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DNA-damaging strategies, such as radiotherapy and the majority
of chemotherapeutic therapies, are the most frequently used
non-surgical anti-cancer therapies for human cancers. These ther-
apies activate DNA damage/replication checkpoints, which induce
cell-cycle arrest to provide the time needed to repair DNA dam-
age. Due to genetic defect(s) in the ATM (ataxia-telangiectasia
mutated)-Chk2-p53 pathway, an ATR (ATM- and Rad3-related)-
Chk1-Cdc25 route is the sole checkpoint pathway in a majority of
cancer cells. Chk1 inhibitors are expected to selectively induce
the mitotic cell death (mitotic catastrophe) of cancer cells. How-
ever, recent new findings have pointed out that Chk1 is essential
for the maintenance of genome integrity even during unper-
turbed cell-cycle progression, which is controlled by a variety of
protein kinases. These observations have raised concerns about a
possible risk of Chk1 inhibitors on the clinics. In this review, we
summarize recent advances in Chk1 regulation by phosphoryla-
tion, and discuss Chk1 as a molecular target for cancer therapeu-
tics. (Cancer Sci 2012; 103: 1195-1200)

Cellular genetic information (DNA) is constantly being
attacked by exogenous (e.g. chemicals, ultraviolet [UV],
ionizing radiation [IR]) or endogenous (e.g. free radicals or
by-products of intracellular metabolism) genotoxic agents.
These DNA alternations activate DNA damage checkpoints,
which inhibit cell cycle progression from GI1 to S (the G1/S
checkpoint), during DNA replication (the intra-S phase check-
point), or from G2 to mitosis (the G2/M checkpoint). The cell
cycle arrest allows cells to repair damaged DNA, thus prevent-
ing the transmission of genetic errors to daughter cells. When
a repair is unsuccessful owing to excessive DNA damage or a
genetic defect, the checkpoint activation facilitates the elimina-
tion of damaged cells from the proliferation pool through the
induction of semi-permanent cell cycle arrest (senescence) or
cell death (apoptosis). DNA damage is detected by several sig-
naling pathways that ultimately inhibit cyclin-dependent kinases
(Cdks).""™

One important pathway is the ataxia-telangiectasia mutated
(ATM)-checkpoint kinase 2 (Chk2)-p53 pathway."' ™ Ataxia-
telangiectasia mutated is activated mainlg in response to a dou-
ble-strand break" ™ or oxidative stress.”) Ataxia-telangiectasia
mutated also induces Chk2-Thr68 phoslpho lation, which trig-
gers the catalytic activation of Chk2."" 'Y The activation of
an ATM-Chk2 kinase cascade stabilizes p53 (a transcription
factor) through the phosphorylation." %!V Stabilized p53
induces cell cycle arrest (including senescence) or apoptosis
by regulating the expression of several proteins such as the
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Cdk inhibitor p21 or the pro-apoptotic BAX and PUMA pro-
teins." ' This signaling pathway not only prevents cell
cycle-progression from the G1 to the S phase but also works
as tumor suppressors.“’g’lo’lz)

On the other hand, an ATM- and Rad3-related (ATR)-Chk1-
Cdc25 pathway plays critical roles mainly in the intra-S phase
or G2/M checkpoint."" !> In response to stalled replication
or damaged DNA (induced by UV, IR, DNA-damaging
reagents, etc.), ATR is activated at a replication protein A
(RPA)-coated single strand DNA (ssDNA; Fig. 1).(!"¢1319
The activated ATR phosphorylates Chkl at Ser317 and
Ser345.(17519) Thig phosphorylation induces both catalytic acti-
vation'®® and nuclear accumulation!” of Chkl (Table 1).
Chk1 then phosphorylates and thereby inactivates Cdc25 pro-
teins, a family of dual-specificity protein phosphatases
(Fig. 2a). (178137152020 gince  Cdc25 phosphatases activate
Cdks (Fig. 2a),?>2* Cdc25 inhibition by Chkl induces cell-
cycle arrest,(l’é’m’ls’zs) which provides time to repair damaged
DNA lesions.*®

Only ATR was long believed to functionally regulate Chkl.
It has become increasingly evident, however, that a variety of
protein kinases phosphorylate and thereby regulate Chkl
(Table 1). Such new evidence displays the Chkl function not
only in checkpoint responses but also during unperturbed cell-
cycle progression (Table 1). This review will focus on the
recent advances in our knowledge of Chkl regulation by phos-
phorylation. In addition, we will discuss Chkl as a molecular
target for anti-cancer therapies.

Chk1 Phosphorylations in DNA Replication/Damage
Checkpoints: Importance of Chk1 Autophosphorylation at
Ser296

In response to ssDNA generated by a broad spectrum of dam-
aged DNA (e.g. stalled replication forks or UV photoproducts),
ATR is activated as follows (summarized in Fig. 1a). Replica-
tion protein A complexes rapidly coat the ssDNA lesions and
then recruit/activate ATR in a stable complex with ATR-inter-
acting protein (ATRIP)."*"'>2" Simultaneously, RPA binds to a
clamp loader RAD17, which loads the proliferating cell nuclear
antigen gPCNA)-related RAD9-HUS1-RAD1 (9-1-1) heterotri-
mer.> 1222 DNA topoisomerase II binding protein 1 (TOPBP1)
is then recruited to ssSDNA lesions through the molecular interac-
tion of its breast cancer susceptibility gene 1 (BRCAI) car-
boxyl-terminal (BRCT) domains with RAD9 phosphorylated
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Fig. 1. Model for ATR-Chk1-Cdc25A pathway in DNA damage/replica-
tion checkpoint. (a) ATR-Chk1 pathway is activated in ssDNA lesions.
(b) Chk1 phosphorylation shift from Ser317 and Ser345 (ATR sites) to
Ser296 plays critical roles in Cdc25A degradation. See text for details.

by ATR."?7'53932 Efficient activation of ATR requires a
molecular interaction between ATR and TOPBP1.!'3!532
Active ATR phosphorylates numerous substrates including
Chkl. For an efficient phosphorylation of Chkl by ATR,
Chkl needs to form a complex with the mediator protein
Claspin.**® The complex of a Timeless (TIM) and TIM-inter-
acting protein (TIPIN)®® facilitates the accumulation of Chkl
and Clas%)in to ssDNA lesions through a TIPIN association with
RPA2.¢

The cell cycle arrest in an ATR signaling cascade is estab-
lished mainly through the inhibition of Cdc25 activity by
Chk1 (Fig. 2a).""%137152% However, there remained two large
questions about a signaling from Chkl1 to Cdc25. Based on the
localization of Chkl activators (ATR, Claspin etc.), Chkl is
considered to be initially activated at the sites of DNA damage
(Fig. 1a). In support of this idea, Ser345-phosphorylated Chkl
is predominantly observed at the area where ATR is acti-
vated.®® On the other hand, Cdc25 is distributed diffusely in
the nucleus.®” Thus, the question remains as to how Chkl
spreads over the nucleus to phosphorylate Cdc25. Another
question is the role of 14-3-3 proteins in a signaling from
Chk1 to Cdc25. Studies in fission yeast first suggested that a
14-3-3 E)rotein RAD?24 participates in a signal from Chkl to
Cdc25.%149 In mammalian cells, three isoforms have been
identified: Cdc25A, Cdc25B, and Cdc25C.%Y From the view-
point of evolutionary conservation, Cdc25B and Cdc25C have
received more attention.?'*® Chkl can phosphorylate those
isoforms on conserved serine residues, creating phosphoserine-
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binding sites for 14-3-3.%"*” Moreover, the binding of 14-3-3
functionally inhibits Cdc25B and Cdc25C.?"*”" However,
these sites are likely to be phosphorylated mainly by other kin-
ases in mammalian cells, and the level of phosghorylation does
not dramatically change after DNA damage.?'**™*® Genetic
studies have also revealed that normal cell cycle progression
and checkpoint responses were observed in mice and cells lack-
ing Cdc25B and/or Cdc25C.“#*9 In sharp contrast, Cdc25A™~
mice™” die early in embryogenesis, like ATR™~“4 or
Chk1™"~%D mice. Chkl generates 14-3-3 binding sites on
Cdc25A,°% suggesting the possibility that 14-3-3 proteins may
modulate a signaling from Chkl1 to Cdc25A. However, the role
of such a binding has remained poorly understood.

The answer to these two questions lies in the novel Chkl
phosphorylation during the checkpoint responses (Fig. 1b,
Table 1). We found that Chk1-Ser296 is autophosphorylated
after Chkl phosphorylation at Ser317 and Ser345 by ATR
(which implies Chkl activation).®® After Chk1-Ser296 auto-
phosphorylation, Ser317 and Ser345 are rapidly dephosphoryl-
ated by phosphatases such as protein phosphatase 2A
(PP2A),®%8% or PPMID (also called Wipl or PP2CS§).5¥
Since Ser296-phosphorylated Chk1 is diffusely observed in the
nucleus (probably throughout the nucleoplasm),®® the phos-
phorylation shift from ATR sites to Ser296 plays an important
role in the spread of Chkl signals. That shift also induces an
ordered binding of Chkl to specific 14-3-3 subtypes. B and (
subtypes of 14-3-3 bind Chkl in a Ser345 phosphorylation-
dependent manner."” On the other hand, Ser296—phosph01y—
lated Chk1 binds to 14-3-3 in a y subtype-specific manner.®®
Dimer formation by 14-3-3 proteins facilitates their function as
platforms for the generation of complexes between Chkl and
Cdc25A. This complex formation is required for a Chkl-
induced Cdc25A phosphorylation at Ser76“® ga rate-limiting
phosphorylation site for Cdc25A degradation),?!33% whereas
the Cdc25A phosphorylation at Thr507 (a phosphorylation site
required for 14-3-3 binding)(2"52 occurs in the complex-for-
mation-independent manner.*® Ser76 phosphorylation on
Cdc25A facilitates its phosphorylation at Ser79, Ser82 and
Ser88 by NIMA (never in mitosis gene A)-related kinase 11
(NEK11)®” and casein kinase 1 (CK1).®® The phosphoryla-
tions by NEK11 and CKI1 generate a PB-transducin repeated-
containing protein (B-TrCP; E3 ligase) recognition motif
(phosphodegron) on Cdc25A and then lead to Cdc25A degra-
dation in a proteasome-dependent manner.?" Cdc25A degra-
dation prevents a premature activation of Cdks (Fig. 2a) and
induces cell cycle arrest after DNA damage. Therefore, in
mammalian checkpoint systems, Chk1-Ser296 autophosphory-
lation triggers a signaling from Chkl to Cdc25A not only
through the spread of Chkl throughout the nucleus, but also
through the complex formation between Chkl and Cdc25A on
14-3-3y (Fig. 1b, Table 1).

Chk1 Phosphorylations in Unperturbed Cell-Cycle
Progression

Accumulating evidence suggests that Chkl also plays critical
roles in normal (unperturbed) cell-cycle progression. Essential
functions of Chk1 during development are well documented b
the early embryonic lethality of Chkl-knockout mice.%>"
Chkl1 is considered to monitor replication forks even during
normal S-phase progression.*’**? Chk1 activity is especially
likely to be necessary in preventing late-origin firing and then
irreversible replication fork collapse.®®

Outside the S-phase control, Chkl is also known to restrain
mitosis at the G2 phase without exogenously introducing DNA
damage.®"¥ Since Chkl has a basal activity in interphase,®' %>
it would be expected to inhibit Cdc25 phosphatase activity.
Thus, Chkl indirectly prevents the unscheduled activation of a
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Fig. 2. A positive feedback loop between Chk1 and Cyclin-dependent kinase 1 (Cdk1) at G2/M transition. (a) The control of Cyclin B/Cyclin-
dependent kinase 1 (Cdk1) activity. Myt1 and Wee1 kinases phosphorylate Cyclin-dependent kinase 1 (Cdk1) at Thr14 and Tyr15, inhibiting Cyclin
B/Cyclin-dependent kinase 1 (Cdk1) activity. The Thr14 and Tyr15 phosphorylations are antagonized by Cdc25 family phosphatases. The activities
of other Cyclin-dependent kinases (Cdks) are also controlled by the balance of Myt1/Wee1 and Cdc25 activities. Chk1 phosphorylates and inhibits
Cdc25A, Cdc25B, and Cdc25C. Thus, Chk1 works as a negative regulator of Cdks including Cyclin B/Cyclin-dependent kinase 1 (Cdk1). On the
other hand, Plk1 phosphorylates and activates Cdc25C. Plk1 also phosphorylates and inactivates Myt1 and Wee1 kinases. Thus, Plk1 participates
in initial activation of Cyclin B/Cyclin-dependent kinase 1 (Cdk1). (b) Before mitosis (at S or G2 phase), Chk1 (green) has basal activity in unper-
turbed cells. Since Chk1 (green) is predominantly localized in nucleus (blue) of interphase cells, it would be expected to inhibit Cdc25 phospha-
tase activity at nucleus (blue) and thus block premature activation of Cyclin-dependent kinase 1 (Cdk1; red) in nuclei of interphase cells. Once
initial activation of Cyclin-dependent kinase 1 (Cdk1; red) occurs (likely by Plk1), Cyclin-dependent kinase 1 (Cdk1; red) starts to phosphorylate
Chk1 at Ser286 and Ser301. This phosphorylation induces Chk1 translocation from nucleus to cytoplasm by Crm-1/exportin 1 (purple)-mediated
transport. Elimination of Chk1 kinase activity from nucleus triggers more activation of Cyclin-dependent kinase 1 (Cdk1; red) in nucleus and
thereby promotes mitosis. See text for details.

Table 1. Chk1 phosphorylation sitest and physiological roles of these phosphorylations

Phosphorylation site Responsible kinase Binding partner(s) Stimuli Possible function

Ser280 p90 RSK Growth factor stimulation Chk1 transport from cytoplasm to nucleus
p90 RSK UV irradiation Acceleration of Chk1 activation processes
Ser286, Ser301 Cdk1 Crm-1/exportin 1% G2/M transition Chk1 transport from nucleus to cytoplasm
Ser296 Chk1 14-3-3y Checkpoint responses Chk1 translocation to nucleoplasm
Cdc25A phosphorylation/degradation
Ser317, Ser345 ATR Checkpoint responses Chk1 catalytic activation
Ser345 ATR 14-3-3 B and ¢ Checkpoint responses Nuclear accumulation of Chk1

tAIll phosphorylation sites indicated above are located in C-terminal, regulatory region (outside of the catalytic domain) of Chk1.
$Ser286/Ser301 phosphorylation may induce conformational change of Chk1, which promotes Chk1 binding to Crm-1/exportin 1.

mitosis-inducer kinase, Cyclin-dependent kinase 1 (Cdkl; we
used Cyclin-dependent kinase 1 to clearly distinguish Chkl in
the text) even under unperturbed condition (Fig. 2a).61769 1n
other words, cells have to activate Cyclin-dependent kinase 1
to enter into mitosis. Accumulating evidence has suggested
that Polo-like kinase 1 (Plk1) is likely to play critical roles in
initial activation of Cyclin-dependent kinase 1 through Cdc25
activation and Weel/Mytl inhibition (Fig. 2a).?>%¢7 wWe
have recently established that novel Chkl phosphorylation also
participates in the activation process of Cyclin-dependent
kinase 1 at the G2/M transition. Once initial activation of
Cyclin-dependent kinase 1 occurs (likely by Plkl1; Fig. 2a), it
starts to phosphorylate Ser286 and Ser301 on Chkl at the G2/
M transition (Fig. 2b, Table 1).“® This phosphorylation facili-
tates Chkl translocation from the nucleus to the cytoplasm by
Crm-1/exportin 1. TInitial activation of Cyclin-dependent
kinase 1 triggers Chkl phosphorylation at Ser286 and Ser301,
which promotes the cytoplasmic sequestration of Chkl. This
elimination of Chkl kinase activity from nucleus triggers more
activation of Cyclin-dependent kinase 1 in nucleus. This posi-
tive feedback loop promotes cell cycle progression from G2 to

Goto et al.

the M phase (Fig. 2b, Table 1). Chkl activity may also be also
modulated by Plkl, which generates B-TrCP 3ghosphodegron
on Claspin (an essential activator of Chk13739), thereby
inducing Claspin degradation.*3-¢%7"

Chkl is known to constantly shuttle between cytoplasm and
nucleus (Fig. 3)."7'? Since Chkl is localized predominantly
in the nucleus from Gl to G2 phase (during an inter-
phase),® there may exist a mechanism by which Chkl pre-
fers to localize in the nucleus during the cell-cycle
progression. We have recently demonstrated that Chkl is
phosphorylated at Ser280 by p90 ribosomal S6 kinase (p90
RSK) downstream of Ras-mitogen-activated protein kinase
(MAPK) cascade in response to growth-factor stimulation
(Fig. 3, Table 1).”" Chk1-Ser280 phosphorylation promotes
Chk1 translocation from the cytoplasm to the nucleus.””"
Since Chk1 is activated in the nucleus,'*®*7® gsuch nuclear
accumulation is likely to be of great use in the preparation
for DNA damage response. In support of this hypothesis,
Ser280 phosphorylation accelerates Chkl activation processes
(the phosphorylation by ATR and the autophosphorylation;
see Table 1) after UV irradiation.”"
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In the conditional Chkl haploinsufficiency mouse model,
ChkI*’~ mammary epithelia exhibit an inappropriate entry into
S phase (Chkl failure is likely in the G1 phase), an accumula-
tion of spontaneous DNA damage during DNA replication (a
failure in S phase progression), and a failure to restrain mitotic
entry (a failure at the G2/M transition).”® Therefore, Chkl
activities in unperturbed cell-cycle progression are also essen-
tial for the maintenance of genome integrity during cell prolif-
eration.

Targeting Chk1 in Cancer Therapy: Pros and Cons of Chk1
Inhibitors

Cancer cell death induced by excessive DNA damage is a gen-
eral strategy of various cancer therapies, such as radiotherapy
and the majority of chemotherapeutic therapies. Such treatments
target genetically instable cancer cells, but also damage normal
cells, especially highly proliferative cells (such as epithelia in
the gastrointestinal tract, hair follicles, and bone marrow). Those
undesirable injuries are a major problem in clinics and limit
effectiveness in curing cancer. Therefore, it is of great impor-
tance to understand the differences of DNA damage/replication
checkpoint responses between normal and cancerous cells.
Normal cells have two major DNA damage response path-
ways, ATM-Chk2-p53 and ATR-Chk1-Cdc25 (see Introduc-
tion). Once the ATM-Chk2-p53 pathway is impaired,
chromosomal instability (CIN; also called genomic instability)
results, which can foster the evolution of cancer cells. In sup-
port of this notion, hereditary ATM, CHEK2, or TP53 muta-
tions have been identified in cancer predisposition
syndromes.®’® In sporadic human cancers, defects in the
ATM-Chk2-p53 pathway frequently occur due to mutations in
or deletions of ATM, CHEK2, or TP53.""*'*"'> The ATR-
Chk1-Cdc25 pathway is therefore the sole DNA damage
checkpoint route in a majority of cancer cells.®’* In fact,
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Fig. 3. Potential role of Chk1 phosphorylation at Ser280 by p90 RSK.
Chk1 constantly shuttles between cytoplasm and nucleus. Without
stimulation of receptor tyrosine kinase (RTK) with growth factor, Chk1
is diffusely localized both in the cytoplasm and in the nucleus. Follow-
ing stimulation of RTK with growth factor, p90 RSK is activated down-
stream of mitogen-activated protein kinase (MAPK) cascade and then
phosphorylates Chk1 specifically at Ser280. Ser280 phosphorylation
promotes nuclear retention of Chk1. Thus, Chk1 is localized predomi-
nantly in the nucleus during the cell proliferation. Since Chk1 is acti-
vated in nucleus, such nuclear accumulation is likely to be of great
use in preparation for the DNA damage response.
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Chkl1 inhibition induces a catastrophic CIN in cancer cells,
which results in mitotic cell death (mitotic catastrophe).(3’74)
Since Chkl inhibitors have been demonstrated to sensitize
tumors to radiation or other existing chemotherapeutic agents
(various DNA-damaging agents or anti-metabolites) in preclini-
cal models, a number of Chkl inhibitors are now being evalu-
ated in Phase I or II clinical trials.®’¥

In this strategy, whether the ATM-Chk2-p53 pathway can
compensate for the Chkl function in normal cells, especially
under unperturbed conditions is an important consideration in
using Chkl inhibitors in clinics. ChkI”~ mice exhibit early
embryonic lethality,°*>" suggesting that Chk1 inhibition can
not be completely compensated at least for its development.
However, it is more important to understand the effects of
Chk1 inhibition in adult mice. In this respect, the mouse model
of RNA interference (RNAi)-mediated gene knockdown may
recapitulate the clinical effects of anti-cancer drugs more
clearly.”>"7 In the case of Plkl (a potent molecular target for
cancer), gene-knockout and -knockdown mice exhibit different
phenotypes; Plkl null-mice are embryonically lethal,”®
whereas adverse effects are very rare in the Plkl-silencing
adult mice.”” Thus, information about the effects of Chkl- or
Cdc25A-silencing in a mouse model as well as about the clini-
cal trials of Chkl or Cdc25A inhibitors will be required to
evaluate Chkl or Cdc25A as a molecular target for cancer.

Conclusions

Recent progress discussed in this review illustrates that the
Chkl function is regulated more dynamically than was previ-
ously thought. In a variety of cellular events, Chkl is phos-
phorylated by several kinases, which change the subcellular
localization and binding partners of Chkl. These recent find-
ings provide new insights into the biological function of Chkl
not only in the checkpoint responses but also in normal cell
cycle progression, raising concerns about undesirable effects of
Chkl inhibitors on normal cells. At present, the underlying
mechanisms of Chkl function in normal (unperturbed) cell-
cycle progression remain poorly understood. For example, it is
largely unknown whether the pathways upstream/downstream
of Chkl differ between perturbed and unperturbed conditions.
If those are different molecules between two conditions, it
may be beneficial to pharmacologically target the protein(s)
acting specifically in the checkpoint pathway (under a per-
turbed condition). Therefore, the development of therapies that
exploit the cancer-specific checkpoint defects calls for a more
advanced molecular understanding of the Chkl-mediated path-
way (especially in normal cell-cycle progression), which will
open additional avenues for individualized cancer therapies.
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