a; Kim et al. 2011; Watt et al. 2011).

Even when cells encounter approximately
103–105 molecular lesions per cell per day, the

collection of DNA damage responses that effec-
tively remove such lesions maintains a very low
probability of spontaneous mutagenesis.

CHECKPOINT RESPONSES DURING
DNA REPLICATION

Checkpoint responses are responsible for the
tight feedback regulation of normal progression
of the cell cycle and frequently referred to as G1/
S, intra-S, and G2/M checkpoints. Controls op-
erate to check for faithful completion of cell cy-
cle phase transitions and respond to genomic
perturbations by not only arresting the specific
cell-cycle phase but also by improving DNA re-
pair and damage tolerance through direct pro-
tein modification or transcriptional regulation
(see Marechal and Zou 2013; Sirbu and Cortez
2013 for details; Melo and Toczyski 2002; Sancar
et al. 2004; Friedberg et al. 2006; Niida and Na-
kanishi 2006; Ciccia and Elledge 2010). In the
case of DNA-damage-induced checkpoint re-
sponses, damage to DNA leading to structural
changes is initially detected by sensor molecules
(phosphoinositol kinase-like kinases ATM and
ATR/ATRIP, the Rad17-RFC-like complex or
the 9-1-1/PCNA-like complex) that are large-
ly operative in all phases of the cell cycle. After
sensing the damage and with the help of me-
diator proteins, which may act cell-cycle-stage-
specifically (Claspin, BRCA1, 53BP1, MDC1,
TOPBP1, MRN complex), the damage signal
is passed on to transducer molecules, such as
the CHK1 or CHK2 kinases (Bartek et al. 2001;
Chen and Sanchez 2004). Mediator proteins
provide specificity of signaling because they si-
multaneously bind both sensors and transduc-
ers (Tanaka 2010). Once the damage signal is
received by the transducers, they modify direct
or indirect mediators of cell-cycle progression
(such as p53, CDC25-A, -B, and -C) as their
effector molecules by phosphorylation, possibly
resulting in proteolytic degradation (Falck et al.
2001; Xiao et al. 2003). If phosphorylated or
absent, effector molecules such as CDC25 iso-
forms cannot promote G1/S or G2/M transi-
tions and CDKs in G1/S and CDC2 in G2 phase
remain phosphorylated, thereby establishing a
cell-cycle phase-specific arrest.
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G1/S Checkpoint

Before DNA replication takes place, the damage
that potentially instigates a cell cycle arrest in
G1 are double-strand breaks or single-stranded
DNA tracts, activating ATM or ATR, respectively.
Prereplicatively, single-stranded DNA gaps may
be associated with nucleotide excision repair
(NER) of bulky lesions, possibly widened by nu-
clease action (Giannattasio et al. 2010). In ver-
tebrates, the G1/S checkpoint in the presence
of DNA damage prevents initiation of replica-
tion in G1 by two mechanisms. Activated ATM/
ATR phosphorylate effector molecules CHK1/
CHK2 and p53 (Lane and Levine 2010), which
result in an immediate response and a slower
maintenance response that depends on protein
synthesis. First, phosphorylated CHK1/CHK2
phosphorylates CDC25-A phosphatase and me-
diates its degradation by ubiquitination (Falck
et al. 2001; Xiao et al. 2003). In the absence of
CDC25-A, dephosphorylation of CDK2/Cyclin
E complexes is prevented and, for example,
CDC45 thus fails to activate pre-IC at otherwise
licensed origins, inhibiting initiation of replica-
tion. Second, p53 in G1 is phosphorylated at
multiple sites by activated ATM/ATR as well as
CHK1/CHK2, which allows increased expres-
sion of p53 targets like the gene-encoding CDK
inhibitor p21WAF-1/Cip1. P21 in turn binds and
inhibits CDKs necessary for transition into S
phase (El-Deiry et al. 1993; Harper et al. 1993),
thus maintaining the G1 arrest.

Intra-S Checkpoint

General Comments

DNA damage introduced in S phase or unre-
paired damage from G1, which has escaped the
G1/S checkpoint, may trigger intra-S-phase
checkpoint(s) (Branzei and Foiani 2009; Zeger-
man and Diffley 2009; Jones and Petermann
2012; see also Sirbu and Cortez 2013). ATR sig-
nals such as single-stranded DNA may arise
from uncoupling of leading and lagging strand
synthesis, from helicase uncoupling at a stalled
replication fork or from gaps opposite base
damage (Byun et al. 2005; Lopes et al. 2006;
Callegari et al. 2010). Yeast studies suggest inde-

pendent pathways of activation, one of which is
dependent on Pol 1 (Navas et al. 1995; Puddu
et al. 2011). If not externally introduced, double-
strand breaks as ATM-activating signal may arise
from fork collapse or topoisomerase malfunc-
tioning.

Checkpoint responses within S phase are
multifaceted, using direct protein modification
as well as transcriptional regulation to cope with
replication stress by controlling replicon initia-
tion, fork progression, and fork stability. They
also assist in DNA damage repair and in toler-
ance mechanisms if fork stalling has occurred.
But it is not only DNA damage that can be a
source of replication stress. Replication forks
may encounter bound proteins, special DNA
structures, replication-slow zones, and colli-
sions with RNA polymerase. Replication forks
will initially stall with a fully assembled rep-
lisome. On extended pausing, however, the
replisome dissociates irreversibly and the fork
collapses.

Even without induced DNA damage, check-
point responses are clearly required to suc-
cessfully cope with areas that are difficult to
replicate, preventing chromosome breaks and
possibly cycles of chromosome instability (Cha
and Kleckner 2002; Admire et al. 2006). A low
supply of dNTPs may also cause a slowdown or
arrest of replication that may be experimentally
triggered by inhibiting ribonucleotide reductase
(RNR) with hydroxyurea. Budding yeast defec-
tive in the ATR/CHK2 homologs Mec1/Rad53
are unable to recover from such HU-induced
arrest (Desany et al. 1998).

Origin Firing

In vertebrates, the mechanisms outlined above
for G1/S arrest may affect origin firing through-
out S phase because CHK1 also regulates CDK1/
Cyclin A complexes (Nakanishi et al. 2010). An-
other mechanism inactivates the CDC7/DBF4
kinase (Weinreich and Stillman 1999; Costanzo
et al. 2003; Heffernan et al. 2007). In yeast, there
is evidence for selective inhibition of late origin
firing by Rad53 in the presence of DNA damage
(Santocanale and Diffley 1998). Interestingly, a
single double-strand break in S phase may not

DNA Damage and Replication

Cite this article as Cold Spring Harb Perspect Biol 2013;5:a019836 5



trigger the checkpoint system for an extended
period of time, and without global checkpoint
activation by a higher damage load the effects on
origin firing were quite the opposite—firing
from a nearby active origin was enhanced and
dormant origins were activated (Doksani et al.
2009).

Fork Progression Rate

Here, one has to distinguish between active reg-
ulation causing slowdown by checkpoint acti-
vation and a passive cessation as a result of dam-
age in the template or any other perturbation;
both events may very well occur simultaneous-
ly (Minca and Kowalski 2011). Without any
applied stresses, vertebrate cells defective in sev-
eral checkpoint components (ATR, CHK1, Clas-
pin, Timeless) show a slowed fork progression,
showing the importance of checkpoint signaling
even for normal replication (Petermann et al.
2006; Unsal-Kacmaz et al. 2007). But there is
also evidence that the Tipin/Timeless complex
initiates such a regulation in response to DNA
damage, perhaps through ATM/ATR by regulat-
ing MCM2-7 helicase (Cortez et al. 2004; Seiler
et al. 2007; Unsal-Kacmaz et al. 2007). In yeast,
however, there was no evidence that the Mec1/
Rad53 pathway slows down fork progression
per se; instead, altered origin use appears to be
the predominant reason for a significant exten-
sion of overall replication time in methyl meth-
anesulfonate (MMS)-treated cells (Tercero and
Diffley 2001).

Fork Stabilization

Using a variety of mechanisms, the checkpoint
system promotes fork stability (Jones and Peter-
mann 2012), here defined as preventing ac-
cumulation of aberrant fork structures either
spontaneously or when challenged by DNA
damage or other stresses. These include:

† Prevention of dissociation of replication pro-
teins from a stalled fork (Trenz et al. 2006).

† Regulation of homologous recombination (HR)
activities by phosphorylation of RAD51,
BRCA2, FANCD2, and others (Andreassen

et al. 2004; Sorensen et al. 2005; Bahassi
et al. 2008).

† Promotion of sister chromatid cohesion (Ki-
tagawa et al. 2004; Errico et al. 2009; Leman
et al. 2010).

† Up-regulation of helicases that are beneficial
for fork remodeling to promote restart (i.e.,
BLM and WRN helicases, working together
with FANCJ) (Davies et al. 2004; Ammazza-
lorso et al. 2010; Pichierri et al. 2012).

† Down-regulation of nucleases that may dam-
age a stalled fork, such as MUS81-Eme1 in
fission yeast or EXO1 in mammals (Kai et al.
2005; El-Shemerly et al. 2008).

† Regulation of chromatin modifications and
histone supply, the latter by dephosphorylat-
ing the histone chaperone ASF1 (Sillje and
Nigg 2001; Groth et al. 2003; Clemente-Ruiz
and Prado 2009).

† Targeting nuclear pore components that
tether transcribed genes to release topologi-
cal strain on replicating DNA (Bermejo et al.
2011).

These are just a few selected insights into
an intricate network of checkpoint responses.
Space limitations make it impossible to discuss
other important aspects such as transcription-
al responses, with yeast RNR regulation being
the best understood paradigm (Friedberg et al.
2006), or telomere maintenance.

DNA DAMAGE TOLERANCE PATHWAYS
AT ARRESTED REPLICATION FORKS

After mostly considering higher eukaryotes, we
will revisit the yeast model to gain a mechanistic
understanding of the various tolerance pathways
that allow completion of replication in the pres-
ence of fork-arresting DNA base damage. A sim-
ilar degree of mechanistic resolution has not
been achieved in any other system. In the yeast
Saccharomyces cerevisiae, it has now been firmly
established that essentially three mechanisms of
DNA damage bypass exist whose activation is
initially triggered by the ubiquitin-conjugating
enzyme (E2) Rad6 that acts in a complex with
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Rad18, its E3 partner (Fig. 2) (Jentsch et al. 1987;
Friedberg et al. 2006). Rad18 may localize this
activity to stalled replication forks through its
single-stranded DNA-binding activity (Bailly
et al. 1997). One essential target appears to be
the sliding clamp PCNA, which is monoubiqui-
tinated at Lys164, whose interaction with Rev1
sets the stage to initiate error-prone translesion
synthesis (TLS) by Pol z (the complex of Rev3-
Rev7) (Fig. 2) (Hoege et al. 2002; Stelter and
Ulrich 2003; Acharya et al. 2006; Guo et al.
2006a,b). Pol z acts frequently at the extension
step after another polymerase has inserted the
first nucleotide opposite a lesion (Prakash et al.
2005). PCNA also attracts Pol h, an enzyme cat-
alyzing an error-free bypass of the most frequent
UV lesions. However, the significance of PCNA
monoubiquitination and the ubiquitin-binding
domain of Pol h has been subject to controver-
sies (Fig. 2) (Garg and Burgers 2005; Acharya
et al. 2007). Independent of its catalytic activity,

Pol h may also have a role in recruiting Rad18
(Durando et al. 2013). A detailed discussion of
TLS can be found in Sale (2013).

The other option, frequently termed error-
free postreplication repair (PRR), requires poly-
ubiquitination of PCNA via Lys63 linkage
performed by the ubiquitin ligase activity of
Rad5 protein together with its E2 enzyme com-
ponent Ubc13–Mms21 (Fig. 2) (Broomfield et
al. 1998). Rad5 itself forms contacts with the E3
enzyme Rad18, which starts the initial PCNA
monoubiquitination (Ulrich and Jentsch 2000).
This scheme of pathway choice is not only ap-
plicable to exogenously induced DNA damage
but the Pol z and Rad5 pathway (not Pol h,
however) also act as backup pathways to tolerate
rNMPs in the genome if repair by RNase is non-
functional (Lazzaro et al. 2012).

There is very clearly cross talk on multiple
levels with the checkpoint system (e.g., CHK1
and Claspin up-regulate PCNA ubiquitination

Replicative DNA synthesis

Error-free TLS

Error-prone TLS

Error-free PRR

Rev1

Pol ζ

Pol η

PCNA

DNA damage

Rad6-Rad18

Mms2-Ubc13-Rad5

U

U

U

U
U

U
U

UV

Pol δ/ε

Figure 2. Significance of PCNA and its ubiquitination for DNA damage tolerance pathways in budding yeast.
Depicted is the repurposing of PCNA from its role as a processivity factor in normal replication by Rad6-Rad18
dependent monoubiquitination or Mms2-Ubc13-Rad5 polyubiquitination for error-free or error-prone trans-
lesion synthesis (TLS) and error-free postreplication repair (PRR). (From Zhang et al. 2011; adapted, with
permission, from Elsevier # 2011.)
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in response to UV or HU) (Yang et al. 2008).
Independent of its checkpoint function, the
PCNA-related 9-1-1 complex activates the
Rad5 pathway in yeast (Karras et al. 2013) and
suppresses TLS under conditions of chronic
DNA damage (Murakami-Sekimata et al. 2010).

The Rad5 pathway is clearly overall error-
free in budding yeast and contributes to genetic
stability. Under continuous low-dose UV expo-
sure, this pathway is a major determinant of UV
resistance (Hishida et al. 2009). Many years ago,
the possibility of a transient template switch by
the replication machinery for overcoming an
impediment in the template was suggested—a
copy-choice mechanism directed to the sister
chromatid. The predicted mechanism requires
a certain degree of replication uncoupling be-
cause a newly synthesized strand at the sister
chromatid needs to be present to serve as a tem-
plate. In a yeast plasmid system, it was indeed
shown that the Rad5 mechanism involves re-
combination between partly replicated sister
strands but neither TLS polymerase z nor mis-
match repair (Zhang and Lawrence 2005).

All available information suggests that the
overall outline of this model is indeed correct.
In the following, we will provide an update on
Rad5 activities inyeast and mammalian cells and
will then describe recent mechanistic models for
the pathway.

RAD5 AND ITS ACTIVITIES

Besides its activityas an E3-type ubiquitin ligase,
Rad5 is also a member of the SWI/SNF family of
proteins and shows DNA-dependent ATPase ac-
tivity. A Rad5 deletion mutant is much more
UV-sensitive than a deletion of its E2-partners
Ubc13 or Mms2, so both activities are clearly
required for efficient damage tolerance. Thus,
its roles turned out to be multifaceted and also
extend to certain aspects of TLS (Gangavarapu
et al. 2006; Pages et al. 2008). Although promot-
ing genetic stability through overall error-free
damage tolerance, budding yeast Rad5 is re-
quired for efficient mutagenic TLS in certain
mutation systems, possibly by playing a struc-
tural role mediated through interaction with
Rev1 (see Sale 2013). Interestingly and in con-

trast to Saccharomyces cerevisiae, it is the poly-
ubiquitination of PCNA by Schizosaccharomyces
pombe Rad5 homolog Rad8 that is clearly
required for various modes of TLS, possibly fa-
cilitating the formation of multipolymerase
complexes (Coulon et al. 2010). Thus, it is to
be noted that gene products and their primary
activities within DNA damage tolerance path-
ways may well be evolutionarily conserved but
their significance for pathway choice may vary
greatly from organism to organism.

In mammalian cells, two homologs of Rad5
were identified, termed SHPRH (for SNF2 his-
tone-linker PHD-finger RING-finger helicase)
and HLTF (for helicase-like transcription fac-
tor), both with the ability to polyubiquitinate
PCNA (Unk et al. 2006, 2008, 2010; Motegi
et al. 2008). Complex formation with the ho-
mologs of yeast Rad18 and Mms2-Ubc13 was
confirmed. Loss of either Rad5 homolog in-
creases the frequency of chromosomal abnor-
malities as well as point mutations in response
to DNA damage (Motegi et al. 2006; Lin et al.
2011), which characterizes this pathway also as
overall error-free and contributing to genetic
stability in mammalian cells. Frequent silencing
of HLTF and changes of SHPRH in various can-
cers points in the same direction (Unk et al.
2010). The roles of these homologs are clearly
not only nonredundant but even antagonistic,
depending on the nature of the DNA damage
(Lin et al. 2011). In response to MMS, HLTF
is degraded and Pol k is recruited by SHPRH
for error-free TLS; in response to UV, HLTF
suppresses SHPRH and, surprisingly, promotes
monoubiquitination of PCNA, which in turn
may facilitate error-free TLS by Pol h.

Helicase activity of purified yeast Rad5 had
never been identified in traditional DNA un-
winding assays. However, if certain model sub-
strates were tested that mimic replication forks,
remodeling activities were identified for yeast
Rad5 and mammalian HLTF that proceeded
without exposing single-stranded DNA (Blas-
tyak et al. 2007, 2010; Unk et al. 2010). Addition-
ally, on four-way substrates mimicking Holliday
junctions, branch migration was detected.

If one considers a structure where template
switching can successfully operate to overcome
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a replication block (e.g., a leading-strand arrest-

ed fork with some uncoupling of lagging strand

synthesis), one would model a homologous fork

structure with a single-stranded gap. Here, Rad5

activity can indeed catalyze fork regression in-

to a so-called chicken foot structure (Fig. 3).

Chicken foot structures will allow the use of

the newly synthesized daughter strand as a tem-

plate for the arrested leading strand. Is this then

a viable model for the template switch pathway?

TOWARD A MODEL FOR THE TEMPLATE
SWITCH PATHWAY

At this point, a few words on the origin of DNA
strand discontinuities as a consequence of rep-
licating DNA with bulky DNA damage are in
order. It is a classic idea from studies in E. coli
that DNA containing UV damage is first synthe-
sized in smaller pieces because gaps are left op-
posite photoproducts and later closed by recom-
bination with the daughter strand (Rupp and

Polymerase switching

x x
x

x

x
x

x

x x

x

x

xx x

x

x

Fork regression

Rad5? Rad5?

Strand invasionTranslesion synthesis

Template switching Template switching

Figure 3. A model of various tolerance mechanisms for DNA damage in S phase to support ongoing replication,
with special consideration of Rad5 activities. Shown are translesion synthesis and two possible modes of Rad5-
mediated template switching, by fork regression or strand invasion. (From Unk et al. 2010; adapted, with
permission, from Elsevier # 2010.)
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Howard-Flanders 1968; Rupp et al. 1971). In
mammals, though, there was little evidence for
sister strand exchanges (Lehmann 1972). Given
the bidirectional mode of replication from mul-
tiple origins, earlier ideas on overall replica-
tion patterns are still worth considering (Spivak
and Hanawalt 1992). Because silent origins can
be activated, it is feasible that DNA replica-
tion can be largely completed, with only sin-
gle-stranded gaps opposite photoproducts left.
Only an origin-free region in which replicons
approaching from either side are arrested be-
cause of damage in the leading strand template
will result in unreplicated areas. The latter may
even be avoidable if uncoupling of leading and
lagging strand synthesis occurs.

A more recent study on replication in the
presence of UV damage in yeast, using electron
microscopy and 2D gel electrophoresis, added
important insights (Lopes et al. 2006). Evidence
for uncoupling of leading and lagging strand
synthesis was found, creating extended single-

stranded DNA tracts on one side of the repli-
cation fork, on opposing sides within bubble
structure (Fig. 4). Accumulation of single-
stranded gaps during progression of replication
was noted on both strands. It is thus very clear
that single-stranded gaps were left behind, most
likely to be filled after replication was completed
(Fig. 4). The activity of TLS and homologous
recombination (HR) seemed to reduce their ac-
cumulation but these processes did not affect
overall fork progression itself; thus, efficient re-
priming must occur (Lopes et al. 2006; Callegari
et al. 2010). Chicken foot intermediates, howev-
er, were classified as pathological structures
that accumulated only in checkpoint-deficient
cells—fork stabilization appears to prevent fork
regression. Additionally, Exo1 processing coun-
teracted extended fork regression by creating
single-stranded DNA intermediates (Cotta-Ra-
musino et al. 2005). So, whereas Rad5-mediated
fork regression is certainly an appealing mecha-
nism to preserve ongoing leading strand synthe-
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X X X X

X X X

X X X
X X X X

X

X X X X

XXXX
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X X X
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1 2

Figure 4. Concepts for origin and repair of single-stranded DNA gaps during replication of damaged DNA. (A)
Pattern of single-stranded gaps during DNA replication of UV-irradiated budding yeast, as found in an EM
study (Lopes et al. 2006). Gaps are detectable in both daughter strands of the same replicon. Note the position of
single gaps at the diverging fork boundaries (narrow arrows), indicating arrested leading strand synthesis and
ongoing uncoupled lagging strand synthesis. (B) Two possible modes of filling gaps opposite photoproducts (x)
are outlined: entirely postreplicatively after replication fork (arrow) has passed and created an otherwise full-
length daughter strand (thin line) (1) or concomitantly with fork progression, which may depend on this gap-
filling process (2). (From Lehmann and Fuchs 2006; adapted, with permission, from Elsevier # 2006.)
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sis, its significance awaits confirmation. Fork
regression events may conceivably escape detec-
tion if quickly resolved.

The bulk of DNA replication appears to be
advanced by efficient repriming of DNA syn-
thesis downstream of the lesion, most likely at
otherwise silent origins, to prevent large regions
of single-stranded or unreplicated DNA. The
other sources of small gaps are, of course, le-
sions in the lagging strand template. Accumu-
lating gaps may be filled by TLS or the HR ma-
chinery (or a subset of HR proteins) whose
connection with the Rad5 pathway was initially
unknown. We will be addressing these interre-
lationships in the next section.

ROLE OF RECOMBINATION IN ERROR-FREE
POSTREPLICATION REPAIR

It is useful to continue confining this discussion
to the tolerance of unrepaired bulky or fork-
arresting DNA damage. Here, we are not con-
cerned with the details of homologous recom-
bination provoked by double-strand breaks (as
discussed in Clauson et al. 2013).

SUMOylation of various DNA repair and
recombination targets has emerged as a major
response to DNA damage that is required for
successful replication of a damage-containing
genome (Cremona et al. 2012). The response is
activated independently of the checkpoint sys-
tem (represented in yeast by the ATR homolog
Mec1) but is instead positively regulated by the
MRX (Mre11-Rad50-Xrs2) complex. Besides
being ubiquitinated, PCNA is also subject to
Siz1-mediated SUMOylation at the same lysine
(164) that is ubiquitinated and a minor site
(Lys127). SUMO-modified PCNA recruits the
Srs2 helicase, which in turn disrupts Rad51 fil-
aments to prevent “unwanted” (but ill-defined)
HR events that appear to involve sister chroma-
tids (Pfander et al. 2005). This mechanism can,
however, substitute to some extent for the Rad5
mechanism because the UV resistance of rad6,
rad18, or rad5 mutants is increased if Srs2 (or
Siz1) is inactive (Friedberg et al. 2006).

During treatment of yeast with MMS and
other agents, X-shaped sister chromatid junc-
tions (representing pseudo-double Holliday

junctions) have been identified by 2D gel elec-
trophoresis (Branzei et al. 2008; Minca and Ko-
walski 2010). Their resolution depends on the
WRN/BLM-related, RecQ-type helicase com-
plex Sgs1-Top3 (Liberi et al. 2005), of which
Sgs1 is also SUMOylated (Branzei et al. 2006).
Studied in an sgs1 defective background, these
molecules were formed through a pathway that
involves Rad5-Rad18 and their PCNA polyubi-
quitination activity as well as Rad51-Rad52 if
PCNA SUMOylation is functional; without it,
the appearance of these junctions is solely
dependent on the HR pathway (Branzei et al.
2008). This supports the assumption of a coop-
eratively acting Rad5/HR pathway of gap filling
by template switch (a model is shown in Fig. 5)
and an “unwanted” pathway that involves HR
only and may not be strictly DNA damage de-
pendent.

Further studies have defined the subset of
HR proteins involved more closely and also id-
entified Pol d, but none of the TLS polymerases
were identified as an important component (Va-
noli et al. 2010). Mention should also be made
of a complex of proteins termed Shu that is re-
quired for efficient HR, and genetic arguments
suggest a role in facilitating template switching
and junction resolution (Ball et al. 2009).

Uncertainties remain. For UV damage, Rad5
and HR pathways interact nonepistatically, ar-
guing against an exclusive participation in a
joint pathway. It has been proposed that Rad5
may act on the leading strand through fork
regression, whereas HR proteins may fill gaps
on the lagging strand through a noncanonical
mechanism (synthesis-dependent strand an-
nealing) (Gangavarapu et al. 2006).

TIMING OF DNA DAMAGE TOLERANCE
MECHANISMS

We already mentioned that budding yeast cells
seem to have the option to fix single-stranded
gaps long after bulk DNA replication is over,
which may not be significantly perturbed by
the absence of tolerance pathways (Lopes et al.
2006). In yeast, the timing of error-free PRR and
TLS has been addressed in two sophisticated
studies, using cell-cycle-specific targeting of ex-
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pression of key proteins (Daigaku et al. 2010;
Karras and Jentsch 2010). For example, whereas
the peak of PCNA ubiquitination normally oc-
curs in S phase, it is clearly also possible to delay
this process until G2/M if Rad18 expression is
targeted to that stage. Overall, these studies agree
that there is no disadvantage for a yeast cell to
delay all UV-damage-tolerance processes until
G2/M, but is this what happens under physio-
logical conditions? For error-prone TLS of UV
photoproducts, this may indeed be the case be-
cause yeast Rev1 expression is strongly increased
during G2/M (Waters and Walker 2006). In ver-
tebrates, however, two activities have been de-
lineated for Rev1-dependent TLS—a role dur-
ing S phase in advancing replication and a
postreplicative gap-filling function (Edmunds
et al. 2008; Jansen et al. 2009). At least for very
low doses of MMS, the Rad5 pathway in yeast
enables normal fork progression without any
need forcheckpoint activation, preventing accu-
mulation of single-strand gaps that would need
to be repaired postreplicatively by TLS (Huang
et al. 2013).

It is to be expected that the structure of dam-
age needs to be taken into consideration. A study
focusing on adozelesin causing bulky minor-
groove damage shows a clear requirement for
budding yeast Rad5 in resolving stalled forks
in a recombination-dependent manner so that
replication can progress normally and be com-
pleted (Minca and Kowalski 2010).

Most of these DNA damage tolerance stud-
ies have been performed in NER-deficient cells.
However, one should remember that a large-
ly prereplicative fixation of UV mutations has
been inferred from genetic data for NER-profi-
cient budding yeast (Friedberg et al. 2006). A
recent detailed genetic characterization, in con-
junction with the described nuclease-dependent
extension of single-stranded gaps in G1, may fi-
nally provide a mechanistic basis (Giannattasio
et al. 2010; Kozmin and Jinks-Robertson 2013).

In conclusion, manyopen questions remain.
It should be noted that a precise mechanistic role
for polyubiquitination of PCNA has yet to be
delineated. Does this modification create a new
interaction surface or is its duty the repelling of
replication fork components that interfere with

3′
5′

3′

Rad51

SUMO, Srs2

Ubc9/Mms21/SUMO
Sgs1/Rmi1/Top3

DNA synthesis

Rad5, Rad18
Mms2-Ubc13

Ub
?

Replisome

Lesion
PCNA

Figure 5. A detailed model of the Rad5-mediate tem-
plate switch pathway, assuming gap filling dependent
on a subset of HR functions after the replication
fork has passed. First, Siz1-dependent, SUMOylated
PCNA stimulates Srs2 helicase to disrupt Rad51 fila-
ments that have initiated D-loop formation. The role
of Rad51 and other HR proteins still needs to be de-
fined; they may rejoin and support downstream events
in a remodeled complex. Depending on Rad18, PCNA
is polyubiquitinated by Rad5-Mms2-Ubc13 (see Fig.
2), which, in an unknown way, promotes gap filling
by DNA synthesis. (SUMOylation and polyubiquiti-
nation do not have to occur sequentially but may
persist simultaneously on different subunits of the
PCNA trimer.) The resulting hemicatenane structure
is resolved by Sgs1-Top3-Rmi1 helicase, itself depen-
dent on SUMOylation by Ubc9-Mms21. (Based on
data from Branzei et al. 2008.)
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the tolerance mechanism? If error-free PRR and
TLS are temporally separated, does polyubiqui-
tination of PCNA actually precede the accumu-
lation of monoubiquitinated PCNA? Or, alter-
natively, are different PCNA molecules assigned
to keep one modification or the other, depend-
ing on unknown criteria? Do poly- and mono-
ubiquitinated PCNA monomers coexist within
the same trimer? Detailed kinetic measurements
in budding yeast were consistent with sequential
ubiquitination steps and, even at low UV doses,
the fast emergence of polyubiquitinated PCNA
together with a lower but persistent fraction of
monoubiquitinated PCNA (Amara et al. 2013).
Active deubiquitination also clearly occurred
but this process is insufficiently understood—
Ubp10 participates but it is clearly not the only
PCNA deubiquitinating enzyme.

REPLICATION FORK RESTART

In the preceding sections, we have focused on the
bypass mechanisms of bulky DNA damage. Even
without any necessity for damage bypass, re-
combination activities play a complex role in
the response to replication perturbation. Ulti-
mately, terminally collapsed replicons will be
converted into double-strand breaks that trigger
HR (Petermann et al. 2010). Whereas this phe-
nomenon would invoke the canonical HR path-
way, another role is played in the restart of
arrested forks, which in vertebrates does not re-
quire RAD51 foci formation (Petermann et al.
2010). RAD51, BRCA2, MRE11, XRCC3,
FANCA, and FANCD2 have all been implicated
in replication fork restart or stabilization—if de-
fective, double-strand breaks are accumulated
when challenged with replication inhibitors
and even during normal replication (Sonoda
et al. 1998; Costanzo et al. 2001; Henry-Mowatt
et al. 2003; Lomonosov et al. 2003; Sobeck et al.
2006). The involvement of MRE11 seems to hint
at the need for (limited) single-strand degrada-
tion at DNA ends. MRE11 interacts with BLM
helicase (Robison et al. 2004), and a variety of
helicases (WRN, BLM, FANCM, and SMAR-
CAL1), appear to be supportive of fork restart
(Davies et al. 2007; Sidorova et al. 2008; Luke-
Glaser et al. 2010). The SMARCAL1 helicase is

targeted to stalled replication forks through its
RPA-binding motif and functions as an anneal-
ing enzyme, possibly reannealing excessively un-
wound DNA (Bansbach et al. 2009; Ciccia et al.
2009). Figure 6 incorporates these findings into
a model based on fork regression, resection, and

Fork-remodeling
resection

SMARCAL 1

WRN

BLM

MRE11

RAD51 filament
formation

RAD51

XRCC3

MRE11

Strand invasion
D-loop formation

Pol ε

hRMI1

HJ dissolution
restart

BLM
Toplllα

PARP1

BRCA2

Figure 6. A possible scheme for replication fork re-
start in vertebrates. Some fork regression catalyzed by
SMARCAL is assumed, followed by limited single-
strand resection by MRE11 (of the MRN complex).
D-loop formation by HR proteins and Holliday junc-
tion resolution (without crossover) by the BLM heli-
case will enable fork restart. (Based on data from
Jones and Petermann 2012.)
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restart after Rad51-mediated D-loop formation
but there may very well be more than one mech-
anism at work.

PARP INHIBITORS IN CANCER THERAPY

In this last section, we would like to provide an
example of how knowledge of certain DNA re-
pairdefects inSphase foundincancercellscanbe
exploited to provide chemotherapy with a high
degree of selectivity. PARP-1 (poly-ADP-ribose
polymerase) was already shown in the replica-
tion restart model (Fig. 5) where it may interact
with MRE11 (Bryant et al. 2009). PARP-1 hasthe
ability to bind single-strand breaks or gaps in
which its poly-ADP-ribosylation activity may
generate important signals that are indispens-
able for repair, especially single-strand break
repair. Inhibitors of PARP-1 were found to be
synthetically lethal with HR defects, typically
found in BRCA1- and BRCA2-deficient cancer
cells (i.e., these cells are much more sensitive
toward the inhibitor than normal cells) (Farmer
et al. 2005; Martin et al. 2008). Initially, it was
suggested that a PARP inhibitor prevents the re-
pair of spontaneous or base-excision repair-
related single-strand breaks that are converted
into double-strand breaks by an approaching
replication fork. Such damage will then require
repair by HR that is compromised in these can-
cer cells, hence the cells are more sensitive.

Interestingly, the critical synergizing event
does not appear to be the absence of single-
strand break repair in S phase, but instead the
trapping on DNA of PARP-1 by the applied in-
hibitor (Murai et al. 2012). Besides BRCA1 or
BRCA2, a broad range of HR proteins as well the
FANC system are required for repair or toler-
ance of these lesions, and thus PARP inhibitors
may very well be successful in a wider range of
cancers.

We close in reiterating that replication stress
and responses to such stress have been implicat-
ed in early events of tumorigenesis (Bartkova
et al. 2005; Negrini et al. 2010) and, hopefully,
there are significant rewards associated with
an understanding of the admittedly highly com-
plex pathways that deal with challenges to eu-
karyotic DNA replication.
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