
Genes 2014, 5, 147-175; doi:10.3390/genes5010147 
 

genes 
ISSN 2073-4425 

www.mdpi.com/journal/genes 
Review 

Molecular Mechanisms of DNA Replication Checkpoint Activation 

Bénédicte Recolin 1, Siem van der Laan 1, Nikolay Tsanov 2 and Domenico Maiorano 1,* 

1 Institute of Human Genetics, CNRS-UPR1142, Department “Molecular Bases of Human Diseases”, 
141, Rue de la Cardonille, Montpellier 34396 Cedex 5, France;  
E-Mails: benedicterecolin@hotmail.com (B.R.); siem.vanderlaan@igh.cnrs.fr (S.L.) 

2 RNA Biogenesis Laboratory, Institute of Molecular Genetics of Montpellier,  
1919 Route de Mende, Montpellier 34293, France; E-Mail: nikolay.tsanov@igmm.cnrs.fr 

* Author to whom correspondence should be addressed; E-Mail: domenico.maiorano@igh.cnrs.fr; 
Tel.: +33-(0)4-34359973; Fax: +33-(0)4-34359901. 

Received: 30 December 2013; in revised form: 20 February 2014 / Accepted: 21 February 2014 / 
Published: 6 March 2014 
 

Abstract: The major challenge of the cell cycle is to deliver an intact, and fully duplicated, 
genetic material to the daughter cells. To this end, progression of DNA synthesis is 
monitored by a feedback mechanism known as replication checkpoint that is untimely 
linked to DNA replication. This signaling pathway ensures coordination of DNA synthesis 
with cell cycle progression. Failure to activate this checkpoint in response to perturbation 
of DNA synthesis (replication stress) results in forced cell division leading to chromosome 
fragmentation, aneuploidy, and genomic instability. In this review, we will describe current 
knowledge of the molecular determinants of the DNA replication checkpoint in eukaryotic 
cells and discuss a model of activation of this signaling pathway crucial for maintenance of 
genomic stability. 
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1. Introduction 

Perpetuation of life requires duplication of the genetic information stored in the DNA of each cell  
of a given organism. In all kingdoms of life, amazingly efficient replication machineries achieve the 
duplication of the genome. In eukaryotes, DNA synthesis is a challenging task since the replication 
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machinery has to deal with many obstacles, such as specialized DNA structures, chromatin, and 
sometimes with damaged DNA. Nevertheless, the duplication process must be as faithful as possible to 
minimize replication errors that can lead to mutagenesis. Pioneering studies of eukaryotic chromosome 
replication using in vitro extracts derived from mammalian cells infected with the SV40 virus have 
revealed similar principles to prokaryotic replication. However, the replication of the cellular genome 
turned out to be an incredibly complex process involving (so far known) as many as 60 different 
proteins, the function of which is still not completely understood. Probably the main reason that can 
explain this difference is that DNA replication is tightly linked to progression of the cell cycle and 
unlike other cellular processes, such as transcription and translation, replication only occurs once, and 
only once in each cell cycle. In the following sections, we will introduce some general basic principles 
of DNA replication. More in-depth information can be found in recent reviews published on this 
subject [1–3]. 

2. Principles of Eukaryotic DNA Replication 

2.1. Pre-RC Formation 

Replication of the DNA requires opening of the double helix to separate the two individual DNA 
strands, a process called melting or unwinding. This process is essential to allow DNA polymerases 
(the enzymes that catalyze the DNA synthesis reaction) to copy the genetic information by synthesis of 
new DNA chains on both DNA strands. Unwinding occurs at specific sites along the chromosomes, the 
so-called DNA replication origins. Unlike prokaryotes in which unwinding is essentially catalyzed by 
one protein (DnaA), in eukaryotes this process requires a sophisticated multi-protein complex 
including the Origin Recognition Complex (ORC) that binds to DNA replication origins ([4] for 
review), and two additional proteins, CDC6 and CDT1 (Figure 1). This multi-protein complex, allows 
recruitment of the putative replicative helicase, the MCM2-7 protein complex, in an ATP-dependent 
manner. This reaction is currently known as “licensing” or pre-RC formation. Structural in vitro 
studies of the budding yeast MCM2-7 complex from reconstituted pre-RC revealed that MCM2-7 is 
loaded on DNA as a salt-resistant head-to-head double hexamer in an ATP-dependent reaction [5,6]. 
This configuration is thought to be necessary for initiation of a pair of bidirectional replication forks. 
More recently, a salt-sensitive intermediate of this reaction that contains a single ORC, CDC6, and 
MCM2-7 (OCM complex) was identified [7]. Hence, it was proposed that in budding yeast CDT1 
recruits MCM2-7 to an ORC-CDC6 complex on DNA in two subsequent rounds prior to formation of 
the MCM2-7 double hexamer. Hydrolysis of ATP by ORC1 and CDC6 is required for both rounds, 
and can also lead to MCM2-7 release if components of the pre-RC are missing [7,8]. In metazoans, the 
Geminin protein, an inhibitor of DNA replication [9], blocks pre-RC formation by interfering with the 
activity of chromatin-bound CDT1 ([10,11] and Figure 1). MCM9, an MCM2-7-related protein that 
appeared during evolution in multicellular organisms [12], has also been implicated in pre-RC 
formation in Xenopus [13], although its role in this reaction is not currently clear [14]. Instead,  
recent data clearly show an important function for this protein, in a complex with another 
multicellular-specific MCM2-7-related protein, MCM8, in homologous recombination [15–17]. The 
MCM2-7 complex is curiously recruited in multiple copies adjacent to DNA replication origins, but it 
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is currently unclear whether upon recruitment, an initial, even partial melting of the double helix 
occurs. Notwithstanding, full unwinding activity of the MCM2-7 helicase depends upon additional 
factors, such as the CDC7 protein kinase, Dpb11/Cut5/Rad4/TopBP1, CDC45, the GINS complex and 
MCM10 (this latter being unrelated to the MCM2-7 protein family) themselves recruited onto pre-RCs 
([18] for review). 

Figure 1. Schematic model of initiation of DNA synthesis. For sake of clarity, a number of 
proteins that make the pre-initiation complex (pre-IC) have been grouped in one complex. 
These include Cdc45, the GINS complex, MCM10, TopBP1, SLD2 and SLD3. A ring-like 
complex of proteins (in blue in the figure) made of Claspin, Timeless and Tipin make the 
Fork Protection Complex that tethers the GMC helicase to the DNA polymerases. RNA 
primers (red waves) are made by the catalytic activity of DNA primase and elongated by 
the catalytic activity of DNA polymerase α (black arrows linked to red waves). 

 

2.2. Pre-IC Formation 

Loading of additional factors onto the pre-RC, namely the CDC45 protein and the GINS complex, 
marks formation of the pre-Initiation Complex (pre-IC) whose assembly requires Cyclin-Dependent 
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Kinase (CDK) activity. Hence, this reaction can be specifically inhibited by CDK Inhibitors (CKI), 
such as p21 or p27 (Figure 1). CDK activity is believed to be important to phosphorylate key factors  
of pre-IC to activate them (see below). CDC45, in turn, allows assembly of initiation complexes by 
recruitment of DNA polymerases α and δ at replication origins [19–21]. Recent studies have shown 
that the MCM2-7 complex physically interacts with CDC45 and the GINS complex forming the  
so-called CMG complex ([22] for review). This complex is believed to constitute the active form of the 
replicative helicase. Structural studies have shown that the CDC45 protein binds to the MCM2-7 
complex onto chromatin and stabilizes the ring-shaped structure of this helicase onto the DNA [23]. 
The CDC7 protein kinase, in a complex with its regulatory subunits Dbf4 or Drf1 (also called DDK, 
for Dbf4- or Drf1-Dependent Kinase), phosphorylates MCM2-7 subunits and stimulates MCM2-7 
function probably facilitating a conformational change in the helicase complex [24,25]. In yeast, two 
additional proteins, SLD2 and SLD3, have also been shown to be required at this step of initiation of 
DNA synthesis. Their phosphorylation by CDKs is an essential step in formation of pre-ICs [26,27] 
and is believed to regulate formation of a complex between Dpb11/TopBP1, SLD2, GINS and DNA 
polymerase ε, and its subsequent recruitment on DNA [26–29]. Another protein, SLD7, was shown to 
form a complex with SLD3 and CDC45, which associates with early-firing origins in a DDK-dependent 
manner and might regulate timing of origin firing in yeast [30,31]. In the future, it will be interesting to 
determine the structural architecture of this multi-protein complex.  

2.3. The Initiation Complex (IC) 

Once activated, the helicase unwinds the DNA thus generating long stretches of single-stranded 
DNA (ssDNA). This reaction introduces topological stress downstream of the unwound DNA, because 
intact DNA molecules are covalently closed. This would not be the case if the DNA is cleaved on one 
strand for instance, since the cleaved DNA strand could freely rotate around the unbroken strand and 
relieve the topological stress introduced by the helicase. Topological stress is removed by the action of 
Topoisomerases, enzymes that catalyze the cleavage and reseal of one (type I and III topoisomerases) 
or two (type II topoisomerases) DNA strands. Although in vitro ssDNA is a substrate for DNA 
polymerases, the recruitment of the latter in vivo depends on the previous binding of the heterotrimeric 
RPA complex, the major ssDNA binding protein. RPA binding stimulates DNA polymerase activity 
onto ssDNA [21,32] and binding of RPA itself may be mediated by the helicase during the unwinding 
reaction [33]. RPA-loaded ssDNA is now competent to recruit the DNA polymerase α/primase 
holoenzyme (Figure 1) which is made of five distinct polypeptides. This complex has the unique 
property to initiate DNA synthesis de novo, that is to say, in the absence of a 3' hydroxyl (OH) end. 
This is due to its associated primase activity which synthesizes short, 10 bases-long, ribonucleotides 
stretches at melted replication origins, that is extended by the catalytic subunit of DNA polymerase α 
(p180). These replication intermediates are then the substrate of another DNA polymerase, Pol δ, 
whose activity is much more processive than that of Pol α and allows efficient replication of the whole 
genome. This is mainly due to complex formation with PCNA, a replication factor that functioning as 
DNA polymerase δ cofactor, strongly stimulates its polymerase activity. PCNA forms a homotrimeric 
ring and is loaded around the DNA in a reaction catalyzed by RF-C. This pentameric protein complex 
catalyzes opening of the PCNA ring in an ATP-dependent manner and resealing it around the DNA [34]. 
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In this reaction, RF-C recognizes the 3' hydroxyl (OH) ends generated by the action of DNA 
polymerase (see Bloom’s chapter in the same special issue). Given the asymmetry of the DNA 
molecule, DNA synthesis must occur continuously on one strand (leading) and discontinuously on the 
opposite strand (lagging strand). Genetic studies in yeast have suggested that another polymerase, 
DNA polymerase ε, which is also required for chromosomal DNA replication, functions on the leading 
strand DNA synthesis [35], and is required for DNA replication in Xenopus [36]. Hence, current 
models of eukaryotic DNA replication propose that efficient, bi-directional DNA synthesis occurs 
through the participation of three replicative DNA polymerases. The structural basis of this complex is 
still not well understood, although an interesting model has been proposed in [37]. 

2.4. Elongation and Termination 

Once the three replicative DNA polymerases are loaded onto the DNA, the replisome is now 
formed. The MCM2-7-related helicase MCM8 was shown to be incorporated to the replisome at this 
stage [38–40], contributing to fork progression probably through specialized DNA or chromatin 
structures and facilitating replication fork restart by homologous recombination [15]. The replication 
machinery is able to duplicate the genome at the amazing average speed of 3000 bp per minute [41], 
making very few or no mistakes. Additional factors are required in the maturation and sealing of  
DNA chains on the lagging strand. Fen1 exonuclease removes the RNA primers from the Okazaki 
fragments, and DNA ligase I seals the gaps left between Okazaki fragments [34]. The above-described 
proteins constitute the basic components of the replication machinery, however other components  
are also present in vivo facilitating replication through regions of the genome difficult to replicate, 
including several DNA helicases, such as Werner and Bloom helicases, as well as translesion DNA 
polymerases [42]. DNA synthesis is bidirectional, that is to say two replisomes originating from one 
single replication origin polymerize DNA chains spreading outwards from the origin, making the basic 
element of a replication domain, also called the replicon [43]. Two replisomes will encounter each 
other when two replicons have been completely replicated. At this stage, the replisome has to be 
unloaded from chromatin. The mechanisms responsible for unloading of the replisome are to date not 
well understood. One possibility might be that collision between two replisomes induces formation of 
a structure resembling a stalled fork that activates accessory proteins facilitating replisome unloading. 
Recently, it has been reported that the MCM-BP protein, may function as unloader of the MCM2-7 
complex form replicated chromatin, although the molecular mechanism of this reaction remains 
unknown [44]. 

3. Cell Cycle Regulation of DNA Synthesis 

3.1. The Licensing Factor Hypothesis 

Unlike other cellular processes, such as transcription and translation, DNA synthesis occurs once, 
and only once during one cell cycle. This stringent control of DNA replication ensures that no regions 
of the DNA will be replicated more than once, thus preventing gene amplification that could be 
deleterious for the cell, as it is known to be the case in cancer cells. Pioneering experiments of 
mammalian cell fusions have shown that nuclei in the G2-phase of the cell cycle are refractory to 
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rereplication and suggested the presence of a diffusible factor that represses re-initiation of DNA 
synthesis within S phase [45]. Further studies using in vitro Xenopus egg extracts have shown that 
permeabilization of the nuclear membrane of G2 nuclei is sufficient to induce re-replication, and led to 
the proposal of Licensing Factor (LF) as a diffusible factor that restrains S-phase to only once-per-cell 
cycle. LF is essential for initiation of DNA synthesis and is recruited onto chromatin following nuclear 
envelope breakdown in M-phase [46], binding to chromatin prior initiation of DNA synthesis to give 
the license to replicate. Currently the “licensing” term is referred to as the loading of the MCM2-7 
helicase to replication origins [47–50]. MCM2-7 proteins are removed from chromatin during 
replication, and they cannot rebind because LF is inactivated (either degraded or exported from the 
nucleus, see below). Cells reacquire the license to replicate only after passing through mitosis, when 
LF becomes reactivated. Biochemical studies in Xenopus [10,51] have led to the identification of the 
CDT1 protein (see Section 2.1) as the best candidate for LF. Evidence for a similar mechanism has 
been provided in mammalian cells [11,52]. CDT1 activity is under tight control; on one hand, CDT1 
activity is repressed by Geminin in S-phase and M-phase, and on the other hand, CDT1 is degraded 
upon initiation of DNA synthesis [53], by a PCNA-dependent mechanism [54]. Consistent with this 
tight regulation, alteration of CDT1 abundance causes re-replication [55–58] and interestingly, the 
extent of re-replication is increased when checkpoints are inhibited [59,60], showing that the 
checkpoint is also able to monitor the extent of DNA synthesis when the licensing control is disrupted. 
To date, the DNA structures that activate the replication checkpoint upon re-replication are not known. 
In yeast, there is no nuclear membrane breakdown in M-phase; hence, licensing regulation is somehow 
different. In budding yeast, CDT1 enters the nucleus together with the MCM2-7 complex and is then 
exported to the cytoplasm after initiation of DNA synthesis [61]. Curiously, in fission yeast CDT1 is 
degraded as in vertebrates after initiation of DNA synthesis, however re-replication requires  
co-expression with CDC6 [62]. 

3.2. Regulation of DNA Synthesis by CDKs 

As for other cell cycle transitions, S-phase progression depends on the activity of CDKs, specific 
threonine-serine protein kinases that phosphorylate specific substrates leading to their activation or 
inactivation at specific cell cycle stages. CDKs activity is in part regulated by cell cycle-dependent 
association with a regulatory subunit, a Cyclin, whose expression and/or stability is cell cycle-dependent. 
Association between a CDK and a specific Cyclin controls cell cycle transitions. For instance, CDK2, 
in a complex with Cyclin E, is believed to be important in controlling the G1 to S phase transition, 
while the CDK2/Cyclin A complex is important for S phase progression. In addition, the CDK/Cyclin 
complex is kept in an inactive form by phosphorylation of specific residues within this complex. This 
inhibitory phosphorylation is then removed by protein phosphatases of the CDC25 family (A through C) 
resulting in activation of the CDK kinase [63]. CDC25A dephosphorylates two inhibitory phosphorylations 
on residues threonine 14 and tyrosine 15 located within the ATP binding loop on CDK1 and CDK2. 
CDK activity is also regulated by specific inhibitors, the CDK inhibitors or CKI [64]. Interestingly, 
analysis of gene function by targeted disruption in mouse has shown that several CDK, such as CDK2 
for instance, is not essential for embryonic development [65]. This is probably due to functional 
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redundancy within the CDK family, and a previous study in yeast has indeed shown that only one 
CDK1/Cyclin B1 complex is sufficient to drive a full cell cycle [66]. 

3.3. G1 to S-Phase Transition 

In mammalian cells, the activity of CDKs, mainly CDK2/Cyclin E and that of CDK4/Cyclin D1, 
has been shown to be important for G1 to S-phase transition. While CDK4/Cyclin D1 appears to be 
important in activating the S-phase specific transcriptional program that derepresses E2F-specifc genes 
through phosphorylation of the retinoblastoma protein, the CDK2/CyclinE complex seems to be 
important in activating the pre-IC complex. To date, the key substrates phosphorylated by this kinase 
are not well known, but the SLD2 and SLD3 proteins appear to be good candidates [26,27]. Their 
phosphorylation could facilitate protein-protein interactions within the pre-IC (namely by creating a 
docking site for TopBP1/Dpb11) thus facilitating MCM2-7 helicase activation. Vertebrate orthologous 
of these genes have not yet been clearly identified. Ticrr/Treslin [67,68] and GEMC1 [69] have been 
proposed as putative candidate for SLD3 orthologues although they do not appear to complement 
mutation in the corresponding yeast mutants [70]. The RecQL4 helicase has been proposed as SLD2 
orthologous, although the vertebrate protein is much bigger than the yeast counterparts. Importantly, 
low CDK activity is required to assemble pre-RC, and a premature raise of CDK activation inhibits 
origin licensing, while inhibition of CDK activity in G2 facilitates re-replication [71]. The combined 
action of DDK and CDK activity is required for S phase progression by phosphorylating specific 
targets [28]. On one hand, CDK2/Cyclin A targets pre-RC components to inactivate them, while on the 
other hand, it targets components of the replication forks, such as RF-C and DNA ligase, stimulating 
their activity [72]. 

4. DNA Damage Response during S-Phase 

Throughout S-phase, replisomes can encounter physiological or environmentally created obstacles 
that disturb their stability and partially block their progression. In this case, replication fork is said to 
have “stalled”. This replication stress event inhibits origin firing in budding yeast and mammalian cells 
through the activation of DNA Damage Response (DDR) pathway [73]. In this section, we will present 
the different DNA structures that can promote the DDR during the S-phase and the molecular bases of 
this pathway. 

4.1. Sources of DNA Damage Acting as Obstacle for the Replisome 

During S-phase, replicating DNA is particularly sensitive to DNA-damaging assaults. DNA breaks 
are the most common lesions experienced by the genome. The study of DNA breaks has received 
considerable attention since they are generated during physiological processes such as homologous 
recombination in meiosis, maturation of B and T lymphocytes or by the action of the enzymes 
involved in DNA compaction, such as DNA topoisomerases [74]. In addition, DNA-damaging agents 
can directly or indirectly induce DNA breaks, which are a major source of chromosome rearrangement 
and genome instability. The presence of breaks in S-phase can lead to replication forks collapse 
followed by recombination resulting in genetic rearrangements [75]. On the Earth’s surface, the most 
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powerful environmental DNA-damaging source remains the ultra-violet (UV) light unabsorbed by  
the ozone layer and which modifies DNA bases pairing. Within the solar spectrum, UV-A light  
(320–400 nm) induces Reactive Oxygen Species (ROS) formation that generates DNA damage in 
cells, and this is the reason why this part of UV light is considered like the most genotoxic wavelength. 
UV-B (280–320 nm) and UV-C (100–280 nm) can be directly absorbed by the DNA molecule 
producing covalent links between two adjacent pyrimidine bases and leads to formation of cyclobutane 
pyrimidine dimers and 6-4 photoproducts. These structural modifications induce the distortion of the 
DNA double helix preventing the progression of the regular replication machinery [76,77]. Since the 
DNA replication fork is asymmetric, it is generally accepted that the location of DNA lesions on the 
replication fork templates can induce different cellular responses. Lagging-strand template lesions 
constitute few obstacles to replication fork progression since DNA synthesis is already discontinuous 
and would leave a gap with a 5' primer end. In contrast, leading-strand template damage induces a 
more pronounced arrest of DNA synthesis and requires repriming to resume DNA synthesis. 

4.2. The Molecular Bases of the DNA Damage Response during S-Phase 

DDR is activated in response to DNA injuries. Depending on the type and the extent of damage, 
DDR can drive cells into apoptosis or senescence, or allows cell survival by activating specific 
mechanisms such as DNA repair or DNA damage tolerance. The proteins involved in these signaling 
pathways (Figure 2 and Table 1) are hierarchically classified into three categories: sensor and mediator 
proteins that recognize the lesion and generate the activation signal; transducer proteins that relay and 
amplify the initiated signal, and finally effector proteins that connect the signal activation with the cell 
cycle machinery [78]. The signal transduction pathways of the DDR that promotes cell cycle arrest 
during ongoing DNA synthesis will be designed as DNA Replication Checkpoint. 

At the apex of the DDR are three kinases belonging to the phosphatidylinositol-3-OH kinase (PI3K 
or PIKK) family: ATM (Ataxia Telangiectasia Mutated), ATR (ATM-and Rad3-related) and DNA-PK 
(DNA-dependent protein kinase). In addition, the Poly (ADP-Ribose) Polymerase-1 (PARP-1) enzyme 
also appears to play a key role at the earliest step of DNA damage signaling ([78] for review). DNA 
double-strand breaks activate PARP-1, ATM and DNA-PK, while ATR is mostly involved in 
monitoring DNA replication stress and other types of DNA damage. Once activated, these kinases 
phosphorylate a conserved motif S/TQ on their substrates. A genome-wide approach has identified as 
many as seven hundred potential substrates of these kinases [79]. It is interesting to note that until very 
recently, ATR, and not ATM, has been considered to be an essential gene for viability in human and 
murine cells [80,81]. However, more recent data now show that also ATM is required for embryonic 
development [82,83]. The ATR-dependent replication checkpoint pathway constitutes a crucial barrier 
required to prevent propagation of mutated-DNA. Hence, identifying which specific structures activate 
ATR, and characterizing in-depth all the mechanisms underlying this specific signaling pathway, 
appears like a key step in understanding maintenance of genetic stability. In the rest of this review, we 
will focus on the role and function of ATR activation at stalled replication forks, which constitutes the 
core of the replication checkpoint. 
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Figure 2. Schematic representation of the replication checkpoint pathway activated 
following DNA damage. DNA damage generated onto the DNA induces activation and/or 
relocalization of sensor and mediator proteins triggering a phosphorylation cascade 
(downwards arrows) that in turn activates soluble, as well as chromatin-bound, transducers 
and effector proteins resulting in cell cycle delay. Once the damage has been repaired 
signaling is inactivated by dephosphorylation (backwards arrows). FPC stands for Fork 
Protection Complex and includes Timeless, Claspin and Tipin proteins. 

 

Table 1. List of proteins implicated in replication checkpoint activation from  
yeast to human. Question marks indicate possible homologous genes or those not yet 
identified homologous. 

Species Gene name H. sapiens X. laevis D. melanogaster C. elegans Yeast (S. cerevisiae/S. pombe) 
ATR ATR ATR Mei-41 atl-1 Mec1 S.c/Rad3 S.p. 

ATRIP ATRIP ATRIP mus 304 ATRIP Ddc2/ATRIP 
TopBP1 TopBP1 TopBP1 mus 101 mus 101 Dbp11/Cut5 

Rad9 Rad9 Rad9 Rad9 Hrp-9 Ddc1/Rad9 
Rad1 Rad1 Rad1 Rad1/Dmel mrt-2 Rad17 
Hus1 Hus1 Hus1 hus1 hus-1 Mec3/Hus1 
Rad17 Rad17 Rad17 Rad17 hrp-17 Rad24/Rad17 
Claspin Claspin Claspin Claspin F25H5.5  Mrc1/Mrc1 

Timeless Timl Tim 1 Tim tim-1 Tof1/Swi1 
Tipin Tipin Tipin Timeout  ? Csm3/Swi3 
CHK1 CHK1 CHK1 grp1/DChk1 CHK1 Chk1/Rad27 

CDC25A CDC25A CDC25A String CDC-25 CDC25 

5. The Replication Checkpoint 

5.1. The S-Phase and Intra S-Phase Checkpoint 

Progression of DNA synthesis is continuously monitored by these sensing pathways that ensure 
both coordination of S-phase with other cell cycle phases as well as control over firing of additional 
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replication origins. The function of the S-phase checkpoint is to delay the cell cycle, such as G1/S 
transition and G2/M through down regulation of CDK activity, mainly CDK2 and/or CDK1. The 
function of the intra-S phase checkpoint is to slow down DNA synthesis and to inhibit additional 
origin firing (mainly late origin firing), to facilitate DNA repair and as such avoid duplication of DNA 
discontinuities. Probably, the best example of activation of the replication checkpoint is when cells 
experience DNA damage, or nucleotides starvation, when entering S-phase. Since the G1 to S-phase 
transition relies upon the activation of CDKs and DDKs kinases, activation of the replication 
checkpoint results in inhibition of these two kinases. In yeast, the checkpoint kinase Rad53 has been 
shown to phosphorylate DBF4 and SLD3 and by consequence to inhibit further origin firing [84]. 
Inactivation of CDK2 is well described and relies upon rapid proteasomal degradation of CDC25A [85], 
a phosphatase that removes an inhibitory phosphorylation on CDK2 (see Section 3.2). In the presence 
of very low levels of CDC25A, CDK2/Cyclin E remains in an inactive form thus blocking S-phase 
entry and/or activation of additional origins. ATM and ATR can also phosphorylate DDKs, in 
particular CDC7/DBF4. However, the effect of checkpoint activation on the kinase activity of this 
complex is controversial. Previous work has shown that activation of the intra S-phase checkpoint 
inactivates CDC7, by dissociation of DBF4 from chromatin [86]. This conclusion has been recently 
challenged [87] and very recent results in both budding yeast and mammalian cells suggest that 
ATM/ATR-dependent phosphorylation of CDC7 does not affect its kinase activity, which is important 
to inhibit rereplication within S-phase [88]. In sum, these results suggest that, while in the absence  
of damage, phosphorylation of CDC7/Dbf4 by CDKs is important for origin activation [28], 
ATM/ATR-dependent phosphorylation inhibits DNA synthesis and/or origin firing during the DNA 
damage response although the kinase activity of CDC7/DBF4 appears to be essential to prevent 
replication fork collapse. 

5.2. Generation of ssDNA after DNA Damage or Replicative Stress 

The most common ATR activation signal involves all processes interfering with DNA replication 
fork progression, a situation also known as replication stress. Replication stress can be induced by 
DNA damage or by inhibition of replicative DNA polymerases activity, either using hydroxyurea (HU) 
that deplete the cellular pool of deoxyribonucleotides or using aphidicolin, a competitive inhibitor of 
DNA polymerases. Certain types of DNA damage can induce replication stress since they alter the 
three dimensional structure of the DNA helix (such as UV, cisplatin, camptothecin amongst others). As 
a consequence, DNA polymerase activity is reduced but not that of the helicase, since it can translocate 
through such lesions. In these situations, a functional uncoupling between the enzymatic activities of 
both DNA polymerases and helicase occurs (Figure 3). The result of this process is the production of 
excess ssDNA, a process commonly known as replication fork uncoupling [21,89]. Replication stress 
that produces an excess of ssDNA results in an increased level of the major ssDNA binding protein 
RPA bound onto chromatin. Curiously, in S. cerevisiae, cells treated with HU only generate a very 
limited amount of ssDNA (up to 200 nucleotides per replication fork) [90]. In contrast in metazoans, 
the length of ssDNA at stalled replication fork is much higher and can reach several kilobases [21,91]. 
The functional and molecular bases of this difference are to date unknown. Other types of DNA 
damage, such as interstrand cross-links, physically inhibit the helicase and by consequence also block 
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the activity of DNA polymerases, since ssDNA formation is reduced, resulting in replication fork stall 
without immediate production of excess ssDNA [75]. However, a limited amount of ssDNA can be 
generated at forks stalled by DSBs following their processing (resection) by the coordinated action of 
nucleases, DNA helicases and associated proteins ([92] for review). Resection is initiated by the 
Mre11, Rad50, Nbs1 complex (MRN) and the Sae2/Ctlp/Ctp1 endonucleases in a 5'–3' direction in a 
process that requires CDK activity. More extensive resection occurs upon recruitment of the 
endonuclease EXO1 (MUS81-EME1, in fission yeast), the RecQ/Sgs1/BLM helicase and the DNA2 
endonuclease. DSB resection generates RPA-coated ssDNA that in turns further stimulates this 
process. CtIP has been shown to be also a necessary actor in the DSB resection in cooperating with 
MRN complex for full ATR activation [93]. Other findings have shed light on a distinct mechanism of 
how an ATR-dependent DNA damage response is mediated by Apurinic/apyrimidinic endonuclease 2 
(APE2) in the oxidative stress response. APE2 promote recruitment of ATR, ATRIP, and Rad9 to 
damage sites and thus participates in oxidative stress-induced Chk1 phosphorylation [94]. 

Figure 3. Schematic representation of two different types of replication stress.  
(A) Progression of a replication fork is represented by leading and lagging strand DNA 
polymerases (yellow circles) tethered to the helicase (in green) by the fork protection 
complex (in blue). In the presence of inhibitors of replicative DNA polymerases or DNA 
distorting lesions (red stars), polymerases stall while the helicase continues to unwind 
DNA producing an excess of unreplicated ssDNA that constitutes the primary substrate for 
checkpoint signaling. (B) Other DNA lesions, such as interstrand crosslinks produced by 
mitomycin C, or specialized DNA and/or chromatin structures, and perhaps proteins bound 
to DSBs, primary halt the progression of the helicase and stall DNA polymerases since 
ssDNA is not immediately produced. This can be produced at a later time as a result of 
resection of a DSB. 
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Double strand breaks are thought to induce replication fork collapse since the replisome would just 
unload from the DNA. Although this is the case in vitro on naked DNA, double strand breaks in vivo 
are likely bound by specific proteins, such as ATM and the MRN complex for instance, which may  
in principle constitute a barrier to the progression of the helicase, thus resulting in stalling of the 
replication fork without production of excess ssDNA. Interestingly, a physical direct interaction 
between ATM and PCNA has been recently reported in mammalian cells [95]. 

5.3. Basic Model for ATR Activation at Stalled Replication Forks 

The current model for ATR activation assumes that ATR is recruited onto ssDNA via an interaction 
with its cofactor ATRIP (ATR-Interacting Protein) and RPA [96,97]. ATR associates with ATRIP in a 
stable stoichiometric complex independently of DNA damage. ATRIP binds directly to RPA-coated 
ssDNA, and is thought to target ATR at sites of replicative stress or DNA damage [98,99]. After 
induction of damage, ATR and ATRIP are located in DNA damage nuclear foci [99] and, in human 
cells, formation of these foci is inhibited when the expression of RPA is downregulated by RNA 
interference [97,100]. In addition, down regulation of RPA also result in inhibition of checkpoint 
activation. These findings have led to the proposal that nucleation of RPA onto ssDNA generated at 
stalled forks is a key determinant of checkpoint activation. However, more recent data in Xenopus egg 
extracts show that recruitment of excess RPA at stalled forks is dispensable for S-phase checkpoint 
activation, while generation of ssDNA is absolutely required [101]. These results are consistent with 
previous observations in mammalian cells showing that RPA is not quantitatively required for 
checkpoint activation [102] and that, in yeast, an RPA mutant that cannot interact with the checkpoint 
clamp 9-1-1 complex (see below) is still checkpoint proficient [103]. Finally, an ATRIP mutant that 
cannot interact with RPA was also shown to normally activate the checkpoint in mammalian cells [98]. 
In addition to its participation in checkpoint activation, RPA is primarily required for the establishment 
of replication forks (see Section 2.3). Thus, without RPA, replication forks cannot be made and 
therefore ssDNA is not stabilized. Hence, it is very likely that removal of RPA from the cell mainly 
inhibits checkpoint activation indirectly—by inhibiting DNA synthesis (see below)—an issue that was 
not previously fully taken into account [104]. Interestingly, some of us have shown that reduced levels 
of RPA induce formation of excess ssDNA and ATR activation, and that in S-phase, ssDNA is not 
processed by exonucleolytic activities [101]. This is not surprising knowing that many other ssDNA 
binding proteins exist in the cell that may protect ssDNA from cleavage [105]. It is thus unlikely that 
in the presence of low levels of RPA, ssDNA is present under naked, unprotected form in the cell. 
However, this substrate may be unstable in mitosis, when cells attempt to segregate chromosomes with 
underreplicated DNA, since it can fuel recombination-based mechanisms, as previously proposed [106]. 
Based on these observations, some of us predicted that hypomorphic mutations in RPA or other 
replication proteins might be a source of replication stress that can trigger genomic instability. In line 
with this possibility, a hypomorphic mutation in RPA was previously shown to induce genetic 
instability and fuel lymphoma in mice [106], and recently, genomic instability has been observed also 
in human cells in which RPA is limiting [107]. In this report, ATR is also suggested to be important to 
limit formation of ssDNA upon replication stress, by inhibiting firing of dormant origins (see Section 5.6). 
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Activation of ATR kinase activity requires recruitment of important ATR activators, the checkpoint 
clamp Rad9-Hus1-Rad1 (9-1-1 complex) and TopBP1 [108]. The heterotrimeric 9-1-1 complex is 
loaded at stalled replication forks in a similar manner to PCNA, which is loaded by RF-C, except  
that loading of this checkpoint clamp complex involves an RF-C-like complex in which the largest 
subunit of RF-C (RFC1) is replaced by Rad17 (RFCRad17) [109,110]. It has been demonstrated that 
binding of the 9-1-1 complex requires the presence of a 5'-end at the junction between double and 
ssDNA [111,112]. Interestingly, although the recruitment of the 9-1-1 complex and ATR onto 
chromatin are independent and both necessary for full ATR activation [111], an in vitro study in  
S. cerevisiae suggests a direct interaction between the C-terminal part of Ddc1 with Mec1 (respectively 
RAD9 and ATR homologues in S. cerevisiae, see Table 1) [113]. 

TopBP1 is a large, multi-functional protein, playing an essential role in both DNA synthesis  
and checkpoint activation [114,115]. These functions of TopBP1 come under separable domains: the  
N-terminal domain is necessary for activation of DNA synthesis, while the C-terminal domain is 
required for checkpoint activation [116,117]. Although TopBP1 function appears not to be essential 
during ongoing DNA synthesis, this protein is found associated with unperturbed replication  
forks [29,118] and may stimulate ATR activity by local specific protein-protein interactions during 
replication fork progression to coordinate the temporal order of origins firing. Several additional 
interactions have been described for TopBP1 in replication checkpoint. Interaction between the 
phosphorylated tail of Rad9 (on serine 387) with BRCT repeats I and II of TopBP1 [119–121]  
and another interaction between TopBP1 with ATR-ATRIP through a specific domain known as  
ATR-Activation Domain or AAD [122,123] localize TopoBP1 for ATR activation. Recruitment of 
high levels of 9-1-1 on chromatin require TopBP1 [124] and stabilization of TopBP1 at stalled forks 
has been shown to be also dependent upon the DNA helicase FANCJ/BACH1 [125]. Finally, 
interaction between TopBP1 and the MDC1 (Mediator of the checkpoint 1) protein has been shown to 
be important for Chk1 phosphorylation after replication stress [126]. Recently, the MRN complex has 
also been implicated in ATR activation through stabilization of TopBP1 [127] and this function 
appears to depend upon its catalytic activity [128]. Altogether, these findings highlight a complex 
structural network of interactions mediated by TopBP1 whose function in the context of the stalled 
replication forks will be very interesting to elucidate in the future. 

Previous observations have proposed a role for DNA synthesis in ATR activation [129,130]. DNA 
primase/polymerase activities were shown to be required for ATR activation at stalled replication 
forks. Since this enzyme is absolutely required to initiate DNA synthesis, these data can be interpreted 
as an indirect role for DNA polymerase α in stimulating replication forks formation. This is well 
illustrated by the observation that the checkpoint is inactive when initiation of DNA synthesis is 
inhibited by Geminin [101,129]. However, a recent study has addressed the requirement of DNA 
synthesis in DNA replication checkpoint [131] and convincingly showed that continued synthesis  
and elongation of new DNA primers on ssDNA templates occurs at replication forks stalled with 
aphidicolin. Since synthesis of these replication intermediates is essential for binding of the 9-1-1 
complex, these findings highlight an additional key step in ATR signaling. Formation of ssDNA  
at arrested forks may be then important to generate replication intermediates that stimulate recruitment 
of the 9-1-1 complex catalyzed by the RFCRad17 complex. Once loaded, the 9-1-1 checkpoint clamp is 
tethered to the ATR-ATRIP complex via the TopBP1 C-terminus, thus leading to ATR activation 
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(Figure 4). Nonetheless, it remains unclear what the precise molecular substrates are that allow ATR 
activation. Recent data suggest that autophosphorylation of ATR is important for its kinase activity. 
Autophosphorylation appears to be dependent on RPA, 9-1-1, and not TopBP1 [132]. A similar model 
based on autophosphorylation was previously proposed for ATM activation [133], suggesting a 
conserved mechanism of activation within the PI3K family. ATM activation has also been shown to 
require generation of small DNA fragments [134]. Short replication intermediates synthesized onto 
ssDNA generated at stalled forks would be the equivalent substrate that stimulates ATR activation (see 
below). Interestingly, ATR can also be activated following processing of a DSB by end-resection (see 
Section 5.2), but the role of small DNA fragments generated in this process remains to be determined. 
Alternatively, ATR may be activated in a different manner in specific situations. 

Figure 4. Speculative model for replication checkpoint activation. Replication fork 
uncoupling generates excess ssDNA (see Figure 3) that is coated by RPA. On the lagging 
strand DNA polymerase, α and δ replicative polymerases catalyze synthesis of short 
replication intermediates (priming reaction). It is not yet clear whether these intermediates 
are also generated on the leading strand, and if this is the case, which is the DNA 
polymerase implicated (question mark). A strong candidate is the recently identified 
Primpol enzyme [135–139]. TLS DNA Pol κ may be implicated in recruitment of the 9-1-1 
complex by stabilization and/or synthesis of short replication intermediates in proximity of 
the ATR-ATRIP complex thus facilitating interaction via TopBP1. The MRN complex 
may facilitate the interaction between TopBP1 and ATR by an as yet unknown mechanism. 
Once activated, ATR may autophosphorylates and phosphorylate chromatin-bound as well 
as soluble substrate (-P). CHK1 is phosphorylated by ATR (A), and phosphorylation is 
potentiated via interaction with Mrc1/Claspin within the FPC (B), although this can  
also occur in the soluble fraction of the nucleus. The green histone on the chromatin 
represents H2AX. 

 

5.4. Role of Replication Fork Uncoupling and RPA Nucleation onto ssDNA DNA Replication 
Checkpoint Activation 

High levels of RPA and DNA polymerases have been observed in Xenopus at forks stalled  
with aphidicolin or UV irradiation [21,129]. This was thought to represent a checkpoint-specific 
recruitment of RPA [104]. However, more recent data strongly suggest that this may not be the case, 
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since nucleation of neither ATRIP [98], nor DNA polymerase α [131] or RPA [101] appear to be 
required for checkpoint activation at arrested forks. Moreover, it has been shown that in Xenopus egg 
extracts, when initiation of DNA synthesis is poisoned by high concentration of aphidicolin, RPA 
nucleates at unwound forks, but the 9-1-1 clamp does not load and checkpoint activation does not 
occur [112]. These observations are entirely consistent with the mode of checkpoint activation of the 
yeast S. cerevisiae that occurs without detectable RPA nucleation at stalled forks [90]. Finally, 
checkpoint activation occurs spontaneously in Xenopus extracts containing a limited amount of RPA 
that do not support its hyperloading at replication forks arrested with aphidicolin [101]. In this 
situation, DNA synthesis is somehow slow and nuclei accumulate high level of ssDNA, suggesting 
spontaneous replication fork uncoupling. Chronic checkpoint activation has also been observed in 
yeast Ctf-4 mutants that are defective in the coupling between DNA polymerases and MCM2-7 
helicase [140], as well as in mutants of the Mrc1 gene [141], a subunit of the Fork Protection Complex 
(FPC, see Section 5.5). Taken together, these observations strongly suggest that the basic feature of 
replication checkpoint activation, conserved from yeast to vertebrate, is the uncoupling of DNA 
synthesis regardless of the length of the ssDNA produced. Hence primed ssDNA generated at stalled 
forks may be the natural substrate that facilitates formation of the ATR-ATRIP-9-1-1-TopBP1 
complex leading to ATR full activation (Figure 4). This process constitutes a fine-tuning mechanism 
that efficiently senses progression of S-phase leading to various degrees of checkpoint activation, 
depending on the extent of replication fork uncoupling. Furthermore, it does not require a specific 
loading of DNA polymerase α, TopBP1 or RPA onto chromatin, since these proteins are already bound 
at the replication forks during a normal S-phase, and recycle onto ssDNA after completion of their 
catalytic activity [34,101,131]. ATR itself binds to chromatin in a replication-dependent manner in the 
absence of replication stress [142]. This model is also consistent with observations in both yeast and 
mammalian cells that colocalization of checkpoint sensors is a minimal sufficient requirement for 
checkpoint activation even in the absence of external damage [143–146]. The question remains of 
whether primed ssDNA is also made on the leading strand at arrested forks, and if this is the case, 
which of the DNA polymerase fulfills this task. An elegant study in E. coli has previously shown that 
the DNA damage tolerance system that involves translesion DNA polymerases is required to resume 
DNA synthesis at replication forks arrested by a DNA lesion generated by the carcinogen AAF [77], 
which is consistent with the observation that primer DNA synthesis continues at arrested forks in 
Xenopus egg extracts [131]. Recent work has provided evidence that one of these enzymes, TLS Pol κ, 
is involved in DNA synthesis at arrested forks in eukaryotic cells, in particular when forks are blocked 
with aphidicolin [147], since translesion DNA polymerases are not sensitive to this drug. TLS pol κ 
was shown to facilitate binding of the 9-1-1 complex at arrested forks, probably by direct physical 
interaction and, therefore, contributing to full Chk1 phosphorylation. 

5.5. Cellular Responses to ATR Activation 

Mediators and Transducers of the S-Phase Checkpoint 

ATR activated at arrested forks phosphorylates various substrates to coordinate cell cycle arrest, 
maintenance of replication fork stability, origin firing and eventually fork restart. ATR phosphorylates 
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soluble substrates as well as chromatin bound substrates (Figures 2 and 4). Probably the best ATR 
characterized chromatin-bound substrate is the histone variant H2AX, known as γH2AX [148]. 
Phosphorylation of H2AX occurs by ATR after replication stress induced by aphidicolin, hydroxyurea 
or DNA distorting lesions, such as those induced by UV damage or cisplatin. An important function of 
H2AX phosphorylation at arrested forks appears to allow recruitment of the checkpoint mediator 
MDC1. Once recruited, MDC1 would act as a scaffold to recruit additional activated ATR molecules 
and propagate H2AX phosphorylation over a long distance, producing the characteristic pan nuclear 
staining observed by immunofluorescence [126]. Amongst other chromatin-bound ATR substrates there 
are MCM2-7 proteins [149], although the specific role of their phosphorylations remains unclear [150]. 
The RPA2 subunit of the RPA complex has also been shown to be phosphorylated by ATR upon 
replication stress [151–153]. Recent work has shown that phosphorylation mutants of RPA2 do not 
interfere with RPA binding to ssDNA and that this post-translational modification is not required for 
activation of the replication checkpoint in both Xenopus and human in vitro systems [154,155]. 
Another study suggests that this modification may be required to resume DNA synthesis facilitating 
replication fork restart [156]. Other replication substrates include subunits of the ORC complex, DNA 
polymerase ε, the RF-C complex and RPA1 [79]. In the future, it will be interesting to determine the 
role of these specific phosphorylations upon the structure/function of the replisome. Mrc1/Claspin can 
also be considered as a mediator of the replication checkpoint since mediates the autophosphorylation 
loop of the CHK1 protein kinase ([157] and see Section 5.6) by direct interaction [158]. Mrc1/Claspin 
is also phosphorylated by ATR and this phosphorylation appears to be important in mediating 
hyperphosphorylation of CHK1 [158–160]. Claspin/Mrc1 associates with two other proteins—
Timeless/Tof1/Swi1 and Tipin/Swi3/Csm3—forming the Fork Protection Complex (FPC) that 
supports CHK1 phosphorylation [161]. FPC is bound to chromatin also during the unperturbed cell 
cycle and mutation in Mrc1 in yeast induce chronic replication fork uncoupling in the absence of 
external damage [136], suggesting an important role of FPC in coordinating helicase and DNA 
polymerases activities. Consistent with this conclusion, subunits of the FPC have been found to 
interact with MCM2-7 proteins [162] and RPA [163]. Interestingly it has been shown that Claspin 
binding to chromatin is not essential for CHK1 phosphorylation in Xenopus egg extracts [164], 
showing that both chromatin-bound and nuclear-soluble forms of the Claspin-CHK1 complex can exist 
and be functional. 

5.6. Transducers 

Amongst soluble ATR targets there is CHK1, a well-known serine-threonine kinase. Once 
phosphorylated, CHK1 prevents S-phase progression by targeting key cell cycle regulators. More 
precisely, ATR phosphorylates CHK1 on two serine residues, S317 and S345 in human cells [165,166] 
and these phosphorylations are enhanced by the mediator protein Mrc1/Claspin. One important aspect 
of ATR activation is the regulation of late origins firing. Previous work has strongly suggested that the 
main function of ATR is to reduce CDK2 activity so as to inhibit further firing of licensed replication 
origins [167,168]. This occurs through CHK1-mediated phosphorylation of the CDC25A phosphatase 
targeting it for proteasomal degradation. Reduction of CDC25A activity in turn inactivates CDK2/Cyclin E 
through inhibition of CDK2 tyrosine 15 dephosphorylation. In this situation, the CDK-dependent step 
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of pre-IC complex assembly cannot occur and replication origins will not fire. Interestingly, the 
identification of replication origins that fire in such a context has been described. These are the  
so-called dormant origins [169], and may represent origins that have the potential to fire but are 
actively repressed by nearby activated origins. The molecular mechanism underlying activation of 
these origins is yet to be discovered, although ATR is implicated [107]. Importantly, failure to activate 
dormant origins results in DNA damage [170]. Another important aspect of ATR activation  
has been for long considered the stabilization of the replisome so as to avoid collapse of arrested or 
paused replication forks. Very recent data have now challenged this model showing that forks are 
stable during a replication forks arrest in checkpoint mutants and suggest that phosphorylation of 
replisome components may be involved in maintenance of intact arrested replication forks ([171] and 
references therein). 

5.7. Effector Proteins 

The phosphorylated form of CHK1 phosphorylates many targets. Recently, the cellular targets of 
this kinase have been identified and found to be soluble as well as chromatin-bound [172]. The 
function of CHK1 phosphorylation of many of these substrates is still unknown. However, molecular 
targets that modulate CDK activity and in turn slow down progression of the cell cycle (effector 
proteins) have been identified. One of the most extensively studied direct CHK1 targets is the master 
cell cycle phosphatase CDC25A. CHK1 phosphorylates CDC25A on Serine 76, which promotes its 
ubiquitin-mediated destruction in order to prevent activation of CDK activity during S-phase. 
Although this phosphatase activates both CDK2/Cyclin E and CDK2/Cyclin A complexes during the 
G1 to S-phase transition [173], it also has been implicated in the G2 to M-phase transition and during 
S-phase upon detection of DNA damage [174]. During mitosis, CDC25A is stabilized while at mitotic 
exit CDC25A is targeted for proteasomal degradation by the anaphase promoting complex/cyclosome 
(APC/C). Upon DNA damage, multiple checkpoints can be activated aiming at reducing CDK activity 
and allowing DNA repair. CDC25A is a very unstable protein which abundance is regulated during 
progression of the cell cycle [175]. The importance of a tight regulation of CDC25A abundance is 
underscored by the observation that it is overexpressed in many human cancers [176] as well as in fast 
proliferating mouse embryonic stem cells [177]. 

6. Conclusions 

The replication checkpoint is a fine-tuned mechanism that allows rapid slow down of S-phase in the 
presence of internal of external cues that interfere with DNA synthesis, so as to preserve genome 
integrity. Analysis of tumors at early stages of transformation has revealed the presence of a high 
degree of replication stress [178,179]. This is believed to be the result of oncogene activation but how 
oncogenes activation triggers replication stress is to date unclear [180]. Future work focusing on this 
issue would be required to give a physical identity to replication stress, for instance by identifying 
DNA structures that are specifically generated by replicative stress. Replication fork arrest constitutes 
the phenotypic manifestation of replication stress. This situation is dangerous since prolonged 
replication fork arrest may induce activation of DNA replication restart and/or recovery pathways, one 
of which is recombination. Excess ssDNA produced at arrested forks can also be deleterious since this 
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substrate could in principle be processed by exonucleolytic cleavage. Though, RPA binding onto 
ssDNA has been important to prevent its degradation. However, in Xenopus egg extracts, a large 
amount of ssDNA can be generated after replicative stress, and it is observed that they are not targeted 
by exonucleolytic cleavage during S-phase [101] nor replication fork collapse (our unpublished 
observations). It could be possible that other ssDNA binding protein may protect ssDNA from 
exonucleolytic degradation or cleavage in the absence of RPA and/or that breakage may occur during 
mitosis. In the future, it would be interesting to identify the proteomic composition of ssDNA and 
determine the role of ssDNA binding factors in ssDNA metabolism and/or stability. 

Although the ATR pathway has been extensively investigated in the past decade, there are  
still many unresolved questions that are yet be addressed. Why so many proteins are needed to 
promote full ATR activation? Is ATR binding to a specific DNA structure? What is the role of ATR 
autophosphorylation? How different activities are coordinated at stalled replication forks? Moreover, 
what is the defined function of the 9-1-1 complex bound to stalled forks? Are there any replication 
intermediates that are generated on the leading strand at stalled forks? What is the contribution of these 
structures to DNA replication checkpoint activation? Are there any other translesion DNA polymerases 
implicated in DNA synthesis at stalled replication forks? These unresolved questions and many more 
related to the mechanism of ATR activation will be the challenging task of future investigations. 

Acknowledgments 

Work in Domenico Maiorano laboratory is funded by grants of the “Fondation ARC pour la 
Recherche sur le Cancer”, “Ligue contre le cancer”, EDF and ANR. 

Author Contributions 

Domenico Maiorano and Nikolay Tsanov wrote Sections 1–3, Bénédicte Recolin wrote Sections 4–5; 
Siem van der Laan wrote Sections 3.2, 3.3 and 5.7; Domenico Maiorano, Bénédicte Recolin and  
Siem van der Laan proofed the article. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. O’Donnell, M.; Langston, L.; Stillman, B. Principles and concepts of DNA replication in bacteria, 
archaea, and eukarya. Cold Spring Harb. Perspect. Biol. 2013, doi:10.1101/cshperspect.a010108. 

2. Li, Y.; Araki, H. Loading and activation of DNA replicative helicases: The key step of initiation 
of DNA replication. Genes Cells 2013, 18, 266–277. 

3. Symeonidou, I.E.; Taraviras, S.; Lygerou, Z. Control over DNA replication in time and space. 
FEBS Lett. 2012, 586, 2803–2812. 

4. Bell, S.P.; Dutta, A. DNA replication in eukaryotic cells. Annu. Rev. Biochem. 2002, 71, 333–374. 



Genes 2014, 5 165 
 

 

5. Remus, D.; Beuron, F.; Tolun, G.; Griffith, J.D.; Morris, E.P.; Diffley, J.F. Concerted loading of 
Mcm2-7 double hexamers around DNA during DNA replication origin licensing. Cell 2009, 139, 
719–730. 

6. Evrin, C.; Clarke, P.; Zech, J.; Lurz, R.; Sun, J.; Uhle, S.; Li, H.; Stillman, B.; Speck, C.  
A double-hexameric MCM2-7 complex is loaded onto origin DNA during licensing of 
eukaryotic DNA replication. Proc. Natl. Acad. Sci. USA 2009, 106, 20240–20245. 

7. Fernandez-Cid, A.; Riera, A.; Tognetti, S.; Herrera, M.C.; Samel, S.; Evrin, C.; Winkler, C.; 
Gardenal, E.; Uhle, S.; Speck, C. An ORC/Cdc6/MCM2-7 complex is formed in a multistep 
reaction to serve as a platform for MCM double-hexamer assembly. Mol. Cell 2013, 50, 577–588. 

8. Frigola, J.; Remus, D.; Mehanna, A.; Diffley, J.F. ATPase-dependent quality control of DNA 
replication origin licensing. Nature 2013, 495, 339–343. 

9. McGarry, T.J.; Kirschner, M.W. Geminin, an inhibitor of DNA replication, is degraded during 
mitosis. Cell 1998, 93, 1043–1053. 

10. Tada, S.; Li, A.; Maiorano, D.; Mechali, M.; Blow, J.J. Repression of origin assembly in 
metaphase depends on inhibition of RLF-B/Cdt1 by geminin. Nat. Cell Biol. 2001, 3, 107–113. 

11. Wohlschlegel, J.A.; Dwyer, B.T.; Dhar, S.K.; Cvetic, C.; Walter, J.C.; Dutta, A. Inhibition of 
eukaryotic DNA replication by geminin binding to cdt1. Science 2000, 290, 2309–2312. 

12. Lutzmann, M.; Maiorano, D.; Mechali, M. Identification of full genes and proteins of MCM9, a 
novel, vertebrate-specific member of the MCM2-8 protein family. Gene 2005, 362, 51–56. 

13. Lutzmann, M.; Mechali, M. MCM9 binds Cdt1 and is required for the assembly of prereplication 
complexes. Mol. Cell 2008, 31, 190–200. 

14. Gambus, A.; Blow, J.J. Mcm8 and Mcm9 form a dimeric complex in Xenopus laevis egg extract 
that is not essential for DNA replication initiation. Cell Cycle 2013, 12, 1225–1232. 

15. Lutzmann, M.; Grey, C.; Traver, S.; Ganier, O.; Maya-Mendoza, A.; Ranisavljevic, N.; Bernex, F.; 
Nishiyama, A.; Montel, N.; Gavois, E.; et al. MCM8- and MCM9-deficient mice reveal 
gametogenesis defects and genome instability due to impaired homologous recombination.  
Mol. Cell 2012, 47, 523–534. 

16. Park, J.; Long, D.T.; Lee, K.Y.; Abbas, T.; Shibata, E.; Negishi, M.; Luo, Y.; Schimenti, J.C.; 
Gambus, A.; Walter, J.C.; et al. The MCM8-MCM9 complex promotes RAD51 recruitment at 
DNA damage sites to facilitate homologous recombination. Mol. Cell. Biol. 2013, 33, 1632–1644. 

17. Nishimura, K.; Ishiai, M.; Horikawa, K.; Fukagawa, T.; Takata, M.; Takisawa, H.; Kanemaki, M.T. 
Mcm8 and Mcm9 form a complex that functions in homologous recombination repair induced by 
DNA interstrand crosslinks. Mol. Cell 2012, 47, 511–522. 

18. Mendez, J.; Stillman, B. Perpetuating the double helix: Molecular machines at eukaryotic DNA 
replication origins. Bioessays 2003, 25, 1158–1167. 

19. Mimura, S.; Takisawa, H. Xenopus Cdc45-dependent loading of DNA polymerase alpha onto 
chromatin under the control of S-phase Cdk. EMBO J. 1998, 17, 5699–5707. 

20. Mimura, S.; Masuda, T.; Matsui, T.; Takisawa, H. Central role for cdc45 in establishing an 
initiation complex of DNA replication in Xenopus egg extracts. Genes Cells 2000, 5, 439–452. 

21. Walter, J.; Newport, J. Initiation of eukaryotic DNA replication: Origin unwinding and 
sequential chromatin association of Cdc45, RPA, and DNA polymerase alpha. Mol. Cell 2000, 5, 
617–627. 



Genes 2014, 5 166 
 

 

22. MacNeill, S.A. Structure and function of the GINS complex, a key component of the eukaryotic 
replisome. Biochem. J. 2010, 425, 489–500. 

23. Costa, A.; Ilves, I.; Tamberg, N.; Petojevic, T.; Nogales, E.; Botchan, M.R.; Berger, J.M. The 
structural basis for MCM2-7 helicase activation by GINS and Cdc45. Nat. Struct. Mol. Biol. 
2010, 18, 471–477. 

24. Sheu, Y.J.; Stillman, B. The Dbf4-Cdc7 kinase promotes S phase by alleviating an inhibitory 
activity in Mcm4. Nature 2010, 463, 113–117. 

25. Randell, J.C.; Fan, A.; Chan, C.; Francis, L.I.; Heller, R.C.; Galani, K.; Bell, S.P. Mec1 is one of 
multiple kinases that prime the Mcm2-7 helicase for phosphorylation by Cdc7. Mol. Cell 2010, 
40, 353–363. 

26. Tanaka, S.; Umemori, T.; Hirai, K.; Muramatsu, S.; Kamimura, Y.; Araki, H. CDK-dependent 
phosphorylation of Sld2 and Sld3 initiates DNA replication in budding yeast. Nature 2007, 445, 
328–332. 

27. Zegerman, P.; Diffley, J.F. Phosphorylation of Sld2 and Sld3 by cyclin-dependent kinases 
promotes DNA replication in budding yeast. Nature 2007, 445, 281–285. 

28. Heller, R.C.; Kang, S.; Lam, W.M.; Chen, S.; Chan, C.S.; Bell, S.P. Eukaryotic origin-dependent 
DNA replication in vitro reveals sequential action of DDK and S-CDK kinases. Cell 2011, 146, 
80–91. 

29. Muramatsu, S.; Hirai, K.; Tak, Y.S.; Kamimura, Y.; Araki, H. CDK-dependent complex 
formation between replication proteins Dpb11, Sld2, Pol (epsilon}, and GINS in budding yeast. 
Genes Dev. 2010, 24, 602–612. 

30. Tanaka, T.; Umemori, T.; Endo, S.; Muramatsu, S.; Kanemaki, M.; Kamimura, Y.; Obuse, C.; 
Araki, H. Sld7, an Sld3-associated protein required for efficient chromosomal DNA replication 
in budding yeast. EMBO J. 2011, 30, 2019–2030. 

31. Natsume, T.; Muller, C.A.; Katou, Y.; Retkute, R.; Gierlinski, M.; Araki, H.; Blow, J.J.; 
Shirahige, K.; Nieduszynski, C.A.; Tanaka, T.U. Kinetochores coordinate pericentromeric 
cohesion and early DNA replication by Cdc7-Dbf4 kinase recruitment. Mol. Cell 2013, 50,  
661–674. 

32. Dorneiter, I.; Erdile, L.F.; Gilbert, I.U.; von Winkler, D.; Kelly, T.J.; Fanning, E. Interaction of 
DNA polymerase a-primase with cellular replication protein A and SV40 T antigen. EMBO 
1992, 11, 769–776. 

33. Jiang, X.; Klimovich, V.; Arunkumar, A.I.; Hysinger, E.B.; Wang, Y.; Ott, R.D.; Guler, G.D.; 
Weiner, B.; Chazin, W.J.; Fanning, E. Structural mechanism of RPA loading on DNA during 
activation of a simple pre-replication complex. EMBO J. 2006, 25, 5516–5526. 

34. Waga, S.; Stillman, B. The DNA replication fork in eukaryotic cells. Annu. Rev. Biochem. 1998, 
67, 721–751. 

35. Pursell, Z.F.; Isoz, I.; Lundstrom, E.B.; Johansson, E.; Kunkel, T.A. Yeast DNA polymerase 
epsilon participates in leading-strand DNA replication. Science 2007, 317, 127–130. 

36. Shikata, K.; Sasa-Masuda, T.; Okuno, Y.; Waga, S.; Sugino, A. The DNA polymerase activity of 
Pol epsilon holoenzyme is required for rapid and efficient chromosomal DNA replication in 
Xenopus egg extracts. BMC Biochem. 2006, 7, 21. 

37. Stillman, B. DNA polymerases at the replication fork in eukaryotes. Mol. Cell 2008, 30, 259–260. 



Genes 2014, 5 167 
 

 

38. Maiorano, D.; Cuvier, O.; Danis, E.; Mechali, M. MCM8 is an MCM2-7-related protein that 
functions as a DNA helicase during replication elongation and not initiation. Cell 2005, 120, 
315–328. 

39. Crevel, G.; Hashimoto, R.; Vass, S.; Sherkow, J.; Yamaguchi, M.; Heck, M.M.; Cotterill, S. 
Differential requirements for MCM proteins in DNA replication in Drosophila S2 cells.  
PLoS One 2007, 2, e833. 

40. Gozuacik, D.; Chami, M.; Lagorce, D.; Faivre, J.; Murakami, Y.; Poch, O.; Biermann, E.; 
Knippers, R.; Brechot, C.; Paterlini-Brechot, P. Identification and functional characterization of a 
new member of the human Mcm protein family: hMcm8. Nucleic Acids Res. 2003, 31, 570–579. 

41. Huberman, J.A.; Riggs, A.D. Autoradiography of chromosomal DNA fibers from Chinese 
hamster cells. Proc. Natl. Acad. Sci. USA 1966, 55, 599–606. 

42. Sarkies, P.; Sale, J.E. Cellular epigenetic stability and cancer. Trends Genet. 2012, 28, 118–127. 
43. Mechali, M. DNA replication origins: From sequence specificity to epigenetics. Nat. Rev. Genet. 

2001, 2, 640–645. 
44. Nishiyama, A.; Frappier, L.; Mechali, M. MCM-BP regulates unloading of the MCM2-7 helicase 

in late S phase. Genes Dev. 2011, 25, 165–175. 
45. Rao, P.N.; Johnson, R.T. Mammalian cell fusion: Studies on the regulation of DNA synthesis 

and mitosis. Nature 1970, 225, 159–164. 
46. Blow, J.J.; Laskey, R. A role for the nuclear envelope in controlling DNA replication within the 

cell cycle. Nature 1988, 332, 546–548. 
47. Chong, J.P.; Mahbubani, H.M.; Khoo, C.-Y.; Blow, J.J. Purification of an MCM-containing 

complex as a component of the DNA replication licensing system. Nature 1995, 375, 418–421. 
48. Cocker, J.H.; Piatti, S.; Santocanale, C.; Nasmyth, K.; Diffley, J.F.X. An essential role for the 

Cdc6 protein in forming the pre-replicative complexes of budding yeast. Nature 1996, 379,  
180–182. 

49. Tada, S. Cdt1 and geminin: Role during cell cycle progression and DNA damage in higher 
eukaryotes. Front. Biosci. 2007, 12, 1629–1641. 

50. Ballabeni, A.; Zamponi, R.; Moore, J.K.; Helin, K.; Kirschner, M.W. Geminin deploys multiple 
mechanisms to regulate Cdt1 before cell division thus ensuring the proper execution of DNA 
replication. Proc. Natl. Acad. Sci. USA 2013, 110, E2848–E2853. 

51. Maiorano, D.; Moreau, J.; Mechali, M. XCDT1 is required for the assembly of pre-replicative 
complexes in Xenopus laevis. Nature 2000, 404, 622–625. 

52. Rialland, M.; Sola, F.; Santocanale, C. Essential role of human CDT1 in DNA replication and 
chromatin licensing. J. Cell Sci. 2002, 115, 1435–1440. 

53. Nishitani, H.; Taraviras, S.; Lygerou, Z.; Nishimoto, T. The human licensing factor for DNA 
replication Cdt1 accumulates in G1 and is destabilized after initiation of S-phase. J. Biol. Chem. 
2001, 276, 44905–44911. 

54. Arias, E.E.; Walter, J.C. PCNA functions as a molecular platform to trigger Cdt1 destruction and 
prevent re-replication. Nat. Cell Biol. 2006, 8, 84–90. 

55. Maiorano, D.; Krasinska, L.; Lutzmann, M.; Mechali, M. Recombinant Cdt1 induces rereplication 
of G2 nuclei in Xenopus egg extracts. Curr. Biol. 2005, 15, 146–153. 



Genes 2014, 5 168 
 

 

56. Li, A.; Blow, J.J. Cdt1 downregulation by proteolysis and geminin inhibition prevents DNA  
re-replication in Xenopus. EMBO J. 2005, 24, 395–404. 

57. Arias, E.E.; Walter, J.C. Replication-dependent destruction of Cdt1 limits DNA replication to a 
single round per cell cycle in Xenopus egg extracts. Genes Dev. 2005, 19, 114–126. 

58. Yoshida, K.; Takisawa, H.; Kubota, Y. Intrinsic nuclear import activity of geminin is essential to 
prevent re-initiation of DNA replication in Xenopus eggs. Genes Cells 2005, 10, 63–73. 

59. Lutzmann, M.; Maiorano, D.; Mechali, M. A Cdt1-geminin complex licenses chromatin for DNA 
replication and prevents rereplication during S phase in Xenopus. EMBO J. 2006, 25, 5764–5774. 

60. Vaziri, C.; Saxena, S.; Jeon, Y.; Lee, C.; Murata, K.; Machida, Y.; Wagle, N.; Hwang, D.S.; 
Dutta, A. A p53-dependent checkpoint pathway prevents rereplication. Mol. Cell 2003, 11,  
997–1008. 

61. Labib, K.; Diffley, J.F.; Kearsey, S.E. G1-phase and B-type cyclins exclude the DNA-replication 
factor Mcm4 from the nucleus. Nat. Cell Biol. 1999, 1, 415–422. 

62. Nishitani, H.; Lygerou, Z.; Nishimoto, T.; Nurse, P. The Cdt1 protein is required to license DNA 
for replication in fission yeast. Nature 2000, 404, 625–628. 

63. Uhlmann, F.; Bouchoux, C.; Lopez-Aviles, S. A quantitative model for cyclin-dependent  
kinase control of the cell cycle: Revisited. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2011, 366, 
3572–3583. 

64. Starostina, N.G.; Kipreos, E.T. Multiple degradation pathways regulate versatile CIP/KIP CDK 
inhibitors. Trends Cell Biol. 2011, 22, 33–41. 

65. Santamaria, D.; Barriere, C.; Cerqueira, A.; Hunt, S.; Tardy, C.; Newton, K.; Caceres, J.F.; 
Dubus, P.; Malumbres, M.; Barbacid, M. Cdk1 is sufficient to drive the mammalian cell cycle. 
Nature 2007, 448, 811–815. 

66. Fisher, D.; Nurse, P. A single fission yeast mitotic cyclin B-p34cdc2 kinase promotes both  
S-phase and mitosis in the absence of G1-cyclins. EMBO J. 1996, 15, 850–860. 

67. Sansam, C.L.; Cruz, N.M.; Danielian, P.S.; Amsterdam, A.; Lau, M.L.; Hopkins, N.; Lees, J.A. 
A vertebrate gene, ticrr, is an essential checkpoint and replication regulator. Genes Dev. 2010, 
24, 183–194. 

68. Kumagai, A.; Shevchenko, A.; Dunphy, W.G. Treslin collaborates with TopBP1 in triggering the 
initiation of DNA replication. Cell 2010, 140, 349–359. 

69. Balestrini, A.; Cosentino, C.; Errico, A.; Garner, E.; Costanzo, V. GEMC1 is a TopBP1-interacting 
protein required for chromosomal DNA replication. Nat. Cell Biol. 2010, 12, 484–491. 

70. Wang, Z.; Kim, E.; Leffak, M.; Xu, Y.J. Treslin, DUE-B, and GEMC1 cannot complement Sld3 
mutants in fission yeast. FEMS Yeast Res. 2012, 12, 486–490. 

71. Stern, B.; Nurse, P. A quantitative model for the cdc2 control of S phase and mitosis in fission 
yeast. Trends Genet. 1996, 12, 345–350. 

72. Koundrioukoff, S.; Jonsson, Z.O.; Hasan, S.; de Jong, R.N.; van der Vliet, P.C.; Hottiger, M.O.; 
Hubscher, U. A direct interaction between proliferating cell nuclear antigen (PCNA) and Cdk2 
targets PCNA-interacting proteins for phosphorylation. J. Biol. Chem. 2000, 275, 22882–22887. 

73. Hartwell, L.H.; Weinert, T.A. Checkpoints: Controls that ensure the order of cell cycle events. 
Science 1989, 246, 629–634. 



Genes 2014, 5 169 
 

 

74. Symington, L.S.; Gautier, J. Double-strand break end resection and repair pathway choice.  
Annu. Rev. Genet. 2011, 45, 247–271. 

75. Lambert, S.; Carr, A.M. Checkpoint responses to replication fork barriers. Biochimie 2005, 87, 
591–602. 

76. Rupp, W.D.; Howard-Flanders, P. Discontinuities in the DNA synthesized in an excision-defective 
strain of Escherichia coli following ultraviolet irradiation. J. Mol. Biol. 1968, 31, 291–304. 

77. Pages, V.; Fuchs, R.P. Uncoupling of leading- and lagging-strand DNA replication during lesion 
bypass in vivo. Science 2003, 300, 1300–1303. 

78. Ciccia, A.; Elledge, S.J. The DNA damage response: Making it safe to play with knives.  
Mol. Cell 2010, 40, 179–204. 

79. Matsuoka, S.; Ballif, B.A.; Smogorzewska, A.; McDonald, E.R., 3rd; Hurov, K.E.; Luo, J.; 
Bakalarski, C.E.; Zhao, Z.; Solimini, N.; Lerenthal, Y.; et al. ATM and ATR substrate analysis 
reveals extensive protein networks responsive to DNA damage. Science 2007, 316, 1160–1166. 

80. Brown, E.J.; Baltimore, D. ATR disruption leads to chromosomal fragmentation and early 
embryonic lethality. Genes Dev. 2000, 14, 397–402. 

81. De Klein, A.; Muijtjens, M.; van Os, R.; Verhoeven, Y.; Smit, B.; Carr, A.M.; Lehmann, A.R.; 
Hoeijmakers, J.H. Targeted disruption of the cell-cycle checkpoint gene ATR leads to early 
embryonic lethality in mice. Curr. Biol. 2000, 10, 479–482. 

82. Daniel, J.A.; Pellegrini, M.; Lee, B.S.; Guo, Z.; Filsuf, D.; Belkina, N.V.; You, Z.; Paull, T.T.; 
Sleckman, B.P.; Feigenbaum, L.; et al. Loss of ATM kinase activity leads to embryonic lethality 
in mice. J. Cell Biol. 2012, 198, 295–304. 

83. Yamamoto, K.; Wang, Y.; Jiang, W.; Liu, X.; Dubois, R.L.; Lin, C.S.; Ludwig, T.; Bakkenist, C.J.; 
Zha, S. Kinase-dead ATM protein causes genomic instability and early embryonic lethality in 
mice. J. Cell Biol. 2012, 198, 305–313. 

84. Zegerman, P.; Diffley, J.F. Checkpoint-dependent inhibition of DNA replication initiation by 
Sld3 and Dbf4 phosphorylation. Nature 2010, 467, 474–478. 

85. Mailand, N.; Falck, J.; Lukas, C.; Syljuasen, R.G.; Welcker, M.; Bartek, J.; Lukas, J. Rapid 
destruction of human Cdc25A in response to DNA damage. Science 2000, 288, 1425–1429. 

86. Costanzo, V.; Robertson, K.; Ying, C.Y.; Kim, E.; Avvedimento, E.; Gottesman, M.; Grieco, D.; 
Gautier, J. Reconstitution of an ATM-dependent checkpoint that inhibits chromosomal DNA 
replication following DNA damage. Mol. Cell 2000, 6, 649–659. 

87. Tsuji, T.; Lau, E.; Chiang, G.G.; Jiang, W. The role of Dbf4/Drf1-dependent kinase Cdc7 in 
DNA-damage checkpoint control. Mol. Cell 2008, 32, 862–869. 

88. Lee, A.Y.; Chiba, T.; Truong, L.N.; Cheng, A.N.; Do, J.; Cho, M.J.; Chen, L.; Wu, X. Dbf4 is 
direct downstream target of ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and 
Rad3-related (ATR) protein to regulate intra-S-phase checkpoint. J. Biol. Chem. 2012, 287, 
2531–2543. 

89. Byun, T.S.; Pacek, M.; Yee, M.C.; Walter, J.C.; Cimprich, K.A. Functional uncoupling of MCM 
helicase and DNA polymerase activities activates the ATR-dependent checkpoint. Genes Dev. 
2005, 19, 1040–1052. 

90. Sogo, J.M.; Lopes, M.; Foiani, M. Fork reversal and ssDNA accumulation at stalled replication 
forks owing to checkpoint defects. Science 2002, 297, 599–602. 



Genes 2014, 5 170 
 

 

91. Lonn, U.; Lonn, S. Extensive regions of single-stranded DNA in aphidicolin-treated melanoma 
cells. Biochemistry 1988, 27, 566–570. 

92. Gobbini, E.; Cesena, D.; Galbiati, A.; Lockhart, A.; Longhese, M.P. Interplays between 
ATM/Tel1 and ATR/Mec1 in sensing and signaling DNA double-strand breaks. DNA Repair 
2013, 12, 791–799. 

93. D’Amours, D.; Jackson, S.P. The Mre11 complex: At the crossroads of dna repair and 
checkpoint signalling. Nat. Rev. Mol. Cell Biol. 2002, 3, 317–327. 

94. Willis, J.; Patel, Y.; Lentz, B.L.; Yan, S. APE2 is required for ATR-Chk1 checkpoint activation 
in response to oxidative stress. Proc. Natl. Acad. Sci. USA 2013, 110, 10592–10597. 

95. Gamper, A.M.; Choi, S.; Matsumoto, Y.; Banerjee, D.; Tomkinson, A.E.; Bakkenist, C.J. ATM 
protein physically and functionally interacts with proliferating cell nuclear antigen to regulate 
DNA synthesis. J. Biol. Chem. 2012, 287, 12445–12454. 

96. Costanzo, V.; Shechter, D.; Lupardus, P.J.; Cimprich, K.A.; Gottesman, M.; Gautier, J. An  
ATR- and Cdc7-dependent DNA damage checkpoint that inhibits initiation of DNA replication. 
Mol. Cell 2003, 11, 203–213. 

97. Zou, L.; Liu, D.; Elledge, S.J. Replication protein A-mediated recruitment and activation of 
Rad17 complexes. Proc. Natl. Acad. Sci. USA 2003, 100, 13827–13832. 

98. Ball, H.L.; Myers, J.S.; Cortez, D. ATRIP binding to replication protein A-single-stranded DNA 
promotes ATR-ATRIP localization but is dispensable for Chk1 phosphorylation. Mol. Biol. Cell 
2005, 16, 2372–2381. 

99. Cortez, D.; Guntuku, S.; Qin, J.; Elledge, S.J. ATR and ATRIP: Partners in checkpoint signaling. 
Science 2001, 294, 1713–1716. 

100. Dart, D.A.; Adams, K.E.; Akerman, I.; Lakin, N.D. Recruitment of the cell cycle checkpoint 
kinase ATR to chromatin during S-phase. J. Biol. Chem. 2004, 279, 16433–16440. 

101. Recolin, B.; van der Laan, S.; Maiorano, D. Role of replication protein A as sensor in activation 
of the S-phase checkpoint in Xenopus egg extracts. Nucleic Acids Res. 2012, 40, 3431–3442. 

102. Dodson, G.E.; Shi, Y.; Tibbetts, R.S. DNA replication defects, spontaneous DNA damage, and 
ATM-dependent checkpoint activation in replication protein A-deficient cells. J. Biol. Chem. 
2004, 279, 34010–34014. 

103. Lucca, C.; Vanoli, F.; Cotta-Ramusino, C.; Pellicioli, A.; Liberi, G.; Haber, J.; Foiani, M. 
Checkpoint-mediated control of replisome-fork association and signalling in response to 
replication pausing. Oncogene 2004, 23, 1206–1213. 

104. Zou, L.; Elledge, S.J. Sensing DNA damage through ATRIP recognition of RPA-ssDNA 
complexes. Science 2003, 300, 1542–1548. 

105. Ashton, N.W.; Bolderson, E.; Cubeddu, L.; O’Byrne, K.J.; Richard, D.J. Human single-stranded 
DNA binding proteins are essential for maintaining genomic stability. BMC Mol. Biol. 2013, 14, 9. 

106. Wang, Y.; Putnam, C.D.; Kane, M.F.; Zhang, W.; Edelmann, L.; Russell, R.; Carrion, D.V.; 
Chin, L.; Kucherlapati, R.; Kolodner, R.D.; et al. Mutation in Rpa1 results in defective DNA 
double-strand break repair, chromosomal instability and cancer in mice. Nat. Genet. 2005, 37, 
750–755. 



Genes 2014, 5 171 
 

 

107. Toledo, L.I.; Altmeyer, M.; Rask, M.B.; Lukas, C.; Larsen, D.H.; Povlsen, L.K.; Bekker-Jensen, S.; 
Mailand, N.; Bartek, J.; Lukas, J. ATR prohibits replication catastrophe by preventing global 
exhaustion of RPA. Cell 2013, 155, 1088–1103. 

108. Cimprich, K.A.; Cortez, D. ATR: An essential regulator of genome integrity. Nat. Rev. Mol.  
Cell Biol. 2008, 9, 616–627. 

109. Bermudez, V.P.; Lindsey-Boltz, L.A.; Cesare, A.J.; Maniwa, Y.; Griffith, J.D.; Hurwitz, J.; 
Sancar, A. Loading of the human 9-1-1 checkpoint complex onto DNA by the checkpoint clamp 
loader hRad17-replication factor C complex in vitro. Proc. Natl. Acad. Sci. USA 2003, 100, 
1633–1638. 

110. Ellison, V.; Stillman, B. Biochemical characterization of DNA damage checkpoint complexes: 
Clamp loader and clamp complexes with specificity for 5' recessed DNA. PLoS Biol. 2003, 1, E33. 

111. Zou, L.; Cortez, D.; Elledge, S.J. Regulation of ATR substrate selection by Rad17-dependent 
loading of Rad9 complexes onto chromatin. Genes Dev. 2002, 16, 198–208. 

112. MacDougall, C.A.; Byun, T.S.; Van, C.; Yee, M.C.; Cimprich, K.A. The structural determinants 
of checkpoint activation. Genes Dev. 2007, 21, 898–903. 

113. Majka, J.; Binz, S.K.; Wold, M.S.; Burgers, P.M. Replication protein A directs loading of the 
DNA damage checkpoint clamp to 5'-DNA junctions. J. Biol. Chem. 2006, 281, 27855–27861. 

114. Hashimoto, Y.; Takisawa, H. Xenopus Cut5 is essential for a CDK-dependent process in the 
initiation of DNA replication. EMBO J. 2003, 22, 2526–2535. 

115. Parrilla-Castellar, E.R.; Karnitz, L.M. Cut5 is required for the binding of Atr and DNA 
polymerase alpha to genotoxin-damaged chromatin. J. Biol. Chem. 2003, 278, 45507–45511. 

116. Hashimoto, Y.; Tsujimura, T.; Sugino, A.; Takisawa, H. The phosphorylated C-terminal domain 
of Xenopus Cut5 directly mediates ATR-dependent activation of Chk1. Genes Cells 2006, 11, 
993–1007. 

117. Yan, S.; Lindsay, H.D.; Michael, W.M. Direct requirement for Xmus101 in ATR-mediated 
phosphorylation of Claspin bound Chk1 during checkpoint signaling. J. Cell Biol. 2006, 173, 
181–186. 

118. Handa, T.; Kanke, M.; Takahashi, T.S.; Nakagawa, T.; Masukata, H. DNA  
polymerization-independent functions of DNA polymerase epsilon in assembly and progression 
of the replisome in fission yeast. Mol. Biol. Cell 2012, 23, 3240–3253. 

119. Delacroix, S.; Wagner, J.M.; Kobayashi, M.; Yamamoto, K.; Karnitz, L.M. The Rad9-Hus1-Rad1 
(9-1-1) clamp activates checkpoint signaling via TopBP1. Genes Dev. 2007, 21, 1472–1477. 

120. Lee, J.; Kumagai, A.; Dunphy, W.G. The Rad9-Hus1-Rad1 checkpoint clamp regulates 
interaction of TopBP1 with ATR. J. Biol. Chem. 2007, 282, 28036–28044. 

121. Furuya, K.; Poitelea, M.; Guo, L.; Caspari, T.; Carr, A.M. Chk1 activation requires Rad9 S/TQ-site 
phosphorylation to promote association with C-terminal BRCT domains of Rad4TOPBP1.  
Genes Dev. 2004, 18, 1154–1164. 

122. Mordes, D.A.; Glick, G.G.; Zhao, R.; Cortez, D. TopBP1 activates ATR through ATRIP and a 
PIKK regulatory domain. Genes Dev. 2008, 22, 1478–1489. 

123. Kumagai, A.; Lee, J.; Yoo, H.Y.; Dunphy, W.G. TopBP1 activates the ATR-ATRIP complex. 
Cell 2006, 124, 943–955. 



Genes 2014, 5 172 
 

 

124. Yan, S.; Michael, W.M. TopBP1 and DNA polymerase alpha-mediated recruitment of the 9-1-1 
complex to stalled replication forks: Implications for a replication restart-based mechanism for 
ATR checkpoint activation. Cell Cycle 2009, 8, 2877–2884. 

125. Gong, Z.; Kim, J.E.; Leung, C.C.; Glover, J.N.; Chen, J. BACH1/FANCJ acts with TopBP1 and 
participates early in DNA replication checkpoint control. Mol. Cell 2010, 37, 438–446. 

126. Wang, J.; Gong, Z.; Chen, J. MDC1 collaborates with TopBP1 in DNA replication checkpoint 
control. J. Cell Biol. 2011, 193, 267–273. 

127. Duursma, A.M.; Driscoll, R.; Elias, J.E.; Cimprich, K.A. A role for the MRN complex in ATR 
activation via TOPBP1 recruitment. Mol. Cell 2013, 50, 116–122. 

128. Lee, J.; Dunphy, W.G. The Mre11-Rad50-Nbs1 (MRN) complex has a specific role in the 
activation of Chk1 in response to stalled replication forks. Mol. Biol. Cell 2013, 24, 1343–1353. 

129. Michael, W.M.; Ott, R.; Fanning, E.; Newport, J. Activation of the DNA replication checkpoint 
through RNA synthesis by primase. Science 2000, 289, 2133–2137. 

130. Lupardus, P.J.; Byun, T.; Yee, M.C.; Hekmat-Nejad, M.; Cimprich, K.A. A requirement for 
replication in activation of the ATR-dependent DNA damage checkpoint. Genes Dev. 2002, 16, 
2327–2332. 

131. Van, C.; Yan, S.; Michael, W.M.; Waga, S.; Cimprich, K.A. Continued primer synthesis at 
stalled replication forks contributes to checkpoint activation. J. Cell Biol. 2010, 189, 233–246. 

132. Liu, S.; Shiotani, B.; Lahiri, M.; Marechal, A.; Tse, A.; Leung, C.C.; Glover, J.N.; Yang, X.H.; 
Zou, L. ATR autophosphorylation as a molecular switch for checkpoint activation. Mol. Cell 
2011, 43, 192–202. 

133. Bakkenist, C.J.; Kastan, M.B. DNA damage activates ATM through intermolecular 
autophosphorylation and dimer dissociation. Nature 2003, 421, 499–506. 

134. Jazayeri, A.; Balestrini, A.; Garner, E.; Haber, J.E.; Costanzo, V. Mre11-Rad50-Nbs1-dependent 
processing of DNA breaks generates oligonucleotides that stimulate ATM activity. EMBO J. 
2008, 27, 1953–1962. 

135. Helleday, T. PrimPol breaks replication barriers. Nat. Struct. Mol. Biol. 2013, 20, 1348–1350. 
136. Bianchi, J.; Rudd, S.G.; Jozwiakowski, S.K.; Bailey, L.J.; Soura, V.; Taylor, E.; Stevanovic, I.; 

Green, A.J.; Stracker, T.H.; Lindsay, H.D.; et al. PrimPol bypasses UV photoproducts during 
eukaryotic chromosomal DNA replication. Mol. Cell 2013, 52, 566–573. 

137. Mouron, S.; Rodriguez-Acebes, S.; Martinez-Jimenez, M.I.; Garcia-Gomez, S.; Chocron, S.; 
Blanco, L.; Mendez, J. Repriming of DNA synthesis at stalled replication forks by human 
PrimPol. Nat. Struct. Mol. Biol. 2013, 20, 1383–1389. 

138. Wan, L.; Lou, J.; Xia, Y.; Su, B.; Liu, T.; Cui, J.; Sun, Y.; Lou, H.; Huang, J. 
hPrimpol1/CCDC111 is a human DNA primase-polymerase required for the maintenance of 
genome integrity. EMBO Rep. 2013, 14, 1104–1112. 

139. Garcia-Gomez, S.; Reyes, A.; Martinez-Jimenez, M.I.; Chocron, E.S.; Mouron, S.; Terrados, G.; 
Powell, C.; Salido, E.; Mendez, J.; Holt, I.J.; et al. PrimPol, an archaic primase/polymerase 
operating in human cells. Mol. Cell 2013, 52, 541–553. 

140. Gambus, A.; van Deursen, F.; Polychronopoulos, D.; Foltman, M.; Jones, R.C.; Edmondson, R.D.; 
Calzada, A.; Labib, K. A key role for Ctf4 in coupling the MCM2-7 helicase to DNA polymerase 
alpha within the eukaryotic replisome. EMBO J. 2009, 28, 2992–3004. 



Genes 2014, 5 173 
 

 

141. Katou, Y.; Kanoh, Y.; Bando, M.; Noguchi, H.; Tanaka, H.; Ashikari, T.; Sugimoto, K.; 
Shirahige, K. S-phase checkpoint proteins Tof1 and Mrc1 form a stable replication-pausing 
complex. Nature 2003, 424, 1078–1083. 

142. Hekmat-Nejad, M.; You, Z.; Yee, M.C.; Newport, J.W.; Cimprich, K.A. Xenopus ATR is a 
replication-dependent chromatin-binding protein required for the DNA replication checkpoint. 
Curr. Biol. 2000, 10, 1565–1573. 

143. Bonilla, C.Y.; Melo, J.A.; Toczyski, D.P. Colocalization of sensors is sufficient to activate the 
DNA damage checkpoint in the absence of damage. Mol. Cell 2008, 30, 267–276. 

144. Melo, J.A.; Cohen, J.; Toczyski, D.P. Two checkpoint complexes are independently recruited to 
sites of DNA damage in vivo. Genes Dev. 2001, 15, 2809–2821. 

145. Soutoglou, E.; Misteli, T. Activation of the cellular DNA damage response in the absence of 
DNA lesions. Science 2008, 320, 1507–1510. 

146. Berens, T.J.; Toczyski, D.P. Colocalization of Mec1 and Mrc1 is sufficient for Rad53 
phosphorylation in vivo. Mol. Biol. Cell 2012, 23, 1058–1067. 

147. Betous, R.; Pillaire, M.J.; Pierini, L.; van der Laan, S.; Recolin, B.; Ohl-Seguy, E.; Guo, C.; 
Niimi, N.; Gruz, P.; Nohmi, T.; et al. DNA polymerase kappa-dependent DNA synthesis at 
stalled replication forks is important for CHK1 activation. EMBO J. 2013, 32, 2172–2185. 

148. Ward, I.M.; Chen, J. Histone H2AX is phosphorylated in an ATR-dependent manner in response 
to replicational stress. J. Biol. Chem. 2001, 276, 47759–47762. 

149. Ishimi, Y.; Komamura-Kohno, Y.; Kwon, H.J.; Yamada, K.; Nakanishi, M. Identification of 
MCM4 as a target of the DNA replication block checkpoint system. J. Biol. Chem. 2003, 278, 
24644–24650. 

150. Shechter, D.; Gautier, J. MCM proteins and checkpoint kinases get together at the fork.  
Proc. Natl. Acad. Sci. USA 2004, 101, 10845–10846. 

151. Robison, J.G.; Elliott, J.; Dixon, K.; Oakley, G.G. Replication protein A and the 
Mre11.Rad50.Nbs1 complex co-localize and interact at sites of stalled replication forks.  
J. Biol. Chem. 2004, 279, 34802–34810. 

152. Carty, M.P.; Zernik-Kobak, M.; McGrath, S.; Dixon, K. UV light-induced DNA synthesis arrest 
in HeLa cells is associated with changes in phosphorylation of human single-stranded  
DNA-binding protein. EMBO J. 1994, 13, 2114–2123. 

153. Shao, R.G.; Cao, C.X.; Zhang, H.; Kohn, K.W.; Wold, M.S.; Pommier, Y. Replication-mediated 
DNA damage by camptothecin induces phosphorylation of RPA by DNA-dependent protein 
kinase and dissociates RPA:DNA-PK complexes. EMBO J. 1999, 18, 1397–1406. 

154. Recolin, B.; Maiorano, D. Implication of RPA32 phosphorylation in S-phase checkpoint 
signalling at replication forks stalled with aphidicolin in Xenopus egg extracts. Biochem. Biophys. 
Res. Commun. 2012, 427, 785–789. 

155. Lindsey-Boltz, L.A.; Reardon, J.T.; Wold, M.S.; Sancar, A. In vitro analysis of the role of RPA 
and RPA phosphorylation in ATR-mediated checkpoint signaling. J. Biol. Chem. 2012, 287, 
36123–36131. 

  



Genes 2014, 5 174 
 

 

156. Liu, S.; Opiyo, S.O.; Manthey, K.; Glanzer, J.G.; Ashley, A.K.; Amerin, C.; Troksa, K.; 
Shrivastav, M.; Nickoloff, J.A.; Oakley, G.G. Distinct roles for DNA-PK, ATM and ATR  
in RPA phosphorylation and checkpoint activation in response to replication stress. Nucleic 
Acids Res. 2012, 40, 10780–10794. 

157. Kumagai, A.; Guo, Z.; Emami, K.H.; Wang, S.X.; Dunphy, W.G. The Xenopus Chk1 protein 
kinase mediates a caffeine-sensitive pathway of checkpoint control in cell-free extracts.  
J. Cell Biol. 1998, 142, 1559–1569. 

158. Lee, J.; Kumagai, A.; Dunphy, W.G. Claspin, a Chk1-regulatory protein, monitors DNA 
replication on chromatin independently of RPA, ATR, and Rad17. Mol. Cell 2003, 11, 329–340. 

159. Naylor, M.L.; Li, J.M.; Osborn, A.J.; Elledge, S.J. Mrc1 phosphorylation in response to DNA 
replication stress is required for Mec1 accumulation at the stalled fork. Proc. Natl. Acad. Sci. USA 
2009, 106, 12765–12770. 

160. Lin, S.Y.; Li, K.; Stewart, G.S.; Elledge, S.J. Human Claspin works with BRCA1 to both 
positively and negatively regulate cell proliferation. Proc. Natl. Acad. Sci. USA 2004, 101,  
6484–6489. 

161. Unsal-Kacmaz, K.; Chastain, P.D.; Qu, P.P.; Minoo, P.; Cordeiro-Stone, M.; Sancar, A.; 
Kaufmann, W.K. The human Tim/Tipin complex coordinates an Intra-S checkpoint response to 
UV that slows replication fork displacement. Mol. Cell. Biol. 2007, 27, 3131–3142. 

162. Numata, Y.; Ishihara, S.; Hasegawa, N.; Nozaki, N.; Ishimi, Y. Interaction of human MCM2-7 
proteins with TIM, TIPIN and Rb. J. Biochem. 2010, 147, 917–927. 

163. Kemp, M.G.; Akan, Z.; Yilmaz, S.; Grillo, M.; Smith-Roe, S.L.; Kang, T.H.; Cordeiro-Stone, M.; 
Kaufmann, W.K.; Abraham, R.T.; Sancar, A.; et al. Tipin-replication protein A interaction 
mediates Chk1 phosphorylation by ATR in response to genotoxic stress. J. Biol. Chem. 2010, 
285, 16562–16571. 

164. Lee, J.; Gold, D.A.; Shevchenko, A.; Dunphy, W.G. Roles of replication fork-interacting and 
Chk1-activating domains from claspin in a DNA replication checkpoint response. Mol. Biol. Cell 
2005, 16, 5269–5282. 

165. Liu, Q.; Guntuku, S.; Cui, X.S.; Matsuoka, S.; Cortez, D.; Tamai, K.; Luo, G.; Carattini-Rivera, S.; 
DeMayo, F.; Bradley, A.; et al. Chk1 is an essential kinase that is regulated by Atr and required 
for the G(2)/M DNA damage checkpoint. Genes Dev. 2000, 14, 1448–1459. 

166. Lopez-Girona, A.; Tanaka, K.; Chen, X.B.; Baber, B.A.; McGowan, C.H.; Russell, P. Serine-345 
is required for Rad3-dependent phosphorylation and function of checkpoint kinase Chk1 in 
fission yeast. Proc. Natl. Acad. Sci. USA 2001, 98, 11289–11294. 

167. Santocanale, C.; Diffley, J.F. A Mec1- and Rad53-dependent checkpoint controls late-firing 
origins of DNA replication. Nature 1998, 395, 615–618. 

168. Shechter, D.; Costanzo, V.; Gautier, J. ATR and ATM regulate the timing of DNA replication 
origin firing. Nat. Cell Biol. 2004, 6, 648–655. 

169. Woodward, A.M.; Gohler, T.; Luciani, M.G.; Oehlmann, M.; Ge, X.; Gartner, A.; Jackson, D.A.; 
Blow, J.J. Excess Mcm2-7 license dormant origins of replication that can be used under 
conditions of replicative stress. J. Cell Biol. 2006, 173, 673–683. 

170. Ge, X.Q.; Jackson, D.A.; Blow, J.J. Dormant origins licensed by excess Mcm2-7 are required for 
human cells to survive replicative stress. Genes Dev. 2007, 21, 3331–3341. 



Genes 2014, 5 175 
 

 

171. 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, 696–704. 

172. Blasius, M.; Forment, J.V.; Thakkar, N.; Wagner, S.A.; Choudhary, C.; Jackson, S.P.  
A phospho-proteomic screen identifies substrates of the checkpoint kinase Chk1. Genome Biol. 
2011, 12, R78. 

173. Jinno, S.; Suto, K.; Nagata, A.; Igarashi, M.; Kanaoka, Y.; Nojima, H.; Okayama, H. Cdc25A is 
a novel phosphatase functioning early in the cell cycle. EMBO J. 1994, 13, 1549–1556. 

174. Molinari, M.; Mercurio, C.; Dominguez, J.; Goubin, F.; Draetta, G.F. Human Cdc25 A 
inactivation in response to S phase inhibition and its role in preventing premature mitosis.  
EMBO Rep. 2000, 1, 71–79. 

175. Donzelli, M.; Squatrito, M.; Ganoth, D.; Hershko, A.; Pagano, M.; Draetta, G.F. Dual mode of 
degradation of Cdc25 A phosphatase. EMBO J. 2002, 21, 4875–4884. 

176. Boutros, R.; Lobjois, V.; Ducommun, B. CDC25 phosphatases in cancer cells: Key players? 
Good targets? Nat. Rev. Cancer 2007, 7, 495–507. 

177. Van der Laan, S.; Tsanov, N.; Crozet, C.; Maiorano, D. High Dub3 expression in mouse ESCs 
couples the G1/S checkpoint to pluripotency. Mol. Cell 2013, 52, 366–379. 

178. Bartkova, J.; Horejsi, Z.; Koed, K.; Kramer, A.; Tort, F.; Zieger, K.; Guldberg, P.; Sehested, M.; 
Nesland, J.M.; Lukas, C.; et al. DNA damage response as a candidate anti-cancer barrier in early 
human tumorigenesis. Nature 2005, 434, 864–870. 

179. Bartkova, J.; Hamerlik, P.; Stockhausen, M.T.; Ehrmann, J.; Hlobilkova, A.; Laursen, H.;  
Kalita, O.; Kolar, Z.; Poulsen, H.S.; Broholm, H.; et al. Replication stress and oxidative damage 
contribute to aberrant constitutive activation of DNA damage signalling in human gliomas. 
Oncogene 2011, 29, 5095–5102. 

180. Neelsen, K.J.; Zanini, I.M.; Herrador, R.; Lopes, M. Oncogenes induce genotoxic stress by 
mitotic processing of unusual replication intermediates. J. Cell Biol. 2013, 200, 699–708. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


