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Abstract
The cellular DNA damage response (DDR) is activated by many types of DNA lesions. Upon
recognition of DNA damage by sensor proteins, an intricate signal transduction network is activated
to coordinate diverse cellular outcomes that promote genome integrity. Key components of the DDR
in mammalian cells are the checkpoint effector kinases Chk1 and Chk2 (referred to henceforth as
the effector kinases; orthologous to spChk1 and spCds1 in the fission yeast S. pombe and scChk1
and scRad53 in the budding yeast S. cerevisiae). These evolutionarily conserved and structurally
divergent kinases phosphorylate numerous substrates to regulate the DDR. This review will focus
on recent advances in our understanding of the structure, regulation, and functions of the effector
kinases in the DDR, as well as their potential roles in human disease.

Domain organization of the effector kinases
Chk1 and Chk2 contain highly conserved kinase domains but are structurally and functionally
distinct. Chk2 has an N-terminal SQ/TQ cluster domain (SCD) and a Forkhead associated
domain (FHA) domain, involved in phosphorylation dependent protein-protein interactions,
and a kinase domain located near the C-terminus (Figure 1A) [1]. Chk2 is a highly
phosphorylated protein with more than 25 phosphorylation sites identified to date [1–4]. The
orthologous spCds1 (Figure 1B) is organized in a similar fashion to mammalian Chk2 while
scRad53 is more divergent, containing a second FHA domain C-terminal to the centrally
located kinase domain (Figure 1C).

The domain organization of the mammalian Chk1 proteins and the yeast orthologues appears
to be highly conserved. The kinase domain of Chk1 is located in the N-terminus, followed by
an SCD, a bipartite nuclear localization signal and a PCNA interacting protein (PIP) motif
(Figure 1D) [5]. The C-terminus of Chk1 has been proposed to function as an auto-inhibitory
region, as C-terminally truncated isoforms of Chk1 have increased activity, but recent analysis
suggests additional complexity as C-terminal regions of spChk1 are required for its activity
[6, 7].
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Activation of the effector kinases
Sensor proteins are required to recognize damage and trigger the DDR. Damage sensors include
the Mre11 complex (Mre11, Rad50, and Nbs1) that recognizes DNA double-strand breaks
(DSBs) as well as Rad17 and the Rad9-Hus1-Rad1 (9-1-1) complex that localize rapidly to
lesions caused by replication stress [8,9]. Recognition of damage activates the central
transducing kinases of the DDR, Ataxia-telangiectasia mutated (ATM) and ATM and Rad3-
related (ATR). ATM and ATR (the orthologues of Tel1/Rad3 in S. pombe and Tel1/Mec1 in
S. cerevisiae) are members of the PI-3K like kinase (PIKK) family and promote activation of
the effector kinases, in part through the phosphorylation of SQ/TQ residues.

Chk1 and Chk2 activation occurs through distinct mechanisms. Chk1 activation is primarily
downstream of ATR in response to genotoxic insults including stalled replication forks, DNA
crosslinks, ultraviolet (UV) radiation damage and to a lesser extent, ionizing radiation (IR).
ATR activation has recently been reviewed in great detail elsewhere and will be described
briefly here [10,11]. ATR, in complex with the ATR interacting protein (ATRIP), recognizes
single stranded DNA (ssDNA) bound by the single-stranded DNA binding protein, Replication
Protein A. ATR is then activated through interactions with the Topoisomerase II binding
protein (TopBP1) and the 9-1-1 complex that is loaded on DNA by the damage specific clamp
loader Rad17 and Replication Factor-C2-5. Active ATR, in the presence of additional factors,
phosphorylates Chk1 on at least 2 residues, S317 and S345, associated with its active form.

Chk2 is activated primarily by ATM in response to DSBs (reviewed in [1,12]). DSB recognition
by the Mre11 complex and additional proteins rapidly triggers ATM activation [8]. Once
activated, ATM phosphorylates Chk2 on T68 and additional residues in the Chk2 N-terminal
SCD domain. Phosphorylation of the SCD domain creates a binding site for the FHA domain
of a second Chk2 molecule, bringing the activation loops of the kinase domains into proximity.
This multimerization promotes Chk2 autophosphorylation in the catalytic site on T383 and
T387, as well as on additional residues, such as S516 and S379, that promote its activity [1,
2,4]. A similar mode of activation has been proposed for the structurally similar spCds1 and
is likely to represent a common mechanism of kinase activation [12,13].

In response to DSBs, ATM has been proposed to influence the activation and phosphorylation
of Chk1 indirectly, through the regulation of DSB break processing and subsequent activation
of ATR [14–16]. In addition, ATM, ATR, and another related PIKK, DNA-PKcs, can
phosphorylate Chk2 in vitro, and evidence exists for ATM-independent functions of Chk2
[17–22]. These data raise the possibility that significant crosstalk takes place between the ATR-
Chk1 and ATM-Chk2 signaling cascades.

Regulation of the checkpoint kinases by Mediator proteins
In addition to ATM and ATR, proteins defined as mediators fine tune the DDR and govern the
checkpoint kinases (reviewed in this issue). Mediators are substrates and regulators of both the
transducing and effector kinases, promoting their activation, regulating substrate access, and
controlling their associations with damaged DNA. The prototypical S. cerevisiae mediator,
scRad9, contains domains found in many mediator proteins; dual Brca1 C-terminal (BRCT)
domains, a SCD domain, and a Tudor domain, involved in recognizing methylated histones.
Mammalian mediators include Nbs1, 53BP1, MDC1, TopBP1, Brca1 and the non-BRCT
domain protein Claspin.

Effector kinase activity is controlled through feedback regulation with mediator proteins. The
scRad9 SCD is phosphorylated by the transducing kinases and these modifications are
recognized by the FHA domains of scRad53 [23]. scRad9-associated scRad53 is preferentially
phosphorylated by the transducing kinases, thus promoting autophosphorylation required for
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its full activation [23–26]. Recent data from our laboratory suggest that interactions also occur
between phosphorylated scRad9-SCD and the scRad9-BRCT domain and are the molecular
basis of DNA damage-induced scRad9 oligomerization in chromatin [27]. scRad9
oligomerization appears to be dispensable for scRad53 activation, but is required to maintain
the activity of scRad53, thus promoting checkpoint maintenance. Once activated, scRad53 can
negatively regulate scRad9 oligomerization by phosphorylating the scRad9 BRCT domain and
impairing the scRad9-SCD/BRCT interaction. The mammalian mediator proteins MDC1,
53BP1, Nbs1, Brca1 and Claspin influence the regulation of Chk1 and Chk2 [28–33]. Whether
the functional interactions described above for scRad9 and scRad53 analogize other those of
other mediator and effector proteins is an open question.

The mediator Claspin plays a particularly important role in the regulation of Chk1 through
functional and physical associations with Rad17 and Chk1 itself. Depletion of Claspin from
X. laevis extracts leads to reduced ATR mediated phosphorylation of Chk1 [34]. A
phosphorylation-dependent interaction between Rad17 and Claspin is essential for maintaining
Chk1 phosphorylation after HU induced damage [35]. Claspin also interacts with Chk1 in a
damage specific manner that requires the ATR-dependent phosphorylation of Claspin as well
as Chk1 mediated phosphorylation of Claspin on T916 [36–38].

Post-translational regulation of the effector kinases
Post-translational modifications that affect protein stability and sub-cellular localization of
Chk1 and Chk2 also influence their respective activities. Chk1 is a chromatin-associated
protein in normally growing cells. Following DNA damage, it is released from chromatin and
localizes to the cytoplasm, where a portion localizes to interphase centrosomes [39,40].
Phosphorylation of Chk1 on S317 is required for chromatin release as well as G2 checkpoint
arrest, as S317A mutants and Chk1 tethered to chromatin cannot activate G2/M checkpoint
responses [39,41]. Phosphorylation of both S317 and S345 in Chk1 is required for centrosomal
localization while only modification of S345 is required for localization to the cytoplasm. In
addition, ATR-mediated phosphorylation of Chk1 promotes its degradation by the proteasome
in response to many types of damage [42].

The AKT kinase phosphorylates Chk1 on S280 in response to damage, contributing to its
cytoplasmic relocalization as well as mono or diubiquitination following IR treatment [43].
Ubiquitination of Chk2 has also been reported and is controlled by the phosphorylation of S379
and S456 [2,4]. While both phosphorylation sites are important for Chk2 function, they
differentially affect the ubiquitination and stability of Chk2. Mutation of S379 impairs
ubiquitination but does not alter the stability of Chk2 while S456 mutation leads to hyper-
ubiquitiniation and Chk2 degradation. Although the functional importance of Chk1 and Chk2
ubiquitination remains unclear, it is tempting to speculate that these modifications represent
feedback regulation between interacting ubiquitin ligases, such as Mdm4/X and EDD, or the
ubiquitin protease USP28 [44–48].

The influence of Chk1 and Chk2 on the DDR
The checkpoint kinases phosphorylate numerous proteins that influence diverse aspects of the
DDR to promote genome integrity. Chk1 and Chk2 influence diverse aspects of the DDR,
primarily, but not exclusively, via their influences on transcription (Figure 2). While the
checkpoint kinases target some overlapping substrates, their functions in the DDR are largely
distinct.
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Cell cycle checkpoint regulation
The effector kinases play a key role in the regulation of cell cycle checkpoint arrest. In yeast,
scRad53 and spCds1 are required to mediate S-phase checkpoint responses to DNA damage
while scRad53, scChk1 and spChk1 play prominent roles in arrest at the G2/M boundary. In
human and mouse cells, Chk1 is the primary effector of the intra-S and G2/M phase
checkpoints, whereas Chk2 plays an accessory role, exerting a partial influence on the intra-S
and G1/S checkpoints [49].

Central to their influence on cell cycle checkpoint arrest in fission yeast and mammals, both
Chk1 and Chk2 target the Cdc25 family of phosphatases (Cdc25A, B and C in humans) that
remove inhibitory phosphorylations from CDKs during normal cell cycles and after DNA
damage (reviewed in [50,51]). The effector kinases negatively regulate the Cdc25s through
phosphorylation that controls their binding to 14-3-3 proteins, nucelo-cytoplasmic shuttling,
and binding of the SCFβTrcp ubiquitin ligase that targets Cdc25A for degradation by the
proteasome to activate the intra-S phase checkpoint [52–55].

SCFβTrcp also plays an important role in the regulation of Chk1 at the G2/M boundary through
the modulation of Claspin levels. At the onset of mitosis, Polo like kinase 1 (Plk1) is activated
and phosphorylates Claspin in a conserved βTrcp degron motif that leads to its ubiquitinylation
by SCFβTrcp and degradation by the proteasome, thus blocking Chk1-dependent inhibition of
mitosis [56,57]. After DNA damage in G2, Claspin is no longer phosphorylated in its
SCFβTrcp degron and both Plk1 and Claspin are ubiquitinylated by APC/CCdh1 [58]. While
Plk1 is degraded, Claspin remains stable due to the activity of the ubiquitin protease USP28
that prevents Claspin, and many other DDR proteins from degradation by the proteasome
[48,58]. These events culminate in the Chk1-dependent imposition of the G2/M checkpoint.

DNA repair and replication fork maintenance
Chk1 and Chk2 influence the regulation of DNA repair and promote the stability of stalled
replication forks through their checkpoint functions, as well as the direct modification of repair
proteins. Chk1 interacts with Rad51, as well as members of the Fanconi-anemia (FA) pathway
of DNA repair, to govern homologous recombination (HR). siRNA or chemical inhibitors of
Chk1 sensitize cells to camptothecin (CPT) and cause increased levels of strand breakage and
reduced Rad51 chromatin association and foci formation in response to hydroxyurea (HU)
[59]. Chk1 interacts with and phosphorylates Rad51 on T309 and cells expressing mutant
Rad51-T309A are sensitive to HU treatment.

Chk1 regulates the FA pathway through interactions with the FANCE, hCLK2/TEL2 and
BRCA2 proteins [60,61]. Chk1 phosphorylates FANCE on two residues (T346 and S374) that
promote its degradation and are required for survival after mitomycin-C (MMC) treatment.
Knockdown of Chk1 results in higher levels of mono-ubiquitinylated FANCD2 foci in
untreated cells through a mechanism that is dependent upon hCLK2/TEL2. Depletion of
hCLK2/TEL2 by siRNA results in defects in S-phase checkpoint responses and HR repair, as
well as Chk1 instability that is dependent upon its phosphorylation by ATR. These effects are
likely due in part to the role of hCLK2/TEL2 in the stabilization of the PIKK kinases [62].
Both Chk1 and Chk2 may further influence the FA pathway and HR by modulating the
interactions of Rad51 and the C-terminus of Brca2, that is mutated in some FA subgroups,
through the phosphorylation of Brca2 on T3387 [63].

The yeast checkpoint kinases scRad53 and spCds1 play a key role in regulating replication
fork stability in response to many types of S-phase damage (Reviewed in [64,65]). In cells
lacking scRad53, stalled forks collapse, compromising genome stability and cell viability.
Molecular mechanisms of this regulation remain largely unclear, however, recent studies show
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that scRad53 phosphorylates Exo1 to prevent it from processing stalled replication forks or
exposed telomeres [66,67]. In addition, scChk1 plays a role in fork stabilization that is
independent of scRad53 and the mitotic checkpoint [66].

In metazoans, Chk1 interacts with many replication fork associated proteins including
proliferating cell nuclear antigen (PCNA), Claspin, and the TIM1/TIMELESS complex. Chk1
interacts with PCNA through a conserved PIP motif [5]. Mutation of conserved residues in the
PIP box results in Chk1 hyperactivity and impaired phosphorylation and chromatin release in
response to DNA damage, thus compromising checkpoint regulation. At replication forks
stalled by UV lesions or HU, Chk1, Claspin, and TIM1/TIPIN are required for Rad18 mediated
ubiquitinylation of PCNA that allows binding of translesion polymerases [68]. It remains
unclear if this modification of PCNA also requires its direct interaction with Chk1. TIM1/
TIPIN are the closest orthologues of S. cerevisiae Tof1/Swi3 proteins that are required for the
maintenance of stalled forks as well as sister chromatid cohesion. Depletion of TIM1 or TIPIN
impairs Chk1 phosphorylation in response to stalled forks, potentially through the failure to
properly localize Claspin to chromatin [69,70]. Chk1’s role in regulating replication fork
dynamics in response to genotoxic stress may be critical for its role in suppressing fragile site
expression [71].

Transcriptional regulation and apoptosis
In the context of a functional DDR, the induction of DNA damage leads to global changes in
transcription. To a large extent, this reflects the regulation by the effector kinases of
transcriptional activators and repressors that normally govern cell cycle specific transcription.
In yeast, cell cycle specific transcription is regulated by the heterodimeric transcription factors
SBF and MBF that activate different classes of genes, with MBF controlling those primarily
relevant to DNA replication and repair [72]. DNA damage triggers the derepression of MBF
through spCds1 mediated phosphorylation of Nrm1 or the MBF subunit Cdc10 allowing the
expression of genes that promote cell survival in the presence of genotoxic stress [73,74].

Additional complexity exists in S. cerevisiae where transcriptional regulation by scRad53 is
controlled in part by the Dun1 kinase. The FHA domain of Dun1 binds to diphosphorylated
threonines in the scRad53 SCD and scRad53 in turn phosphorylates the catalytic loop of Dun1
leading to its activation [24,75]. An important target of scRad53/Dun1 is the transcriptional
repressor Crt1 that is inactivated by scRad53 and Dun1 dependent hyperphosphorylation to
promote survival during replication stress [76].

In metazoans, the E2F/Rb pathway controls cell cycle specific transcription in a manner
analogous to SBF/MBF and their repressors Whi5/Nrm1 and both E2F-1 and Rb have been
identified as targets of the effector kinases. E2F-1 is phosphorylated by Chk2 on S364, a
modification that results in enhanced E2F-1 stability, and Chk1 and/or Chk2 modify S612 of
Rb, resulting in an enhanced E2F-1/Rb interaction following DNA damage [77–79]. The
effector kinases also regulate apoptosis in response to the deregulation of E2F transcriptional
pathways. Overexpression of E2F-1 leads to the activation of proapoptotic genes and apoptotic
cell death [80]. Chk2, as well as ATM and the Mre11 complex, are required for the induction
of apoptosis by E2F-1 and other oncogenes such as HPV-E7 [81].

Chk2 is also required for IR induced apoptosis and promotes p53-dependent transcriptional
responses in many tissues of the mouse [18,82]. Both Chk1 and Chk2 can phosphorylate p53
on several sites including S20 (S23 in mice) [1]. The stability of p53 is reduced in mice lacking
Chk2 and in some cell types of mice harboring a mutation of p53-S23, and both mice show
similar defects in IR induced apoptosis [18,82,83].
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While p53 is a direct target of Chk2 in the regulation of apoptosis, other substrates may also
influence the process. Chk1 and Chk2 both phosphorylate the ubiquitin ligase Mdm4/X that
targets p53 for degradation. Phosphorylation of Mdm4/X by Chk2 (on S342 and S367)
promotes its nuclear retention and degradation through interactions with 14-3-3 proteins and
the dissociation of the HAUSP ubiquitin protease [45,46,84]. Chk1 also targets the
modification of Mdm4/X on S367 after UV damage, promoting the interaction of Mdm4/X
with 14-3-3 and stimulating p53 Ptc2 activity [47]. Chk2 further influences p53-dependent
transcriptional responses through modification of the Che-1/AATF kinase. Both ATM and
Chk2 phosphorylate Che-1 and promote its stability and recruitment to the promoters of p53
responsive genes after DNA damage [85].

Chk2 has been implicated in the regulation of p53-independent apoptosis induced by IR, in
part through the modification of the promyelocytic leukemia protein (PML) protein that is
important for apoptosis in response to a number of stimuli [86]. Chk2 interacts with and
phosphorylates PML on S117 and cells expressing PML mutants in this site fail to mount an
efficient apoptotic response after IR treatment [87]. Chk2 is required for an increase in PML
nuclear body number in response to radiation, although it remains unclear whether this involves
a direct interaction with PML or requires the kinase activity of Chk2 [88].

While Chk2 promotes p53-independent apoptosis, Chk1 appears to suppress it. Depletion or
chemical inhibition of Chk1 results in the activation of p53-independent apoptosis in response
to IR in zebrafish and human cancer cells [89]. This apoptosis is dependent upon ATM, ATR,
and caspase-2 and bypasses increased expression of the apoptosis inhibitor Bcl-2. Precisely
how Chk1 normally suppresses these apoptotic pathways remains unclear but its roles in the
regulation of cell cycle checkpoints or HR are likely key contributors to the viability of cycling
cells following DNA damage.

The activity of Chk1 and Chk2 on Cdc25s, previously well characterized with regards to
checkpoint function, has been tied to apoptosis through the regulation of CDK activity on the
FOXO1 transcription factor [90]. Cdk1 and Cdk2 phosphorylate FOXO1 on S249 leading to
its export from the nucleus, potentially through interactions with 14-3-3 proteins [91]. After
DNA damage induced activation of the checkpoint kinases, Cdk2 is inhibited and FOXO1
transits to the nucleus and can activate apoptosis [90].

Chromatin dynamics
One mechanism by which the checkpoint kinases modulate transcriptional responses to
genotoxic stress is through the regulation of chromatin. Chk1 phosphorylates histone H3 on
T11 to facilitate ultraviolet (UV) radiation induced transcriptional responses [92]. Following
exposure to UV, Chk1 is released from chromatin, correlating with a decrease in the
phosphorylation of H3 on T11. This impairs the interaction of the histone acetyltransferase
GCN5 with H3 at the promoters of cell cycle modulators, such as cyclin-B, resulting in their
transcriptional repression.

Chromatin changes are also governed by the checkpoint kinases through the regulation of
histone chaperones. scRad53 constitutively associates with phosphorylated Asf1, a histone H3/
H4 chaperone, via its N-terminal FHA domain and this association is lost following DNA
damage in a Mec1 dependent manner [93,94]. The interaction between scRad53 and Asf1 is
promoted by the presence of the Dun1 kinase [95]. Overexpression of Asf1 can act as a high
copy suppressor of HU sensitivity in scRad53 mutant strains, suggesting that the regulation of
Asf1 by scRad53 plays an important role in the maintenance of stalled replication forks [25,
93].
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A similar signaling axis appears to exist in mammalian cells through interactions between Chk1
and the Tousled like kinase 1 (TLK1). Phosphorylation of TLK1 on S695 by Chk1 following
DNA damage results in the inhibition of TLK1 kinase activity that peaks during S-phase
[96–98]. Asf1 is a target of TLK1 but it remains unclear how this modification affects its
activity in the DDR [99]. Asf1 is required for efficient replication fork progression during S-
phase as well as for the acetylation of histone H3-K56 that is required for the resumption of
cell cycle progression following DNA repair [100]. Chk1-TLK1-Asf1 signaling may represent
a means of coordinating cell cycle checkpoint maintenance with histone dynamics that govern
both transcription and DNA replication.

Opposing forces: phosphatases and the effector kinases
In order to recover from checkpoint arrest, cells must disengage checkpoint responses to resume
cell cycle progression. While many enzymatic activities regulate this process, phosphatases
have emerged as important negative regulators of the effector kinases. Analysis of adaptation
revealed a correlation between the dephosphorylation of both scRad53 and scChk1 and cell
cycle resumption in the presence of persistent DNA damage [101]. Cells lacking the PP2C-
like phosphatases Ptc2 and Ptc3 were unable to adapt, and exhibited prolonged G2 checkpoint
arrest and phosphorylation of scRad53 [102]. In addition, overexpression of Ptc2 suppressed
the toxicity of a dominant lethal form of scRad53 [103]. Ptc2, as well as an additional PP2A
like phosphatase complex Psy2-Pph3, also influence scRad53 control of replication fork
progression [104]. Cells lacking both Pph3 and Ptc2 showed slower replication fork restart and
increased scRad53 phosphorylation after treatment with MMS [105]. Expression of a dominant
negative, kinase dead scRad53 enabled replication fork restart in the absence of Pph3 and Ptc2.
scRad53 interacts with both Psy2 and phosphorylated Ptc2 through its the kinase domain and
FHA1 domain respectively [102,104].

spChk1-dependent G2 checkpoint responses are also regulated through associations with
phosphatases. A screen to identify overexpressed genes that sensitized G2 cells to MMS
treatment identified the PP1 like phosphatase Dis2 [106]. Dis2 is required to dephosphorylate
spChk1 following checkpoint induction and cells lacking Dis2 exhibit prolonged spChk1
activity and G2 checkpoint arrest.

In metazoans, several phosphatases have been implicated in the regulation of the checkpoint
kinases. The p53 inducible type-2C phosphatase Wip1 (PPM1D) interacts with and inhibits
both Chk1 and Chk2 and appears to play an extensive role in counteracting the DDR [107–
112]. Depletion of Wip1 leads to enhanced phosphorylation of DDR proteins and more robust
G2/M and intra-S phase checkpoint responses after IR or UV treatment [108,110,111].

Both Chk1 and Chk2 are also regulated by PP2A and evidence for a complex feedback loop
between Chk1 and PP2A has been reported [43,113]. Chk1 stimulates PP2A activity on itself
and pharmacological inhibition of either Chk1 or PP2A results in increased Chk1
phosphorylation on S345 and to a lesser extent S317 [43]. PP2A activity influences many
aspects of the damage response, further analysis will be needed to clarify its specific roles in
the regulation of the effector kinases [114–116].

The effector kinases and human disease
As lynchpins in the DDR and essential components of genome maintainence pathways, a role
for the effector kinases in tumor suppression is not unexpected. Phosphorylated Chk2 and other
markers of the DDR have been observed in numerous premalignant and cancerous lesions
[117,118]. These observations and additional data have led to the proposal that the DDR acts
as an inducible barrier to tumorigenesis. This is supported by human genetic instability
disorders as well as the analysis of mutant mice, including mice lacking Wip1 that show
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enhanced checkpoint responses and are refractory to oncogene-induced tumorigenesis [111,
119].

Chk2 mutations, commonly 1100delC, have been identified as low penetrance alleles in human
prostate and breast cancer (Figure 1A; boldfaced italics)[120]. The 1100delC allele has been
modeled in mice and appears to promote genome instability, but thus far information regarding
tumorigenesis has not been reported [121]. However, expression of dominant negative Chk2
(Chk2-D347A) from the MMTV promoter results in tumors of the mammary gland and spleen
[122].

Deletion of Chk2 in the mouse is insufficient to predispose spontaneous tumors but Chk2 null
animals are more susceptible to skin tumors induced by the carcinogen DMBA [18]. In
addition, Chk2 null mice harboring mutations in either Brca1 or members of the Mre11
complex, are predisposed to a broad spectrum of tumors [22,123,124]. Brca1 is a target of Chk2
kinase activity and mutation of this residue in mice (S971) resulted in increased susceptibility
to IR or 1-methyl-1-nitrosourea (MNU) induced tumors as well as uterine hyperplasia [125].
Interestingly, mice expressing p53 with a mutation in the Chk2 phosphorylation site (p53-S23)
develop B-cell tumors [83]. As these are not observed in Chk2 null mice, it suggests that
additional kinases can modify this residue in the absence of Chk2.

Haploinsufficiency of Chk1 in the mouse results in many phenotypes associated with
tumorigenesis, such as impaired cellular proliferation, elevated Cdc25A levels following
damage, and genetic instability, but assessment of Chk1’s role in tumorigenesis in the mouse
has been complicated by the essential nature of the gene [126–128]. Several somatic mutations
of Chk1 have been identified in human tumors but thus far no hereditary mutations have been
clearly associated with human disease [49]. Mutations in ATR are associated with human
Seckel syndrome, a developmental disorder that results in microcephaly [129]. Microcephalin
(MCPH1/BRIT1), a gene mutated in hereditary microcephaly, interacts with Chk1 and
influences its transcriptional regulation as well as cell cycle checkpoint induction, suggesting
that hypomorphic Chk1 mutations could present themselves in human developmental
syndromes in the future [130–132].

Inhibition of both Chk1 and Chk2 has been investigated to augment chemotherapeutic
approaches and have been reviewed extensively elsewhere [133–135]. Data from knockout
mice would suggest that inhibition of Chk1 would be highly toxic to dividing cells regardless
of DNA damage treatment [128]. On the other hand, loss of Chk2 in the mouse leads to a
radioresistant phenotype and promotes tumorigenesis in genetic backgrounds where S and G2/
M checkpoints are compromised [22,82,123,124]. Whether pharmacological inhibition of
Chk2 would recapitulate these phenotypes remains unclear but murine genetic studies suggest
that this approach may warrant caution and consideration of the genetic background. However,
given the strong conservation of the kinase domains in Chk1 and Chk2, it is likely that current
inhibitors target additional kinases, admittedly making predictions of their efficacy based on
murine tumor assessment difficult.

Epilogue
Despite the wealth of data available, much remains to be learned about the regulation and
influence of the effector kinases on the DDR. Teasing apart the functions of Chk1 and Chk2
in mammalian cells has been complicated by overlapping substrate specificity, redundancy
within signaling pathways, and the requirement of Chk1 for cell viability. The generation of
knockout mice has been valuable for the analysis of Chk2 in tumorigenesis and the genetic
dissection of DDR signaling pathways. The identification of hypomorphic Chk1 alleles that
support cell viability would facilitate similar approaches for the analysis of Chk1 function.
Future studies, utilizing the diverse model systems available, will be essential to untangle the
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many contributions of these important regulators of the DDR to the preservation of genome
integrity.
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Figure 1. The Checkpoint Kinases
Domain organization of the human Chk1 and Chk2 and the yeast spCds1 and scRad53 kinases
are shown. The forkhead associated domains (FHA), SQ/TQ clusters (SCD), and kinase
domains (Kinase) are indicated. (A) Mutations in Chk2 identified in human cancers are shown
in bold-italic type. Phosphorylation sites identified to date are indicated. (B) spCds1 shares a
similar domain organization as human Chk2 with T11 corresponding to the major damage
inducible site T68 in Chk2. (C) Schematic of scRad53 domain organization and
phosphorylation sites. The putative bipartite nuclear localization signal (NLS) is indicated. (D)
Schematic of human Chk1 with domains labeled as in (A).
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Figure 2. The Effector Kinases in the DDR
Regulators of effector kinase activation are shown in green. Known substrates and interacting
proteins are shown in light blue with some regulatory proteins in tan. Shaded regions indicate
some known functions of the proteins and are provided as an organizing principle and are not
meant to exclude potential roles of any proteins in additional processes.
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