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1. ABSTRACT

Cell cycle checkpoints maintain genomic
integrity by delaying cell division in the presence of DNA
damage or replication problems. A crucial player in this
process is the ATR kinase. The rapid localisation of ATR
to sites of genotoxic stress and the central role of this
kinase in the checkpoint response lead to the suggestion
that ATR functions as a sensor of DNA lesions. After
activation, ATR phosphorylates and activates the effector
kinase Chkl, thereby causing an inhibition in cell cycle
progression. However, this would not be possible without
the existence of many other proteins operating in this
pathway. Here we review current progress in our
understanding of the regulatory factors involved in the
ATR-mediated checkpoint response, as well as resumption
of cell cycle progression upon repair of the damage,
thereby focussing on the mechanisms in mammalian cells.
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2. INTRODUCTION

To protect against the continuous threat of DNA
damage by environmental factors and intracellular
processes, eukaryotic cells have developed DNA damage
checkpoint and repair mechanisms, which help to ensure
transmission of an intact genome. Cell cycle checkpoints
and DNA repair together determine the ultimate response
of a cell to DNA damage. The importance and relevance of
such surveillance mechanisms in ensuring genomic stability
is underscored by the fact that checkpoint responses and
DNA repair mechanisms are highly conserved throughout
evolution. In addition, inherited defects in regulators of
checkpoint signalling and repair pathways result in severe
hereditary human genetic disorders with susceptibility to
cancer. For example, Ataxia Telangiectasia (AT), Ataxia
Telangiectasia-Like ~ Disorder  (AT-LD), Nijmegen
Breakage Syndrome (NBS), and the recently described
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Seckel Syndrome are thought to be the result of defects in
the checkpoint pathway (1), whereas Xeroderma
Pigmentosum (XP) is caused by a deficiency in the
nucleotide excision repair (NER) pathway, that removes
UV-induced DNA lesions (2).

DNA damage checkpoints are signal
transduction cascades, in which ATM and ATR, members
of the family of phosphoinositide 3-kinase like kinases, are
the master regulators. ATM and ATR are proteins of
approximately 300 kDa, with a conserved C-terminal
catalytic domain that preferably phosphorylates serine or
threonine residues followed by a glutamine, i.e. an SQ or
TQ motif (3, 4). Both kinases respond to various forms of
genotoxic stress by phosphorylating key proteins in the
DNA damage response, such as p53 and the effector
kinases Chk1 and Chk2. ATR rapidly relocalises to sites of
damage, seen as the formation of nuclear foci after the
induction of DNA lesions (5). ATM autophosphorylation
on Ser1981 is quickly detected in response to DNA damage
and can also be found in nuclear foci (6). These data,
together with their critical function upstream in the
checkpoint signalling cascade, support a role for these
kinases in sensing the damaged DNA.

ATM, Ataxia-Telangiectasia Mutated, was
originally identified as the product of the gene that is
mutated in the heritable chromosomal instability disorder
AT (7) and is the main kinase required for early responses
to DSBs induced by, for example, ionizing radiation (IR),
such as phosphorylation of p53 and Chk2. ATR (ATM and
RAD3-related) on the other hand, mainly activates Chk1 in
response to UV light-induced damage and stalled
replication forks (3). Chkl activation leads to the
phosphorylation of a wvariety of substrates, thereby
regulating different aspects of the DNA damage response
such as cell cycle arrest, stabilisation of stalled replication
forks and DNA repair (8). Interestingly, recent data
demonstrate crosstalk between the ATM and ATR
pathways. ATM was shown to be required for ATR
recruitment and subsequent activation of Chk1 in response
to DSBs, exclusively in S and G2 phases of the cell cycle
(9-11).

In the past decade it has become clear that
activation of the DNA damage checkpoint involves more
than the kinase cascade initiated by ATM/ATR. A
multitude of mediator proteins were discovered (including
Claspin and BRCA1) that function in the recruitment of
substrates to DNA lesions or as scaffolds on which
complexes are assembled. The relocalisation of DNA
damage response proteins to sites of damage, shown as
nuclear foci, was shown to be of crucial importance for
downstream checkpoint events, although how, is not yet
fully understood. Also regulation of proteins by
ubiquitination or other post-translational modifications
appeared to be an important factor in the surveillance
mechanisms controlling genomic stability. Current progress
in our understanding of the ATR-mediated checkpoint
response and its regulatory factors, as well as resumption of
cell cycle progression upon repair of the damage, is
discussed in this review.
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3. ESSENTIAL FUNCTION OF ATR

While ATM and ATR act in concert to protect
the integrity of the genome, a major difference between
these two kinases is that ATR is essential for viability (12,
13), whereas mammals that lack functional ATM are
viable, even though they have a limited life span. The early
embryonic death in ATR knock out mice indicates that
ATR is essential for cell growth and differentiation at an
early stage of development (12, 13). In addition, disruption
of ATR in mouse or human cells results in cell cycle arrest
or death, even in the absence of exogenous DNA damage
(5, 14). Interestingly, not only ATR is essential, but also
other members of the ATR pathway. Inactivation of Chkl
in mice results in lethality at early embryonic stages (15,
16), Hus1 knock out mice are not viable (17) and mutation
of mouse Radl7 leads to embryonic lethality during
early/mid-gestation (18). Together these studies suggested
that ATR-dependent signalling is not only required to
protect cells against exogenous DNA damage, but also to
deal with spontaneous DNA lesions or replicative stress.

Although complete inactivation of ATR is lethal,
a hypomorphic mutation was found in humans suffering
from the rare autosomal recessive disorder Seckel
syndrome, characterised by growth retardation and
microcephaly. In homozygosity, this mutation affects ATR
splicing which results in a reduction of ATR protein levels
to almost undetectable, yet the remaining protein is
sufficient for viability (19). A recently developed mouse
model of ATR-Seckel syndrome confirms the essential role
of ATR during normal embryonic development, as the
diminished function of ATR results in high levels of
replication stress in Seckel embryos, which is reduced to
marginal amounts in tissues of the adult mouse (20). The
origin of the observed replicative stress in the ATR-Seckel
embryo is not entirely clear. Several lines of evidence
suggest that ATR signalling is required to stabilise
replication forks and/or prevent replication fork collapse.
First, conditional deletion of ATR in mouse embryonic
fibroblasts (MEFs) leads to accumulation of DNA DSBs
during S phase (12). Second, both loss of ATR and Chkl
activity leads to break formation at fragile sites, which are
thought to represent chromosomal regions that are
particularly difficult to replicate (21, 22). Third, Chkl-
deficient cells fail to maintain viable replication forks when
DNA polymerase is inhibited (23). Studies in yeast also
show that Mecl (ATR) is required to maintain viability
when cells are exposed to the alkylating agent MMS (24),
confirming the fork-stabilisation activity of ATR
signalling. In addition to stabilising replication forks, Chk1
was also demonstrated to regulate replication initiation and
fork progression (25, 26). Together these studies suggest a
general role for ATR signalling in the regulation of DNA
replication.

4. TRIGGERING ATR SIGNALLING

4.1. Lesions that activate the ATR pathway

The initial step in ATR activation is the
recognition of DNA structures that are induced by the
damaging agents. As discussed above, the ATR pathway is
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Figure 1. ATR can be activated by different types of DNA lesions. See text for details.

predominantly triggered by UV lesions and stalled
replication forks. A biochemical study demonstrated
preferential binding of purified ATR to DNA with UV
photoproducts, suggesting that ATR binding to
unprocessed DNA could initiate signalling (27). However,
recent data indicate that ATR signalling is initiated by a
wider range of DNA lesions, including DSBs. This raises
the question how the ATR pathway sensor proteins can
detect such different types of lesions. A structure that is
commonly generated by genotoxic stress is single stranded
DNA (ssDNA), which is, for example, generated at DNA
replication forks when the coordination between DNA
polymerase activity and DNA helicase activity is
compromised (28). Upon detection of DSBs, ssDNA can be
formed by resection of broken ends and in addition, ssDNA
gaps are introduced during several DNA repair processes
such as NER and mismatch repair (29). Interestingly, in
vitro studies using Xenopus egg extracts demonstrate that
ATR-dependent Chk1 phosphorylation can be initiated by
single-stranded DNA (ssDNA) and ssDNA-double stranded
DNA junctions (30).
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In eukaryotes, DNA damage-induced ssDNA is
first detected by ssDNA-binding protein complex RPA, and
the resulting stretches of RPA-coated ssDNA seem to
function as the key structure for initiating checkpoint
signalling by ATR (31, 32). Processing of DNA lesions
into ssDNA has consequently been proposed to be involved
in triggering ATR-dependent checkpoint responses. Upon
IR treatment and in S and G2 phases of the cell cycle,
CtIP/scSae2, together with Mrell, is involved in
nucleolytic processing of DSBs into short ssDNA
overhangs, thereby recruiting ATR to sites of DNA damage
(11, 33). Recent publications show that subsequent
resection by BLM/scSgsl and scExol generates longer
stretches of ssDNA, further promoting ATR-mediated
checkpoint signalling such as Chkl phosphorylation (34-
36) (Figure 1).

The way by which UV lesions lead to ssDNA and
ATR activation seems not to involve resection. UV light
induces the formation of cyclobutane pyrimidine dimers
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and 6-4 photoproducts. which can form obstacles during
DNA replication. Stretches of ssDNA at the resulting
stalled replication forks were suggested to be sufficient for
activation of the ATR checkpoint pathway upon exposure
to UV during S phase (37, 38). Other data suggest that
ATR signalling can also be triggered outside S and in non-
cycling cells. Several reports implicate NER, which
involves lesion processing by nucleotide excision of the
damaged DNA resulting in an ssDNA gap intermediate, in
ATR checkpoint activation during such phases of the cell
cycle (19, 38, 39). From these data it can be concluded that
ATR and/or other sensor proteins in the ATR pathway
recognise a DNA intermediate, further supporting the
evidence of RPA-coated ssDNA as initial trigger for ATR-
mediated checkpoint signalling (Figure 1).

4.2. The role of ATRIP and TopBP1

ATR forms a stable complex with its co-factor
ATR-Interacting Protein, ATRIP. Deletion of ATR in cells
resulted in the loss of not only ATR but also ATRIP and in
addition, downregulation of ATRIP caused a decrease in
ATR levels, indicating that formation of the complex is
important for the stability of both proteins (5). As RPA
stimulates binding of ATRIP to ssDNA in vitro, it was
proposed that the interaction between ATRIP and RPA-
coated ssDNA recruits the ATR-ATRIP complex to sites of
genotoxic stress (31). In vitro studies indeed identified a
conserved domain in the N-terminus of ATRIP required for
RPA binding and localisation to sites of DNA damage (40).
Recruitment of ATR to damaged chromatin was
additionally shown to depend on a C-terminal ATRIP
domain that regulates its binding to ATR. Interestingly, this
conserved domain was also found in Nbs1, which functions
as a similar co-factor for ATM (41). Based on the above
studies the current model for initiation of ATR signalling is
that ATRIP-mediated binding of ATR to RPA-coated
ssDNA facilitates recognition of ATR substrates for
phosphorylation.

Downregulating ATRIP leads to checkpoint
defects (5) and expression of ATRIP mutants that cannot
bind ATR lead to defective Chk1 phosphorylation (41, 42),
demonstrating the necessity of the ATR-ATRIP interaction
in this process. However, the essential function of ATRIP
in binding RPA-coated ssDNA for ATR signalling was
questioned as Chk1 phosphorylation is still observed under
conditions in which ATRIP is not able to bind RPA-ssDNA
(32, 42), indicating a more complicated model for
activation of ATR in response to DNA lesions.

Reports demonstrating the involvement of
TopBP1, a mediator protein containing eight BRCT
phospho-recognition motifs, in the activation of ATR shed
new light on this mechanism. Chkl phosphorylation was
demonstrated to be reduced in the absence of TopBP1 (43).
Kumagai and co-workers subsequently showed that the
addition of recombinant TopBP1 to Xenopus egg extracts
induces an increase in ATR kinase activity. TopBP1 binds
ATR through its ATR activation domain (AAD), located
between the sixth and seventh BRCT repeat, in an ATRIP-
dependent manner and this interaction is required for ATR
stimulation (44). Interestingly, triggering the ATR kinase
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activity by TopBP1 can occur independently from the
interaction of ATRIP with RPA (40). Recent data explained
the involvement of ATRIP in ATR activation by
demonstrating that ATRIP contains a conserved TopBP1
interacting region, required for the association of TopBP1
and ATR and the subsequent TopBP1-mediated triggering
of ATR activity (45). Together these data support a
multistep model for ATR checkpoint signalling in which
recruitment of ATR to sites of DNA lesions occurs partially
through binding of ATRIP with RPA. As will be discussed
later, the activation of ATR by TopBP1 depends on the
assembly of TopBP1 by Rad9, which is required for ATR
activation and the subsequent phosphorylation of ATR
substrates (Figure 2).

4.3. Rad17 and Rad9-Rad1-Husl1

The localisation of ATR-ATRIP to sites of DNA
lesions, and activation by TopBP1 is not enough to activate
the DNA damage checkpoint response fully. Instead, it
requires additional regulators including Radl7 and the
Rad9-Rad1-Husl (9-1-1) complex. The human Rad9, Radl
and Husl proteins and their orthologs in yeast share
sequence similarity with homotrimer PCNA, that is loaded
onto the DNA during unperturbed DNA replication by the
RFC clamp loader complex. Encircling the DNA helix and
tethering DNA polymerase to the substrate increases
polymerase processivity and thereby facilitates genome
replication. The recently resolved crystal structure of the 9-
1-1 complex demonstrates a toroidal structure with a
similar architecture to PCNA (46-48), confirming earlier
biochemical data that proposed a heterotrimeric ring
formed by the three proteins (49, 50). These data suggest
that the 9-1-1 complex is a second PCNA-like structure that
may be critical for checkpoint function.

Although MEFs lacking only Husl cannot be
grown, inactivation of p2lwafl results in proliferating
Husl-deficient cells in culture. These cells are
hypersensitive to hydroxyurea (HU) and UV light, but are
only slightly sensitive to IR (17). Also knocking out Rad9
in mouse embryonic stem cells or chicken DT40 cells
resulted in increased sensitivity for these agents (51, 52).
Furthermore, Hus1 and Rad9 were shown to be required for
Chkl and Radl7 phosphorylation (52-54). Whereas the
intra-S phase checkpoint upon IR is intact in Hus1 deficient
cells, these cells display problems in responding to blocked
replication (55). Together these studies suggest that the 9-
1-1 complex functions in the maintenance of genome
stability by facilitating ATR-signalling.

Similar to PCNA-loading by the RFC complex,
Rad9 was shown to be loaded onto chromatin in response
to DNA damage by Radl7, in an ATP-dependent manner
(54, 56). Radl7, and its yeast homolog Rad24, share
homology with RFC1, a subunit of the RFC clamp loader
complex. Rad17 forms a complex with RFC2-5, the four
small subunits of the replicative RFC complex and
associates with chromatin prior to damage (54, 57). Rad17
is phosphorylated by ATR on chromatin after damage but
this phosphorylation is not required for Rad9 loading onto
chromatin (54). As is the case for ATR-ATRIP, RPA-
coated ssDNA is thought to be an important structure for



Mechanisms of ATR signalling

Replication
stress

recruitment of the Rad17 and 9-1-1 complexes to sites of
DNA damage, as RPA was shown to stimulate the binding
of Radl7 to ssDNA and also facilitates the recruitment of
9-1-1 by Rad17 (58).

Loading of the 9-1-1 checkpoint clamp onto
chromatin by the Rad17/RFC complex in response to DNA
damage was shown to be required for the phosphorylation
of several ATR substrates including Rad17 and Chk1 (53,
54, 59) (Figure 2). However, both Radl7 and ATR are
recruited independently to sites of DNA lesions (54). The
necessity of the 9-1-1 complex in the ATR branch was
explained by showing that Rad9 recruits the ATR-activator
TopBP1 near sites of DNA damage, which was consisted
with earlier reports showing interaction between Rad9 and
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Figure 2. Factors involved in the ATR pathway, resulting in activation of effector kinase Chk1. See text for details.

TopBP1 (60, 61). The N-terminal region of TopBPl1,
consisting of BRCT regions I-II, binds the C-terminus of
Rad9 in Xenopus egg extracts and mammalian cells. More
precisely, the interaction between Rad9 and TopBP1
depends on the phosphorylation of serine 373 in the C-
terminal tail of Rad9 (44, 62, 63). In the current model for
ATR activation, ATR-ATRIP and Radl7 are recruited to
RPA-coated ssDNA appearing around DNA lesions. Rad17
mediates the loading of the 9-1-1 complex, which recruits
TopBP1, resulting in further stimulation of ATR activity
and the subsequent phosphorylation of ATR substrates,
including RPA, ATRIP, Radl7, components of the 9-1-1
complex and effector kinase Chk1 (Figure 2). Furthermore
it should be mentioned that the removal of TopBP1 from
Xenopus chromatin preps results in less aphidicolin-
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induced chromatin accumulation of Rad9, suggesting a
positive feedback loop in recruitment of Rad9 and TopBP1
to sites of genotoxic stress (64).

Apart from its involvement in ATR-mediated
checkpoint signalling, the 9-1-1 complex is also thought to
play a role in DNA repair. Data from
Schizosaccharomyces ~ pombe (S.  pombe) and
Saccharomyces cerevisiae (S. cerevisiae) show that the 9-1-
1 clamp can physically interact with polymerases specific
for translesion synthesis (TLS) (65, 66) and evidence
suggests that also human 9-1-1 might be involved in this
process (67). TLS is a DNA damage tolerance process that
allows the replication machinery to replicate past DNA
lesions by switching from regular DNA polymerases to
specialised translesion polymerases. This polymerase
switching is thought to be mediated by post-translational
modification of homotrimer PCNA. Mono-ubiquitinated
PCNA interacts with TLS polymerases, resulting in the
recruitment of these polymerases to sites of blocked forks
(68, 69). Interestingly, regulation of the 9-1-1 complex by
ubiquitination has also recently been demonstrated in yeast.
Monoubiquitination of the Radl ortholog in S. cerevisiae
(scRad17) was not only reported to be required for the
transcriptional induction in response to DNA damage, but
also for promoting the activation of downstream effector
kinase scRad53, possibly through the recruitment or
maintenance of the S. cerevisiae 9-1-1 complex at sites of
DNA lesions (70). Future experiments will show if a
similar regulation mechanism exists for mammalian 9-1-1.

4.4. Claspin and other mediators implicated in ATR
signalling

Another  protein  that binds chromatin
independently of ATR or Rad17/9-1-1, and is required for
the ATR-mediated activation of Chkl in response to
genotoxic stress is Claspin. Immunodepletion of Claspin
abolished Chkl activation induced by DNA templates in
Xenopus egg extracts (71) and downregulation of Claspin
protein levels in HeLa cells decreased Chkl
phosphorylation upon HU (72). Interestingly, Claspin
appears to selectively regulate phosphorylation of Chkl,
but not other ATR-substrates (73).

As Claspin was shown to bind Chk1l and ATR in
response to genotoxic stress in both Xenopus egg and
human cell extracts, Claspin was proposed to function as an
adaptor molecule bringing ATR and Chkl together (71,
72). The Claspin-Chkl interaction depends on ATR-
mediated phosphorylation of Claspin and is required for
Chk1 phosphorylation by ATR (71, 72). Subsequent studies
identified repeated phosphopeptide motifs in Claspin,
which are required for association with a phosphate-
binding site in the N-terminal kinase domain of Chkl,
resulting in full activation of Chk1 (71, 74, 75). Next, fully
phosphorylated Xenopus Chkl dissociates from Claspin
(74) (Figure 2).

Two other adaptor proteins that have been
implicated in Chkl activation are BRCA1 and MDCI. In
BRCA1 mutant cells, less Chk1 phosphorylation upon IR is
detected as compared to wild type cells (43), whereas
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expression of BRCAL1 in such mutant cells induces Chkl
kinase activity (76). Likewise, IR-induced Chkl
phosphorylation decreases after downregulation of BRCA1
protein levels (77). In addition, MDC1 knock down also
results in a defect in phosphorylation of Chkl in response
to DNA damage (78). However, BRCAl and MDCI1
generally function as mediators in the ATM signalling
pathway and have mainly been implicated in IR-induced
phosphorylation of Chkl. It is therefore unclear at this
stage whether these proteins are directly involved in Chkl
activation, or act via mediating the ATM-dependent
activation of ATR in response to DSBs.

Finally, additional, yet less characterised,
mediators of ATR signalling are Nbs1 (79), Tim (80), Tipin
(80, 81), CEP164 (82) and hCIk2 (83). Less HU- or UV-
induced Chk1 phosphorylation is observed in the absence
of these proteins.

5. ATR SUBSTRATES AND DOWNSTREAM
RESPONSES

A multitude of proteins have been identified as
ATR substrates. In fact, a recent large-scale proteomic
screen of proteins phosphorylated in response to DNA
damage on ATM/ATR consensus sites identified over 700
proteins (84). Among the better characterised substrates of
ATR are ATRIP, Rad17, Rad9, TopBP1, Claspin, BRCA1
and p53. Accumulating evidence, as described earlier in
this review, suggests that the majority of these proteins,
with the exception of p53, functions to regulate the cell
cycle arrest by controlling the well-studied effector kinase
Chk1 (43, 52, 73, 85). Interestingly, also ATR-mediated
phosphorylation of some of these substrates has been
implicated in Chk1 activation. An example is Rad17, which
is phosphorylated by ATR in vitro on serine 635 and serine
645. Expression of kinase-inactive ATR consequently
suppresses the phosphorylation of these sites induced by
HU or UV. ATR-mediated phosphorylation of Rad17 was
proposed to be required for functioning of the DNA
damage-induced G2 checkpoint (59). Subsequent work
showed that cells expressing a Radl7 phosphorylation
mutant fail to sustain HU-induced Chkl phosphorylation
(86), which could be explained by the fact that
phosphorylation of Rad17 regulates maintenance of Rad9
as sites of genotoxic stress (87), as will be discussed later.
Adaptor protein Claspin contains many SQ/TQ motifs,
potential phosphorylation sites of ATM/ATR. HU-induced
phosphorylation of Claspin was demonstrated to be
inhibited by caffeine-treatment, suggesting that this
modification was indeed dependent on ATM/ATR (72) and
phosphorylation of serine 864 in the phosphopeptide motif
of Xenopus Claspin is not observed in extracts lacking ATR
(75). That phosphorylation of Claspin by ATR is thought to
be involved in binding and activation of Chkl was
discussed above.

Also Chkl has several SQ/TQ phosphorylation
sites in the C-terminal regulatory domain. Of these sites,
serine 317, serine 345 and the recently identified serine 366
are phosphorylated after genotoxic stress (88, 89). Serines
317 and 345 were shown to be phosphorylated by ATR in
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vitro and phosphorylated in an ATR-dependent manner in
vivo (15, 89). Mutation of these residues in S. pombe and
mammalian Chkl compromises checkpoint arrest,
indicating that ATR-mediated phosphorylation of Chkl is
required for the function of this effector kinase in the DNA
damage response (26, 88, 90, 91). Phosphorylation of Chk1
directly increases kinase activity and non-phosphorylatable
mutants are poorly activated in response to DNA damage
(88, 89). Interestingly, recent data indicate that
phosphorylation of serine 345 is essential for Chkl
functioning, and phosphorylation of this residue depends on
the modification of serine 317 and 366, suggesting a
sequential order of events (26, 88). In addition to elevating
its kinase activity, ATR-mediated Chkl phosphorylation
also directs the dissociation of Chkl from chromatin in
response to genotoxic stress (92, 93). Chromatin release
was shown to be required for an efficient DNA damage-
induced checkpoint arrest and spreading of phosphorylated
Chkl1 throughout the nucleus, suggesting that chromatin
dissociation of Chkl provides a mechanism to ensure that
active Chk1 reaches its substrates (92, 94).

Activated Chkl slows down cell cycle
progression during S phase and prohibits the G2/M
transition as long as damaged or incompletely replicated
DNA is present by inactivating downstream Cdc25
phosphatases. Cdc25 proteins regulate the timely activation
of cyclin-dependent kinases by dephosphorylating the
inhibitory phosphorylation of tyrosine 15. Early reports
demonstrate that S. pombe or human Chkl phosphorylates
Cdc25C on serine 216, thereby creating binding sites for
the 14-3-3 scaffold proteins, which is thought to
subsequently promote the nuclear exclusion of the
phosphatase (91, 95-97). On the other hand, evidence for
direct inhibition of Cdc25C emerged from experiments
concluding that Cdc25C activity is abolished upon
incubation with recombinant Chkl (98, 99). Studies in
mammalian cells showed that Chkl is also able to
phosphorylate Cdc25A in vitro and in vivo (100), resulting
in regulation of checkpoint arrest during all phases of the
cell cycle. Inactivation of this phosphatase is regulated
differently  though, as DNA  damage-induced
phosphorylation of Cdc25A leads to proteasome-dependent
degradation of the protein (100-102).

Chkl seems to have functions additional to
controlling cell cycle arrest by phosphorylating Cdc25
proteins. In response to DNA damage, phosphorylation of
Histone H3 was shown to rapidly reduce, correlating with
the repression of several genes. Phosphorylation of Histone
H3 in unperturbed cells is dependent on Chkl and the
described release of Chkl from chromatin upon genotoxic
stress is thought cause the reduction in Histone H3
phosphorylation. Based on these data, Chkl was
hypothesized to function as a Histone kinase, responsible
for DNA damage-induced transcriptional repression of a
variety of genes related to cell cycle progression (103).
Moreover, evidence for the involvement of Chkl in a
completely different DNA damage response came from
data showing that inhibition or downregulation of Chkl
results in decreased DNA repair by homologous
recombination. This effect that was explained by
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demonstrating that Chk1 interacts with Rad51 and the fact
that phosphorylation of Rad51 occurs in a Chk1-dependent
manner, presumably regulating the localisation of Rad51 at
sites of DNA lesions (104). An alternative explanation
comes from data demonstrating that Chk1 phosphorylates
BRCA2 in a domain that is essential for interaction with
Rad51 and the recruitment of Rad51 into nuclear foci
(105). Finally, a role for Chkl in regulating DNA cross-
link repair was suggested by the observation that FANCE, a
Fanconi Anemia core complex protein, is phosphorylated
by Chkl1 (106).

6. SPATIO-TEMPORAL ORGANISATION OF
CHECKPOINT REGULATION

Perhaps unsurprisingly, numerous studies over
the past years indicated that DNA damage checkpoint
pathways do not function by linear signal transduction
only. Apart from the crosstalk between the different
pathways, it also became clear that the accumulation of
DNA damage response proteins at sites of damage is of
crucial importance for downstream checkpoint events.
Although many proteins involved in checkpoint regulation
are (partially) bound to chromatin in unperturbed cells, the
majority of these relocalise at or near sites of DNA lesions
to form so-called nuclear foci. Although the biological
function of such large protein aggregations is still not
entirely clear, the concentration of factors in the vicinity of
the lesion is thought to enhance checkpoint pathways and
the repair of DNA lesions, possibly by amplification of
signalling. This also raised the question whether the DNA
lesion might just serve as a platform to accumulate these
proteins. Two elegant publications answered that question
by showing that targeting of individual proteins involved in
the early checkpoint responses to chromatin in the absence
of DNA damage activates a DNA damage response (107,
108). Toczyski and co-workers did so by fusing S.
cerevisiae orthologs to ATRIP (scDdc2) and Rad9
(scDdcl) proteins to the Lacl repressor and expressing
them in cells harbouring Lac operator arrays. Artificial
colocalisation of these fusions resulted in phosphorylation
of downstream effector kinase scRad53 and a cell cycle
arrest. Interestingly, artificial localisation of scDdcl
bypasses the requirement of the S. cerevisiae Radl7
(scRad24) clamp loader. From these data can be concluded
that colocalisation of the sensor proteins is sufficient to
activate the DNA damage response (107). Soutoglou and
Misteli performed the experiment in mammalian cells using
a similar approach and reached the same conclusion.
Artificial targeting of ATM, sensor proteins Nbs1/Mrell or
mediator MDC1 to a Lac operator array resulted in an
ATM-dependent checkpoint response as other proteins of
the pathway were recruited and a G2 phase delay was
triggered. In contrast, targeting Chk1 or Chk2 to chromatin
did not result in a downstream checkpoint response (108).

The latter result is in accordance to the
observation that the effector kinases Chk1 and Chk2 do not
accumulate into nuclear foci in response to DNA damage,
in contrast to ATM/ATR, TopBP1, 9-1-1 and many
checkpoint mediator proteins. Instead, as mentioned earlier,
Chk1 associates to chromatin in unperturbed cells and is
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released from the chromatin in response to DNA damage
(92). In vivo imaging experiments using fluorescently
labelled proteins confirm the absence of a stably chromatin-
bound fraction for effector kinases Chk1 and Chk2. It was
shown that although these proteins are phosphorylated at or
near sites of DNA lesions, this association is very transient
and phosphorylated proteins are found throughout the
entire nucleoplasm (92, 109) (D. Warmerdam and V. Smits,
unpublished). The rapid disassembly of the activated
proteins was hypothesised to ensure the access of additional
Chk1/Chk2 molecules to ATM/ATR and the transmission
of the damage signal throughout the nucleus (94).

Live cell imaging also gave insight into the
dynamic aspect of the DNA damage response. Are proteins
in established DNA damage-induced foci immobile or are
such foci more dynamic structures existing of proteins that
actively turnover? Initial studies following repair proteins
of the Rad52 group of homologous recombination proteins
and ATM-sensor Nbsl by videomicroscopy revealed that
even though these proteins accumulate at sites of DNA
damage, as seen by the formation of nuclear foci, this
assembly with damaged regions is transient. In fact,
these proteins still underwent a dynamic exchange in the
close proximity of DNA lesions (109, 110). More
recently, similar results were shown for Rad9. Whereas
Rad9 is highly mobile in undamaged cells, in response to
genotoxic stress Rad9 forms Radl7-dependent foci and
turnover of Rad9 in such foci was comparatively slow.
However, as for Rad52 proteins and Nbsl1, the majority
of the Rad9 proteins still display turnover, arguing
against foci as being static protein structures (87).
Additional experiments demonstrated regulation of the
mobility of Rad9 at sites of DNA lesions. First, Rad9
was shown to accumulate faster, and the proportion of
immobilization higher upon damage induction during S
phase (38). And second, the turnover of Rad9 molecules
in foci was higher in the absence of ATR or the
expression of a Radl7 mutant that cannot be
phosphorylated by ATR (87). These results indicate that
although the initial recruitment of the 9-1-1 complex to
sites of DNA lesions might be ATR-independent, ATR and
Rad17 seem to collaborate in the retention of this complex
at sites of genotoxic stress. This process critically depends
on ATR-mediated phosphorylation of Radl7 and might
have implications for checkpoint maintenance.

7. RECOVERY FROM CHECKPOINT ACTIVATION

Triggering checkpoint activation is of critical
importance for an efficient DNA damage response and the
maintenance of genome stability. Once a cell has arrested
due to DNA damage, there are generally two options.
When the DNA lesions cannot be repaired, the cell can
undergo apoptosis or stay irreversibly arrested.
Alternatively, the cell will repair the DNA and re-enter the
cell cycle. In the case of cell cycle resumption, switching
off the checkpoint once the damage has been repaired is an
important process. The basic principles of controlling such
checkpoint recovery are only just starting to emerge but
indicate that active signalling is also required at this level
of checkpoint regulation.
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7.1. Direct inactivation of Chkl

As many of the steps during checkpoint
activation are regulated by phosphorylation, it is not
surprising that phosphatases have been implicated in
switching off the checkpoint once DNA repair has been
completed. Direct inactivation of effector kinase Chkl1, the
main target of ATR signalling, mediated by several
phosphatases indeed has been reported. In human cells,
phosphatase PPM1D/Wipl binds Chk1 and
dephosphorylates serine 345, resulting in inhibition of
Chk1 kinase activity in vitro. Inducible expression of
PPM1D leads to a reduced DNA damage-induced cell cycle
arrest (111), suggesting that a way to control checkpoint
recovery is via regulation of PPMID. Also purified
phosphatase PP2A has been shown to dephosphorylate
serines 317 and 345 of Chkl in vitro and knock down of
this protein leads to an increased phosphorylation of Chk1
on these residues in  vivo. Interestingly, as
dephosphorylation of wild-type Chkl occurred more
rapidly than of kinase-inactive Chkl, a model was
hypothesized in which Chkl dephosphorylation is
(partially) regulated by its own kinase activity (112). Chkl
activity was also shown to regulate its own degradation as
at later time points after the exposure to genotoxic stress,
Chkl levels are downregulated in a proteasome-dependent
manner and this process was triggered by ATR-mediated
phosphorylation of serine 345 (93). Recently the
ubiquitination of Chk1 was demonstrated to be mediated by
the Fbx6-SCF ubiquitin ligase (113). Together these data
point to the existence of several ways to regulate Chkl
inactivation. However, it should be mentioned that the
involvement of such phosphatases and Chk1 degradation in
the recovery of a DNA damage-induced cell cycle arrest is
yet to be experimentally demonstrated.

7.2. PIk1, Claspin and Weel

As mentioned above, protein degradation is, next
to direct inhibition, a way to inactivate checkpoint
signalling. Several groups have recently identified the role
of mitotic kinase Plkl in mammalian checkpoint recovery
by regulating the degradation of crucial cell cycle
mediators. The Medema group first published that knock
down of Plk1 results in a delay in mitotic entry following
the recovery from a G2 DNA damage arrest. However, this
effect could be rescued by depletion of Weel, the kinase
that targets the inhibitory phosphorylation of tyrosine 15 of
Cdc2, indicating that Weel functions downstream of Plk1.
Indeed, Plk1 was shown to be involved in the degradation
of Weel at the onset of mitosis, a process that likely to be
dependent on B-TrCP ubiquitin ligase (114, 115). Three
reports subsequently described Claspin as additional Plkl
target regulating checkpoint recovery. Claspin was shown
to be transiently stabilised upon DNA damage, but
degraded upon mitotic entry. Claspin degradation was
triggered by its binding to B-TrCP. The phosphorylation of
Claspin was dependent on Plkl and essential for the
interaction with this ubiquitin ligase and the degradation of
Claspin. Expression of a stable Claspin mutant prolongs
activation of Chkl, thereby delaying the G2/M transition
after the recovery from DNA damage or replication stress
(116-118). Finally, the mechanism behind the activation of
Plkl was identified by demonstrating that Aurora A
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activates Plkl by phosphorylation. Aurora A-dependent
phosphorylation of Plkl was shown to be required for
promoting the G2/M transition after DNA damage
checkpoint arrest (119). How Aurora A is activated to
trigger checkpoint recovery remains a subject of
investigation. Together these results suggest a model for
checkpoint recovery in which Aurora A activates Plkl,
which leads to the degradation of both Claspin and Weel,
resulting in simultaneous downregulation of Chkl
activation and the stimulation of mitotic entry.

8. PERSPECTIVE

Correct functioning of DNA damage responses is
of crucial importance for the maintenance of genomic
stability and the mechanisms of checkpoint functioning
have therefore been the focus of attention in many
laboratories in the past decade. It should be mentioned that
numerous studies using model systems like S. pombe and S.
cerevisiae have been of major benefit for the rapid progress
in our understanding of checkpoint regulation in
mammalian cells. From several observations throughout the
years it has become clear that the checkpoint pathways
initiated by the activation of ATM or ATR cannot be seen
as static protein cascades, but are dynamic and highly
regulated mechanisms, and new proteins involved in this
regulation are still being discovered.

First, data showing that ATM and cofactors are
required for the activation of ATR in response to DSBs
indicates interplay between the two pathways (9-11).
Interestingly, ATM activation in response to replication
fork stalling or UV light was demonstrated to be ATR-
dependent (120). Second, although ATR signalling mainly
functions as a kinase cascade, phosphorylation is not the
only post-translational modification involved in regulating
this pathway. Regulation of proteins by ubiquitination or
modification by ubiquitin-like molecules appears to be of
importance for checkpoint regulation as well (121, 122).
This involves protein turnover such as Cdc25A (101) and
Chkl1 (93), but also checkpoint regulation for example by
ubiquitination of S. cerevisiae 9-1-1, a PCNA-like complex
(70). The latter observation is especially interesting since
the process of SUMOylation, monoubiquitination and
subsequent polyubiquitination of PCNA serves as a
molecular switch between various DNA damage bypass
processes (68). Future experiments will demonstrate if
similar modifications of mammalian 9-1-1 also play a key
role in the ATR-dependent checkpoint response. Fourth,
new technology has made it possible to study protein
dynamics at sites of DNA lesions and have lead to the
conclusion that the accumulations of proteins seen as foci,
are actually not static structures. Instead, the majority of the
proteins recruited to DNA damage sites only bind to
chromatin transiently, and then actively turnover, which is
hypothesised to facilitate the recruitment of new molecules
to ensure activation of the entire pool of proteins. It was
additionally shown that this protein turnover can be
regulated by checkpoint signalling, as ATR-mediated
phosphorylation of Radl7 regulates the retention time of
the 9-1-1 complex at sites of genotoxic stress (87). Finally,
as the basics of recovery from a DNA damage-induced cell
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cycle arrest are only just starting to emerge, research will
without doubt concentrate more on this subject. Protein
degradation by the ubiquitin system was shown to play a
crucial role in checkpoint recovery. The involvement of
deubiquitin enzymes in the regulation of checkpoint
initiation (123, 124) therefore raises the possibility that
these enzymes might equally be important in switching off
the checkpoint after DNA repair has been completed.

9. ACKNOWLEDGEMENTS

This work was supported by grants from the
Dutch Cancer Society (EMCR 2005-3412 to VAJS), the
Spanish Ministry of Science and Innovation (SAF2007-
64361, CONSOLIDER-Ingenio 2010 code 24717 to RF),
FUNCIS (P127/062 to RF) and Instituto de Salud Carlos III
(to RF).

10. REFERENCES

1. Khanna K. K. & S. P. Jackson: DNA double-strand
breaks: signaling, repair and the cancer connection. Nat.
Genet. 27, 247-254 (2001)

2. de Boer J. & J. H. Hoeijmakers: Nucleotide excision
repair and human syndromes. Carcinogenesis 21, 453-460.
(2000)

3. Abraham R. T.: Cell cycle checkpoint signaling through
the ATM and ATR kinases. Genes Dev 15, 2177-2196
(2001)

4. Kim S. T., D. S. Lim, C. E. Canman & M. B. Kastan:
Substrate specificities and identification of putative
substrates of ATM kinase family members. J. Biol. Chem.
274, 37538-37543. (1999)

5. Cortez D., S. Guntuku, J. Qin & S. J. Elledge: ATR and
ATRIP: partners in checkpoint signaling. Science 294,
1713-1716 (2001)

6. Bakkenist C. J. & M. B. Kastan: DNA damage activates
ATM through intermolecular autophosphorylation and
dimer dissociation. Nature 421, 499-506 (2003)

7. Savitsky K., A. Bar-Shira, S. Gilad, G. Rotman, Y. Ziv,
L. Vanagaite, D. A. Tagle, S. Smith, T. Uziel, S. Sfez & et
al.: A single ataxia telangiectasia gene with a product
similar to PI-3 kinase. Science 268, 1749-1753 (1995)

8. Chen Y. & Y. Sanchez: Chkl in the DNA damage
response: conserved roles from yeasts to mammals. DNA
Repair (Amst) 3, 1025-1032 (2004)

9. Adams K. E., A. L. Medhurst, D. A. Dart & N. D. Lakin:
Recruitment of ATR to sites of ionising radiation-induced
DNA damage requires ATM and components of the MRN
protein complex. Oncogene 25, 3894-3904 (2006)

10. Cuadrado M., B. Martinez-Pastor, M. Murga, L. L.
Toledo, P. Gutierrez-Martinez, E. Lopez & O. Fernandez-
Capetillo: ATM regulates ATR chromatin loading in



Mechanisms of ATR signalling

response to DNA double-strand breaks. J Exp Med 203,
297-303 (2006)

11. Jazayeri A., J. Falck, C. Lukas, J. Bartek, G. C. Smith,
J. Lukas & S. P. Jackson: ATM- and cell cycle-dependent
regulation of ATR in response to DNA double-strand
breaks. Nat Cell Biol 8, 37-45 (2006)

12. Brown E. J. & D. Baltimore: ATR disruption leads to
chromosomal fragmentation and early embryonic lethality.
Genes Dev 14, 397-402 (2000)

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

14. Brown E. J. & D. Baltimore: Essential and dispensable
roles of ATR in cell cycle arrest and genome maintenance.
Genes Dev 17, 615-628 (2003)

15. Liu Q., S. Guntuku, X. S. Cui, S. Matsuoka, D. Cortez,
K. Tamai, G. Luo, S. Carattini-Rivera, F. DeMayo, A.
Bradley, L. A. Donehower & S. J. Elledge: Chkl is an
essential kinase that is regulated by Atr and required for the
G(2)/M DNA damage checkpoint. Genes Dev 14, 1448-
1459 (2000)

16. Takai H., K. Tominaga, N. Motoyama, Y. A.
Minamishima, H. Nagahama, T. Tsukiyama, K. Ikeda, K.
Nakayama, M. Nakanishi & K. Nakayama: Aberrant cell
cycle checkpoint function and early embryonic death in
Chk1(-/-) mice. Genes Dev 14, 1439-1447 (2000)

17. Weiss R. S., T. Enoch & P. Leder: Inactivation of
mouse Husl results in genomic instability and impaired
responses to genotoxic stress. Genes Dev 14, 1886-1898
(2000)

18. Budzowska M., 1. Jaspers, J. Essers, H. de Waard, E.
van Drunen, K. Hanada, B. Beverloo, R. W. Hendriks, A.
de Klein, R. Kanaar, J. H. Hoeijmakers & A. Maas:
Mutation of the mouse Radl7 gene leads to embryonic
lethality and reveals a role in DNA damage-dependent
recombination. Embo J 23, 3548-3558 (2004)

19. O'Driscoll M., V. L. Ruiz-Perez, C. G. Woods, P. A.
Jeggo & J. A. Goodship: A splicing mutation affecting
expression of ataxia-telangiectasia and Rad3-related protein
(ATR) results in Seckel syndrome. Nat. Genet. 33, 497-501
(2003)

20. Murga M., S. Bunting, M. F. Montana, R. Soria, F.
Mulero, M. Canamero, Y. Lee, P. J. McKinnon, A.
Nussenzweig & O. Fernandez-Capetillo: A mouse model of
ATR-Seckel shows embryonic replicative stress and
accelerated aging. Nat Genet (2009)

21. Casper A. M., P. Nghiem, M. F. Arlt & T. W. Glover:
ATR regulates fragile site stability. Cell 111, 779-789
(2002)

849

22. Durkin S. G., M. F. Arlt, N. G. Howlett & T. W.
Glover: Depletion of CHKI1, but not CHK2, induces
chromosomal instability and breaks at common fragile
sites. Oncogene 25, 4381-4388 (2006)

23. Zachos G., M. D. Rainey & D. A. Gillespie: Chkl-
deficient tumour cells are viable but exhibit multiple
checkpoint and survival defects. Embo J 22, 713-723
(2003)

24. Tercero J. A., M. P. Longhese & J. F. Diffley: A central
role for DNA replication forks in checkpoint activation and
response. Mol Cell 11, 1323-1336 (2003)

25. Maya-Mendoza A., E. Petermann, D. A. Gillespie, K.
W. Caldecott & D. A. Jackson: Chkl regulates the density
of active replication origins during the vertebrate S phase.
Embo J 26,2719-2731 (2007)

26. Wilsker D., E. Petermann, T. Helleday & F. Bunz:
Essential function of Chkl can be uncoupled from DNA
damage checkpoint and replication control. Proc Natl Acad
Sci U S 4 105, 20752-20757 (2008)

27. Unsal-Kacmaz K., A. M. Makhov, J. D. Griffith & A.
Sancar: Preferential binding of ATR protein to UV-
damaged DNA. Proc Natl Acad Sci U S A 99, 6673-6678
(2002)

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

29. Friedberg E. C.: DNA damage and repair. Nature 421,
436-440 (2003)

30. MacDougall C. A., T. S. Byun, C. Van, M. C. Yee & K.
A. Cimprich: The structural determinants of checkpoint
activation. Genes Dev 21, 898-903 (2007)

31. Zou L. & S. J. Elledge: Sensing DNA damage through
ATRIP recognition of RPA-ssDNA complexes. Science
300, 1542-1548 (2003)

32.Ball H. L., J. S. Myers & D. Cortez: ATRIP binding to
replication protein A-single-stranded DNA promotes ATR-
ATRIP localization but is dispensable for Chkl
phosphorylation. Mol Biol Cell 16, 2372-2381 (2005)

33. Sartori A. A., C. Lukas, J. Coates, M. Mistrik, S. Fu, J.
Bartek, R. Baer, J. Lukas & S. P. Jackson: Human CtIP
promotes DNA end resection. Nature 450, 509-514 (2007)

34. Gravel S., J. R. Chapman, C. Magill & S. P. Jackson:
DNA helicases Sgsl and BLM promote DNA double-
strand break resection. Genes Dev 22, 2767-2772 (2008)

35. Mimitou E. P. & L. S. Symington: Sae2, Exol and Sgs1
collaborate in DNA double-strand break processing. Nature
455, 770-774 (2008)



Mechanisms of ATR signalling

36. Zhu Z., W. H. Chung, E. Y. Shim, S. E. Lee & G. Ira:
Sgs1 helicase and two nucleases Dna2 and Exol resect
DNA double-strand break ends. Cell 134, 981-994 (2008)

37. Ward I. M., K. Minn & J. Chen: UV-induced ataxia-
telangiectasia-mutated and Rad3-related (ATR) activation
requires replication stress. J Biol Chem 279, 9677-9680
(2004)

38. Warmerdam D. O., R. Freire, R. Kanaar & V. A. Smits:
Cell cycle-dependent processing of DNA lesions controls
localization of Rad9 to sites of genotoxic stress. Cell Cycle
8, 1765-1774 (2009)

39. Giannattasio M., F. Lazzaro, M. P. Longhese, P.
Plevani & M. Muzi-Falconi: Physical and functional
interactions between nucleotide excision repair and DNA
damage checkpoint. Embo J 23, 429-438 (2004)

40. Ball H. L., M. R. Ehrhardt, D. A. Mordes, G. G. Glick,
W. J. Chazin & D. Cortez: Function of a conserved
checkpoint recruitment domain in ATRIP proteins. Mol
Cell Biol 27, 3367-3377 (2007)

41. Falck J., J. Coates & S. P. Jackson: Conserved modes
of recruitment of ATM, ATR and DNA-PKcs to sites of
DNA damage. Nature 434, 605-611 (2005)

42. Kim S. M., A. Kumagai, J. Lee & W. G. Dunphy:
Phosphorylation of Chkl by ATM- and Rad3-related
(ATR) in Xenopus egg extracts requires binding of ATRIP
to ATR but not the stable DNA-binding or coiled-coil
domains of ATRIP. J Biol Chem 280, 38355-38364 (2005)

43. Yamane K., J. Chen & T. J. Kinsella: Both DNA
topoisomerase II-binding protein 1 and BRCA1 regulate
the G2-M cell cycle checkpoint. Cancer Res 63, 3049-3053
(2003)

44. Kumagai A., J. Lee, H. Y. Yoo & W. G. Dunphy:
TopBP1 activates the ATR-ATRIP complex. Cel/ 124, 943-
955 (2006)

45. Mordes D. A., G. G. Glick, R. Zhao & D. Cortez:
TopBP1 activates ATR through ATRIP and a PIKK
regulatory domain. Genes Dev 22, 1478-1489 (2008)

46. Dore A. S., M. L. Kilkenny, N. J. Rzechorzek & L. H.
Pearl: Crystal structure of the rad9-rad1-husl DNA damage
checkpoint complex--implications for clamp loading and
regulation. Mol Cell 34, 735-745 (2009)

47. Sohn S. Y. & Y. Cho: Crystal structure of the human
rad9-hus1-radl clamp. J Mol Biol 390, 490-502 (2009)

48. Xu M., L. Bai, Y. Gong, W. Xie, H. Hang & T. Jiang:
Structure and functional implications of the human rad9-
hus1-radl cell cycle checkpoint complex. J Biol Chem 284,
20457-20461 (2009)

49. St Onge R. P., C. M. Udell, R. Casselman & S. Davey:
The human G2 checkpoint control protein hRAD9 is a

850

nuclear phosphoprotein that forms complexes with hRAD1
and hHUS1. Mol Biol Cell 10, 1985-1995 (1999)

50. Volkmer E. & L. M. Karnitzz Human homologs of
Schizosaccharomyces pombe radl, husl, and rad9 form a
DNA damage-responsive protein complex. J Biol Chem
274, 567-570 (1999)

51. Hopkins K. M., W. Auerbach, X. Y. Wang, M. P.
Hande, H. Hang, D. J. Wolgemuth, A. L. Joyner & H. B.
Lieberman: Deletion of mouse rad9 causes abnormal
cellular responses to DNA damage, genomic instability,
and embryonic lethality. Mol Cell Biol 24, 7235-7248
(2004)

52. Kobayashi M., A. Hirano, T. Kumano, S. L. Xiang, K.
Mihara, Y. Haseda, O. Matsui, H. Shimizu & K.
Yamamoto: Critical role for chicken Rad17 and Rad9 in the
cellular response to DNA damage and stalled DNA
replication. Genes Cells 9,291-303 (2004)

53. Weiss R. S., S. Matsuoka, S. J. Elledge & P. Leder:
Husl1 acts upstream of chkl in a mammalian DNA damage
response pathway. Curr Biol 12, 73-77 (2002)

54. Zou L., D. Cortez & S. J. Elledge: Regulation of ATR
substrate selection by Radl7-dependent loading of Rad9
complexes onto chromatin. Genes Dev 16, 198-208 (2002)

55. Weiss R. S., P. Leder & C. Vaziri: Critical role for mouse
Husl in an S-phase DNA damage cell cycle checkpoint. Mol
Cell Biol 23, 791-803 (2003)

56. Bermudez V. P., L. A. Lindsey-Boltz, A. J. Cesare, Y.
Maniwa, J. D. Griffith, J. Hurwitz & A. Sancar: 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 U S A 100, 1633-1638 (2003)

57. Green C. M., H. Erdjument-Bromage, P. Tempst & N. F.
Lowndes: A novel Rad24 checkpoint protein complex closely
related to replication factor C. Curr Biol 10, 39-42 (2000)

58. Zou L., D. Liu & S. J. Elledge: Replication protein A-
mediated recruitment and activation of Rad17 complexes. Proc
Natl Acad Sci U S 4 100, 13827-13832 (2003)

59. Bao S., R. S. Tibbetts, K. M. Brumbaugh, Y. Fang, D. A.
Richardson, A. Ali, S. M. Chen, R. T. Abraham & X. F.
Wang: ATR/ATM-mediated phosphorylation of human Rad17
is required for genotoxic stress responses. Nature 411, 969-974
(2001)

60. Greer D. A., B. D. Besley, K. B. Kennedy & S. Davey:
hRad9 rapidly binds DNA containing double-strand breaks and
is required for damage-dependent topoisomerase II beta
binding protein 1 focus formation. Cancer Res 63, 4829-4835
(2003)

61. Makiniemi M., T. Hillukkala, J. Tuusa, K. Reini, M.
Vaara, D. Huang, H. Pospiech, 1. Majuri, T. Westerling, T.
P. Makela & J. E. Syvaoja: BRCT domain-containing



Mechanisms of ATR signalling

protein TopBP1 functions in DNA replication and damage
response. J Biol Chem 276, 30399-30406 (2001)

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

63. Lee J., A. Kumagai & W. G. Dunphy: The Rad9-Hus]1-
Radl checkpoint clamp regulates interaction of TopBP1
with ATR. J Biol Chem 282, 28036-28044 (2007)

64. Yan S. & W. M. Michael: TopBP1 and DNA
polymerase-alpha directly recruit the 9-1-1 complex to
stalled DNA replication forks. J Cell Biol 184, 793-804
(2009)

65. Kai M., K. Furuya, F. Paderi, A. M. Carr & T. S. Wang:
Rad3-dependent phosphorylation of the checkpoint clamp
regulates repair-pathway choice. Nat Cell Biol 9, 691-697
(2007)

66. Sabbioneda S., B. K. Minesinger, M. Giannattasio, P.
Plevani, M. Muzi-Falconi & S. Jinks-Robertson: The 9-1-1
checkpoint clamp physically interacts with polzeta and is
partially required for spontaneous polzeta-dependent
mutagenesis in Saccharomyces cerevisiae. J Biol Chem
280, 38657-38665 (2005)

67. Jansen J. G., M. 1. Fousteri & N. de Wind: Send in the
clamps: control of DNA translesion synthesis in
eukaryotes. Mol Cell 28, 522-529 (2007)

68. Hoege C., B. Pfander, G. L. Moldovan, G. Pyrowolakis
& S. Jentsch: RAD6-dependent DNA repair is linked to
modification of PCNA by ubiquitin and SUMO. Nature
419, 135-141 (2002)

69. Kannouche P. L., J. Wing & A. R. Lehmann:
Interaction of human DNA polymerase eta with
monoubiquitinated PCNA: a possible mechanism for the
polymerase switch in response to DNA damage. Mol Cell
14, 491-500 (2004)

70.Fu Y., Y. Zhu, K. Zhang, M. Yeung, D. Durocher & W.
Xiao: Rad6-Rad18 mediates a eukaryotic SOS response by
ubiquitinating the 9-1-1 checkpoint clamp. Cell 133, 601-
611 (2008)

71. Kumagai A. & W. G. Dunphy: Claspin, a novel protein
required for the activation of Chkl during a DNA
replication checkpoint response in Xenopus egg extracts.
Mol Cell 6, 839-849 (2000)

72. Chini C. C. & J. Chen: Human claspin is required for
replication checkpoint control. J Biol Chem 278, 30057-
30062 (2003)

73. Liu S., S. Bekker-Jensen, N. Mailand, C. Lukas, J.
Bartek & J. Lukas: Claspin operates downstream of
TopBP1 to direct ATR signaling towards Chk1 activation.
Mol Cell Biol 26, 6056-6064 (2006)

851

74. Jeong S. Y., A. Kumagai, J. Lee & W. G. Dunphy:
Phosphorylated claspin interacts with a phosphate-binding
site in the kinase domain of Chkl during ATR-mediated
activation. J Biol Chem 278, 46782-46788 (2003)

75. Kumagai A. & W. G. Dunphy: Repeated
phosphopeptide motifs in Claspin mediate the regulated
binding of Chk1. Nat Cell Biol 5, 161-165 (2003)

76. Yarden R. 1., S. Pardo-Reoyo, M. Sgagias, K. H.
Cowan & L. C. Brody: BRCAI1 regulates the G2/M
checkpoint by activating Chk1 kinase upon DNA damage.
Nat Genet 30, 285-289 (2002)

77.Lin S. Y., K. Li, G. S. Stewart & S. J. Elledge: Human
Claspin works with BRCA1 to both positively and
negatively regulate cell proliferation. Proc Natl Acad Sci U
54101, 6484-6489 (2004)

78. Stewart G. S., B. Wang, C. R. Bignell, A. M. Taylor &
S. J. Elledge: MDCl is a mediator of the mammalian DNA
damage checkpoint. Nature 421, 961-966 (2003)

79. Stiff T., C. Reis, G. K. Alderton, L. Woodbine, M.
O'Driscoll & P. A. Jeggo: Nbsl is required for ATR-
dependent phosphorylation events. Embo J 24, 199-208
(2005)

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

81. Yoshizawa-Sugata N. & H. Masai: Human
Tim/Timeless-interacting protein, Tipin, is required for
efficient progression of S phase and DNA replication
checkpoint. J Biol Chem 282, 2729-2740 (2007)

82. Sivasubramaniam S., X. Sun, Y. R. Pan, S. Wang & E.
Y. Lee: Cepl64 is a mediator protein required for the
maintenance of genomic stability through modulation of
MDCI1, RPA, and CHK1. Genes Dev 22, 587-600 (2008)

83. Danielsen J. M., D. H. Larsen, K. B. Schou, R. Freire,
J. Falck, J. Bartek & J. Lukas: HCLK2 Is Required for
Activity of the DNA Damage Response Kinase ATR. J
Biol Chem 284, 4140-4147 (2009)

84. Matsuoka S., B. A. Ballif, A. Smogorzewska, E. R.
McDonald, 3rd, K. E. Hurov, J. Luo, C. E. Bakalarski, Z.
Zhao, N. Solimini, Y. Lerenthal, Y. Shiloh, S. P. Gygi & S.
J. Elledge: ATM and ATR substrate analysis reveals
extensive protein networks responsive to DNA damage.
Science 316, 1160-1166 (2007)

85. Kumagai A., S. M. Kim & W. G. Dunphy: Claspin and
the activated form of ATR-ATRIP collaborate in the
activation of Chkl1. J Biol Chem 279, 49599-49608 (2004)

86. Wang X., L. Zou, T. Lu, S. Bao, K. E. Hurov, W. N.
Hittelman, S. J. Elledge & L. Li: Rad17 phosphorylation is



Mechanisms of ATR signalling

required for claspin recruitment and Chkl activation in
response to replication stress. Mol Cell 23, 331-341 (2006)

87. Medhurst A. L., D. O. Warmerdam, I. Akerman, E. H.
Verwayen, R. Kanaar, V. A. Smits & N. D. Lakin: ATR
and Radl7 collaborate in modulating Rad9 localisation at
sites of DNA damage. J Cell Sci 121, 3933-3940 (2008)

88. Walker M., E. J. Black, V. Ochler, D. A. Gillespie &
M. T. Scott: Chkl C-terminal regulatory phosphorylation
mediates checkpoint activation by de-repression of Chkl
catalytic activity. Oncogene 28, 2314-2323 (2009)

89. Zhao H. & H. Piwnica-Worms: ATR-mediated
checkpoint pathways regulate phosphorylation and
activation of human Chkl. Mol Cell Biol 21, 4129-4139
(2001)

90. Capasso H., C. Palermo, S. Wan, H. Rao, U. P. John,
M. J. O'Connell & N. C. Walworth: Phosphorylation
activates Chkl1 and is required for checkpoint-mediated cell
cycle arrest. J Cell Sci 115, 4555-4564 (2002)

91. Lopez-Girona A., B. Furnari, O. Mondesert & P.
Russell: Nuclear localization of Cdc25 is regulated by
DNA damage and a 14-3-3 protein. Nature 397, 172-175
(1999)

92. Smits V. A., P. M. Reaper & S. P. Jackson: Rapid PIKK-
dependent release of Chkl from chromatin promotes the
DNA-damage checkpoint response. Curr Biol 16, 150-159
(2006)

93. Zhang Y. W., D. M. Otterness, G. G. Chiang, W. Xie, Y.
C. Liu, F. Mercurio & R. T. Abraham: Genotoxic stress targets
human Chkl for degradation by the ubiquitin-proteasome
pathway. Mol Cell 19, 607-618 (2005)

94. Smits V. A.: Spreading the signal: dissociation of Chk1
from chromatin. Cell Cycle 5, 1039-1043 (2006)

95. Furnari B., N. Rhind & P. Russell: Cdc25 mitotic inducer
targeted by chkl DNA damage checkpoint kinase. Science
277, 1495-1497 (1997)

96. Peng C. Y., P. R. Graves, R. S. Thoma, Z. Wu, A. S. Shaw
& H. Piwnica-Worms: Mitotic and G2 checkpoint control:
regulation of 14-3-3 protein binding by phosphorylation of
Cdc25C on serine-216. Science 277, 1501-1505 (1997)

97. Sanchez Y., C. Wong, R. S. Thoma, R. Richman, Z. Wu,
H. Piwnica-Worms & S. J. Elledge: Conservation of the Chk1
checkpoint pathway in mammals: linkage of DNA damage to
Cdk regulation through Cdc25. Science 277, 1497-1501 (1997)

98. Blasina A., I. V. de Weyer, M. C. Laus, W. H. Luyten, A.
E. Parker & C. H. McGowan: A human homologue of the
checkpoint kinase Cdsl directly inhibits Cdc25 phosphatase.
Curr Biol 9, 1-10 (1999)

99. Furnari B., A. Blasina, M. N. Boddy, C. H. McGowan
& P. Russell: Cdc25 inhibited in vivo and in vitro by

852

checkpoint kinases Cds1 and Chkl. Mo/ Biol Cell 10, 833-
845 (1999)

100. Sorensen C. S., R. G. Syljuasen, J. Falck, T.
Schroeder, L. Ronnstrand, K. K. Khanna, B. B. Zhou, J.
Bartek & J. Lukas: Chk1 regulates the S phase checkpoint
by coupling the physiological turnover and ionizing
radiation-induced accelerated proteolysis of Cdc25A.
Cancer Cell 3, 247-258 (2003)

101. Mailand N., J. Falck, C. Lukas, R. G. Syljuasen, M.
Welcker, J. Bartek & J. Lukas: Rapid destruction of human
Cdc25A in response to DNA damage. Science 288, 1425-
1429 (2000)

102. Xiao Z., Z. Chen, A. H. Gunasekera, T. J. Sowin, S.
H. Rosenberg, S. Fesik & H. Zhang: Chkl mediates S
and G2 arrests through Cdc25A degradation in response
to DNA-damaging agents. J Biol Chem 278, 21767-
21773 (2003)

103. Shimada M., H. Niida, D. H. Zineldeen, H. Tagami,
M. Tanaka, H. Saito & M. Nakanishi: Chk1 is a histone
H3 threonine 11 kinase that regulates DNA damage-
induced transcriptional repression. Cell 132, 221-232
(2008)

104. Sorensen C. S., L. T. Hansen, J. Dziegielewski, R.
G. Syljuasen, C. Lundin, J. Bartek & T. Helleday: The
cell-cycle checkpoint kinase Chkl is required for
mammalian homologous recombination repair. Nat Cell
Biol 7, 195-201 (2005)

105. Bahassi E. M., J. L. Ovesen, A. L. Riesenberg, W.
Z. Bernstein, P. E. Hasty & P. J. Stambrook: The
checkpoint kinases Chkl and Chk2 regulate the
functional associations between hBRCA2 and Rad51 in
response to DNA damage. Oncogene 27, 3977-3985
(2008)

106. Wang X., R. D. Kennedy, K. Ray, P. Stuckert, T.
Ellenberger & A. D. D'Andrea: Chkl-mediated
phosphorylation of FANCE is required for the Fanconi
anemia/BRCA pathway. Mol Cell Biol 27, 3098-3108
(2007)

107. Bonilla C. Y., J. A. Melo & D. P. Toczyski:
Colocalization of sensors is sufficient to activate the
DNA damage checkpoint in the absence of damage. Mol
Cell 30,267-276 (2008)

108. Soutoglou E. & T. Misteli: Activation of the cellular
DNA damage response in the absence of DNA lesions.
Science 320, 1507-1510 (2008)

109. Lukas C., J. Falck, J. Bartkova, J. Bartek & J. Lukas:
Distinct ~ spatiotemporal ~ dynamics of mammalian
checkpoint regulators induced by DNA damage. Nat Cell
Biol 5,255-260 (2003)

110. Essers J., A. B. Houtsmuller, L. van Veelen, C.
Paulusma, A. L. Nigg, A. Pastink, W. Vermeulen, J. H.



Mechanisms of ATR signalling

Hoeijmakers & R. Kanaar: Nuclear dynamics of RADS52
group homologous recombination proteins in response to
DNA damage. Embo J 21, 2030-2037 (2002)

111. Lu X., B. Nannenga & L. A. Donehower: PPM1D
dephosphorylates Chkl and p53 and abrogates cell cycle
checkpoints. Genes Dev 19, 1162-1174 (2005)

112. Leung-Pineda V., C. E. Ryan & H. Piwnica-Worms:
Phosphorylation of Chkl by ATR is antagonized by a
Chk1-regulated protein phosphatase 2A circuit. Mol Cell
Biol 26, 7529-7538 (2006)

113. Zhang Y. W., J. Brognard, C. Coughlin, Z. You, M.
Dolled-Filhart, A. Aslanian, G. Manning, R. T. Abraham &
T. Hunter: The F box protein Fbx6 regulates Chk1 stability
and cellular sensitivity to replication stress. Mol Cell 35,
442-453 (2009)

114. van Vugt M. A., A. Bras & R. H. Medema: Polo-like
kinase-1 controls recovery from a G2 DNA damage-
induced arrest in mammalian cells. Mol Cell 15, 799-811
(2004)

115. Watanabe N., H. Arai, Y. Nishihara, M. Taniguchi, N.
Watanabe, T. Hunter & H. Osada: M-phase kinases induce
phospho-dependent ubiquitination of somatic Weel by
SCFbeta-TrCP. Proc Natl Acad Sci U S A 101, 4419-4424
(2004)

116. Mailand N., S. Bekker-Jensen, J. Bartek & J. Lukas:
Destruction of Claspin by SCFbetaTrCP restrains Chkl
activation and facilitates recovery from genotoxic stress.
Mol Cell 23, 307-318 (2006)

117. Mamely 1., M. A. van Vugt, V. A. Smits, J. I. Semple,
B. Lemmens, A. Perrakis, R. H. Medema & R. Freire:
Polo-like  kinase-1  controls  proteasome-dependent
degradation of Claspin during checkpoint recovery. Curr
Biol 16, 1950-1955 (2006)

118. Peschiaroli A., N. V. Dorrello, D. Guardavaccaro, M.
Venere, T. Halazonetis, N. E. Sherman & M. Pagano:
SCFbetaTrCP-mediated degradation of Claspin regulates
recovery from the DNA replication checkpoint response.
Mol Cell 23, 319-329 (2006)

119. Macurek L., A. Lindgvist, D. Lim, M. A. Lampson, R.
Klompmaker, R. Freire, C. Clouin, S. S. Taylor, M. B.
Yaffe & R. H. Medema: Polo-like kinase-1 is activated by
aurora A to promote checkpoint recovery. Nature 455, 119-
123 (2008)

120. Stiff T., S. A. Walker, K. Cerosaletti, A. A. Goodarzi,
E. Petermann, P. Concannon, M. O'Driscoll & P. A. Jeggo:
ATR-dependent phosphorylation and activation of ATM in
response to UV treatment or replication fork stalling. Embo
J 25, 5775-5782 (2006)

121. Harper J. W. & S. J. Elledge: The DNA damage
response: ten years after. Mol Cell 28, 739-745 (2007)

853

122. Hofmann K.: Ubiquitin-binding domains and their role
in the DNA damage response. DNA Repair (Amst) 8, 544-
556 (2009)

123. Faustrup H., S. Bekker-Jensen, J. Bartek, J. Lukas &
N. Mailand: USP7 counteracts SCFbetaTrCP- but not
APCCdhl-mediated proteolysis of Claspin. J Cell Biol 184,
13-19 (2009)

124. Zhang D., K. Zaugg, T. W. Mak & S. J. Elledge: A
role for the deubiquitinating enzyme USP28 in control of
the DNA-damage response. Cell 126, 529-542 (2006)

Abbreviations: ATM: ataxia telangiectasia mutated; ATR:
ATM- and Rad3-related; ATRIP: ATR-interacting protein;
DSB: double-stranded break; HU: hydroxyurea; IR:
ionizing radiation; MEF: mouse embryonic fibroblasts;
NER: nucleotide excision repair; PIKK: phosphoinositide
3-kinase-like protein kinase; RPA: replication protein A;
sc: S. cerevisiae; ssDNA: single-stranded DNA; TLS:
translesion synthesis; UV: ultraviolet.

Key Words: ATR, Checkpoint, DNA damage, Genotoxic
Stress, Review

Send correspondence to: Veronique A.J. Smits, Unidad de
Investigacion, Hospital Universitario de Canarias, Ofra s/n
La Laguna, Tenerife, Spain, Tel: 34-922-319338, Fax: 34-
922-647112, E-mail: vsmits@ull.es

http://www.bioscience.org/current/vol15.htm



