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Abstract

The evolutionally conserved DNA damage response (DDR) and cell cycle checkpoints preserve
genome integrity. Central to these genome surveillance pathways is a protein kinase, Chk1. DNA
damage induces activation of Chk1, which then transduces the checkpoint signal and facilitates
cell cycle arrest and DNA damage repair. Significant progress has been made recently towards our
understanding of Chk1 regulation and itsimplications in cancer etiology and therapy. Specifically,
amodel that involves both spatiotemporal and conformational changes of proteins has been
proposed for Chk1 activation. Further, emerging evidence suggests that Chk1 does not appear to
be atumor suppressor; instead, it promotes tumor growth and may contribute to anticancer therapy
resistance. Recent data from our laboratory suggest that activating, but not inhibiting, Chk1 in the
absence of chemotherapy might represent an innovative approach to suppress tumor growth. These
findings suggest unique regulation of Chk1 in cell biology and cancer etiology, pointing to novel
strategies for targeting Chk1 in cancer therapy.
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Introduction

The act of DDR and cell cycle checkpoints requires the activation of four protein kinases
that form the canonical ATR-Chk1 and ATM-Chk2 pathways. While the ATM-Chk2
pathway primarily respondsto DNA double-strand breaks (DSB), the ATR-Chk1 pathway
recognizes a broad spectrum of DNA abnormalities ranging from UV light, to DNA
replication inhibition, to virusinfection, to inter-strand DNA crosslinking, and to DSB end
resection 19,

Chk1 wasinitially identified by David Beach’s group in 1993 as a Ser/Thr protein kinase
that controls the G2/M phase transition in response to DNA damage in fission yeast 10,
Shortly after that, Antony Carr’s group reported the identification of the same gene, named
Rad27, in budding yeast 11. In 1997, Chk1 orthologs from fruit fly (drosophila‘grapes’),
human and mouse (CHK1) were identified 12-15, |n this review, we will summarize how
Chk1 isregulated with a particular focus on human Chk1. Further, we will discuss the role
of Chk1in cancer and therapy.
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Phosphorylation and Activation of Chk1l

In 1996, Rene Bernards and Nancy Walworth firstly showed that DNA damage induces
Chk1 phosphorylation in pombe 16, Similar observations were reported for human and
Xenopus Chk1 in a caffeine-dependent manner 13 17, Caffeine inhibits the activity of ATR
and ATM, but not Chk1 18 19, indicating that Chk1 might be atarget of ATR or ATM,
which preferentially phosphorylates proteins at Ser/Thr followed by GIn. Human Chk1
contains four Ser/Gln (SQ) residues (317/345/357/366). Phosphorylation at Ser-317 and 345
(or Ser-344 in Xenopus), and to amuch lesser extent, at Ser-366, by ATR was demonstrated
experimentally, but phosphorylation at Ser-357 has not been detected (Figure 1) 20-22,
Importantly, such ATR-dependent phosphorylation of Chk1 is conserved from yeast to
human 23: 24,

Phosphorylation of Chk1 requires the generation of structures containing single-stranded
DNA (ssDNA) adjacent to dsDNA, in which ssDNA is coated with replication protein A
(RPA) complex. A major route of sSSDNA generation is likely through the uncoupling
between the active helicase and stalled DNA polymerase at replication forks during S
phase 25, This is consistent with observations that activation of Chk1 often requires the
presence or activity of proteinsinvolved in DNA replication. The ssSDNA-RPA structure
then functions as a platform to attract ATR and its regulatory unit ATRIP, aswell asa
number of regulatory factorsincluding Rad17, TopBP1, the 9-1-1 complex, Tim/Tipin and
Claspin (or scMrcl) to damage sites. Formation of this multi-subunit complex stimulates the
activity of ATR, which then phosphorylates Chk1 at Ser-317 and Ser-345, leading to the
activation of Chk1 and eventually the entire checkpoint pathway 25. Many other proteins,
such as BRCA1, MCPH1 and p300/CBP, seem to participate in inducing maximal
phosphorylation of Chk1 during DDR 26-30,

Phosphorylation of Chk1 by ATR isimportant for the DDR and checkpoints. Thisis
illustrated by studies showing that mutating Ser-345 or Ser-317 to Alaled to checkpoint
defects, aswell as increased sensitivity to replicative stress 31, Interestingly, these two sites
exhibit different roles in checkpoint function. Phosphorylation at Ser-317 is required for
phosphorylation at Ser-345 22 32-34 Y et, phosphorylation at Ser-317 aloneis not sufficient
for inducing maximal phosphorylation at Ser-345 34, The distal C-terminus of Chk1 is
required for maximal phosphorylation at Ser-345 likely through providing an optimal
conformation 34 35, Consistent with these observations, mutation of Ser-317 to Alain
somatic cells only abrogated the G2/M phase checkpoint, whereas mutation of Ser-345 to
Alaresulted in loss of both checkpoints and cell viability 33. These results led to the idea
that Ser-317 phosphorylation triggers the checkpoints, whereas phosphorylation at Ser-345
isthe final determinant for maximal checkpoint activation 32 33,

Function of Chk1l

Activated Chk1 in turn phosphorylates a number of downstream effectors to trigger a
pleiotropic cellular response including transcription regulation, energy consumption
alteration, cell-cycle arrest or delay, DNA repair, or cell death if the damage is too severeto
repair. Here we summarize the key checkpoint functions of Chk1.

S phase DNA replication

Chk1 responds largely to genotoxic stressesin S phase (Figure 2), in which akey target is
the dual-specificity phosphatase, Cdc25A. Cdc25A undergoes Chk1-dependent
phosphorylation and proteasomal degradation 3640, As aresult, the activity of Cdk2/cyclin
E or Cdk2/cyclin A complex is reduced, leading to the slowing or stalling of DNA
replication. Chk1 may also induce chromatin release of Cdc45, an important factor for DNA
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replication 41, In addition, Chk1 monitors the DNA replication during unperturbed S
phase 42. Consistently, Chk1 forms complexes with a number of proteins involved in the
DNA replication machinery, including PCNA, Pol alphaand Tim/Tipin 4345,

A large body of evidence suggests that Chk1 regulates at least three aspects of DNA
replication in S phase: (1) controlling late origin firing; (2) controlling the elongation
process; and (3) maintaining stalled replication fork stability 46-53, Accordingly, inhibition
of Chk1 often leads to increased origin firing °1: %4, However, the overall DNA replication
velocity isinhibited in Chk1-deficient cells 50 51. 55,56 As aresult, cells may be stuck in the
S phase with a 2N DNA content 33 55, Subsequently, cells with incompletely duplicated
DNA enter mitosis prematurely due to the lack of the Chk1-controlled G2/M checkpoint,
undergoing a cell death process termed ‘ mitotic catastrophe’. The role of Chk1 in stabilizing
stalled replication forksis less well understood. Chk1-inhibited cells exhibited Mus81/
Emel-dependent cleavage of stalled replication forks and the generation of DSBs ®°,
indicating that the DNA endonuclease, Mus81/Emel, isinvolved in fork stability regul ated
by Chk1.

G2/M phase transition

M phase

In response to DNA damage at G2 phase, Chk1 phosphorylates and activates the Weel
kinase, leading to phosphorylation of Cdk1 at the inhibitory Tyr-15 residue 57 58 (Figure 2).
In addition, Chk1 phosphorylates the phosphatase, Cdc25C, at Ser-216, whose activity is
required for de-phosphorylation of Cdk1 at Tyr-15 and its subsequent activation 3. 17. 59,
This phosphorylation of Cdc25C also creates a docking site for the 14-3-3 (or pombe
Rad24) family proteins 14. Association with 14-3-3 leads to nuclear export of Cdc25C,
preventing it from activating Cdk1/cyclin B1 in the nucleus 0. However, nuclear export of
Cdc25C may be a secondary effect of Cdc25C phosphorylation 62,

While Chk1 iscritical for holding cells at the G2 phase in response to DNA damage, it has
to be kept inactive for normal G2/M phase transition or after the damageis repaired. This
can befirstly achieved through Plk1-dependent phosphorylation followed by proteasomal
degradation of Claspin, the key mediator for Chk1 phosphorylation 62 63, Secondly, when
cells are ready for mitotic entry, Chk1 cannot be phosphorylated and activated by DNA
damage. This appears to be due to the lack of recruitment of important mediator proteins
required for Chk1 phosphorylation, including RPA, ATR and CtIP, to DNA damage sites 4.
Interestingly, this event is controlled by PKB/AKT 64, although exactly how PKB/AKT
inhibits the recruitment of these factorsto DNA damage sites remains unknown. Thirdly, the
rapid increase in Cdk1/Cyclin B activity at late G2 phase |eads to phosphorylation of Chk1
at Ser-280/301, which somehow limits phosphorylation of Chk1 by ATR, preventing its
activation by DNA damage 5°. Together, these findings suggest that Chk1 activity isfinely
tuned to ensure a proper and timely progression of the G2/M transition.

Theidea of M phase DDR isless clear than thosein G1, S and G2 phases. Similarly,
whether Chk1 isinvolved in M phase DDR is unclear, asthisis a stage where ssSDNA/
dsDNA structures, the key element for Chk1 activation, can hardly be generated. Even
though immunostaining results showed that Ser-345-phosphorylated Chk1 is detected both
in normal and damaged M phase cells 33 %6, a potential caveat is that these phospho-
antibodies recognize more than just phosphorylated Chk1 in cells.

On the other hand, increasing evidence clearly points out arole of Chk1 in normal M phase
progression. When cells enter M phase, Chk1 undergoes Cdk-dependent phosphorylated
(Ser-286/301) 55, This phosphorylation seems to induce the nuclear export of Chk1 to
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relieveitsinhibitory effect on cyclin B/Cdk1 in the nucleus, leading to mitotic

progression 87, Inhibition or depletion of Chk1 leads to various mitotic abnormalities, such
as chromosome misalignment on the spindle and kinetochore defects %6: 68. 69, potential
targets of Chk1 include the spindle assembly checkpoint proteins, Aurora A kinase 70,

PlIk1 68, and AuroraB kinase 9. In this regard, co-depletion of the spindle assembly
checkpoint proteins rescued the M phase abnormalities caused by Chk1 depletion 68, In
Drosophila, Chk1 (grapes) regulates chromosome condensation /1 72, indicating conserved
roles of Chk1in M phase progression.

In mammals, asmall portion of Chk1 was reported to localize to centrosomes to block
premature activation of the cyclin B/Cdk1 complex, preventing abnormal M phase entry’3.
However, recent research results showed that the anti-Chk1 antibodies used for the staining
cross-reacted with another centrosomal protein 74, suggesting that the centrosomal
localization of Chk1 warrants further investigation. Nevertheless, these findings clearly
point out critical roles of Chk1in M phase progression.

Other functions of Chk1l

While the major function of Chk1 isto coordinate the DDR and cell cycle checkpoint
response, it also regulates a number of other cellular functions, including DNA damage
repair, gene transcription, embryo development and somatic cell viability 20: 7577 Other
protein kinases, including PKB/AKT and the MAPKAPK kinase, p90/RSK, can
phosphorylate Chk1 at sites different from ATR 78 79, Further, Chk1 also regulates cellular
response to HIV virus infection, low or high level of oxygen exposure, protein misfolding
stress, or heat shock 8: 9. 80-83,

Mechanisms Controlling Function and Expression of Chk1

In addition to mechanisms regulating upstream events governing the phosphorylation and
activation of Chk1, recent studies from our laboratory and othersillustrated a number of
novel mechanisms that regulate both activation and expression of Chk1. Theseinvolve
phosphorylation-coupled protein conformational change and cellular re-distribution, as well
as proteasome-dependent degradation of Chk1 (Figure 3).

Conformational change of Chk1

In the absence of DNA damage, Chk1 appearsto adopt a‘closed” conformation through an
intra-molecular interaction between the N-terminus and the C-terminus 84 85, This* closed’
conformation probably physically blocks the active site of the kinase domain of Chk1, as
well as stabilizes the protein in the absence of DNA damage 8° (Figure 3). Yeast Chk1
contains a pseudosubstrate motif at the C-terminus (D469) that facilitates such
intramolecular interaction 86, However, this residue is not conserved in Chk1 from other
species and does not regulate the auto-inhibitory effect of Chk1 86. In response to DNA
damage, Chk1 is phosphorylated by ATR on chromatin 26: 87, This phosphorylation disrupts
the intra-molecular interaction in an unidentified manner, leading to the exposure of the
catalytic domain of Chk1 (Figure 3). Since the catalytic site of Chk1 always adopts an active
conformation 88, this ‘open’ conformation then unleashes the catalytic activity to turn on the
checkpoint through phosphorylating downstream effector proteins. Interestingly, such auto-

inhibitory regulation seems to be quite common for protein kinases, such as Src and MLCK,
etc 89,90

Our recent studies revealed a new layer of function of this‘closed’ conformation, whichis

to prevent Chk1 from being phosphorylated at ATR sitesin the absence of DNA damage 34.
Since Chk1 phosphorylation functions as a trigger to release the intra-molecular restraint,
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preventing Chk1 from being phosphorylated by ATR isimportant to maintain Chk1 in the
‘closed’ inactive conformation under normal growth conditions. These mutual inhibitory
effects between the N-terminal kinase domain and the C-terminal regulatory domain of
Chk1 significantly increase the threshold of accidental checkpoint activation in the absence
of DNA damage, which could be achieved either through exposing the catalytic domain or
through phosphorylating the ATR sites of Chk1. Keeping Chk1 inactive under normal
growth condition is critical for cell viability, as constitutive activation of Chk1 leadsto cell
cycle arrest and eventually cell death 34,

Spatiotemporal regulation of Chk1

Since Chk1 functions as the ‘ messenger’ to deliver the DNA damage alarm, it is conceivable
that Chk1 does not form stable DNA damage-induced foci. Thisis consistent with
observations that phospho-Chk1 is expressed throughout the nucleus after DNA damage 1.
This phosphorylation not only induces the protein conformational change, as discussed
above, but also triggers arapid release of Chk1 from damaged chromosomal sites into the
soluble nucleoplasm, and later on into the cytoplasm 44 96: 75. 87 phosphorylated Chk1
undergoes SCFFPX6. and Cul4ACPT2- dependent degradation in the cytoplasm and nucleus,
respectively 9685, 92,93 Interestingly, compared to the rapid checkpoint activation,
degradation of Chk1 occurs at arelatively slow rate %6, leading to around 4 hr difference
between Chk1 phosphorylation and the onset of detectable Chk1 protein reduction. This may
be partially determined by the intensity of DNA damage and the time required for the
mobilization of phospho-Chk1 from chromatin to the nucleoplasm and eventualy to the
cytoplasm, where the E3 ligases are located 8. Retention of Ser-345 phospho-Chk1 in the
nucleus might be facilitated through its association with 14-3-3 proteins %%, This delayed
degradation of Chk1 has significant biological implications. First, it allows active Chk1
molecules enough time to turn on the checkpoint. Second, degrading Chk1 after checkpoint
activation would fine-tune the cellular checkpoint level, contributing to the ultimate
checkpoint termination, cell cycle resumption and cell survival 97. While numerous studies
have reported degradation of mammalian Chk1 (see review 97), yeast Chk1 does not seem to
undergo degradation. One possible explanation is that the putative degron for Chk1
degradation, the CM 1 motif, is highly conserved in mammals, but not in yeast. This
difference suggests that mammalian Chk1 may have acquired additional regulatory steps
during evolution, reminiscent of the fact that Chk1 is essential in mammals, but not in

yeas 98.

The nuclear-cytoplasm shuttling of Chk1 is Crm1-dependent 95 99, Chk1 does not contain a
canonical NES (aLeu zipper, LxxXLxxLxL). Our recent studies suggest that the CM 1 motif
functions as a non-canonical NES (LxxxMxxFxxxL) that regulates nuclear export of Chk1.
In contrast, the CM2 motif and flanking region contains canonical nuclear localization
signals (NLS) and are responsible for nuclear localization of human Chk1, as for Xenopus
Chk1 84 99, Probably the most interesting observation of our studiesis that even though the
cytoplasmic pool of Chk1 isimportant for checkpoint function, it is the nuclear pool of
Chk1 that supports cell viability 9.

Transcriptional and post-translational control of Chk1 expression

Chk1 isoforms—Mammalian CHK1 mainly transcribes as isoform 1, which encodes the
full-length Chk1 protein. However, short Chk1 isoforms exist due to alternative splicing or
translation start sites or protein cleavage 100-104. A question remaining unanswered is
whether and how Chk1 isoforms affect cellular checkpoint function. Given the fact that the
N- and C-termini interact each other, it is tempting to speculate that Chk1 isoforms or short
fragments might interfere with the function of endogenous Chk1 through competitively
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interacting with endogenous Chk1 molecules, although overexpressing the N-terminal
kinase domain of Chk1 did not activate checkpointsin yeast 3°.

The full-length transcript of human CHK1—Expression of mammalian Chk1 isoform
1 (both mRNA and protein) peaks at S and G2 phases of the cell division cycle 105 in line
with itsmajor rolesin regulating DDR and checkpoints in these cell cycle phases 34 64, The
CHK1 gene appears to be atarget of the E2F family of transcription factors 196, which
controls the rise of Chk1 at the G1/S transition. Therefore, stresses that can activate p53-
dependent G1/S arrest often lead to reduced Chk1 expression through inhibiting E2F-
dependent transcription of CHK1 107, However, the reduction in the protein level of Chk1
under both normal cell cycle transition and genotoxic stress conditions is mainly controlled
by proteasome-dependent degradation 97. The de-ubiquitination enzyme, USP1, on the other
hand, is involved in de-ubiquitination and stabilization of Chk1 198, |nterestingly, nutrient
restriction (e.g., glucose deprivation or hypoxia), cytokine treatment, heat shock or histone
deacetyltransferase inhibition, or altering the expression of Chk1-interacting proteins also
triggered proteasome-dependent degradation of Chk1 26: 56 109-116 eading to up to 90%
decreasein the level of Chk1.

Why are Chk1 protein levels affected by such awide range of stresses and physiological
changes? Thisis probably because the expression level of Chk1 iscritical for its function,
especialy for cell viability maintenance and tissue development. Even a’50% reduction in
Chk1, caused by gene disruption or chemical inhibition 96: 68 117-119 gignificantly increased
spontaneous cell death and devel opment defects. Loss of one copy of CHK1 leads to anemia
and erythropoiesis defects and sudden death in mice 120, This suggests that Chk1 haplo-
insufficiency compromises cell viability. How exactly areduction in the level of Chk1 leads
to such defects is currently unknown. It istempting to speculate that the overall reduction in
Chk1 kinase activity due to decreased Chk1 protein levelsis responsible for such defects. In
line with this hypothesis, a hypomorphic R156Q mutation in the kinase domain of mouse
Chk1 that reduces its catalytic activity but not protein levels, failed to support normal cell
proliferation and a so leads to anemia and erythropoiesis abnormalities (personal
communication, Y olanda Sanchez). Together, these data indicate that Chk1 protein
expression istightly controlled both during normal growth conditions and under stressful
situations.

Known Chk1 Targets

A number of studies had intended to identify Chk1 substrates using either in vitro peptide
screening or in vivo cell labeling 1217123, An overall consensus motif for Chk1 substrate
phosphorylation is R/K-R/K-d/e-t-S/'T-X-r/k-r, in which upper and lower case |etters
represent preferred and non-preferred residues, respectively 123, Chk1 substrates that have
been confirmed in cell cultures are summarized in Table 1.

Chk1l-interacting Proteins

Chk1 exertsits function often through interacting with other proteins. Numerous proteins
have been reported to interact with Chk1 (Figure 1 & Table 2), although not al of them have
been reported to have biological significance. Some of these interacting proteins are also
Chk1 substrates.

Chk1 in Cancer

Human CHK1 islocated in 11q22—-23, aregion that not only contains the highly mutated
gene ATM, but also has frequent deletions and loss of heterozygosity in human tumors 15,
Given itscritica rolesin DDR and cell cycle checkpoints, Chk1 was initialy thought to
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function as atumor suppressor, and numerous efforts were made to look for CHK1
mutations in human tumors. However, so far no homozygous loss-of -function mutation of
CHK1 has been detected in awide range of human tumors 164-169, These results suggest that
ahomozygous mutation that affects CHK1 function is not able to support tumor clone
expansion. Thus, those tumor clones might have died out before being detected. Since the
expression level is asimportant as Chk1’s catalytic function, an extension of this speculation
isthat mutations identified so far do not compromise Chk1's expression below a critical
level.

Based on these observations, we hypothesize that Chk1 is unlikely a canonical tumor
suppressor. Mice studies supported such a notion. Conditional knockout studies in mouse
thymus and mammary gland indicate that Chk1 depletion does not increase spontaneous
tumor incidence 8. 69.117. 118 | fact, loss of CHK 1 reduces tumorigenicity in mice driven
by TP53-null mutation or carcinogen exposure 170 171 Thisis similar to the suppression of
mouse skin tumorigenesis when the catalytic activity of ATR is ablated in a XPC-/-
background 172, These findings suggest that Chk1 (or the ATR-Chk1 axis) is a weak tumor
suppressor at best. Instead, increasing evidence suggests that the ATR-Chk1 axis, or at least
Chk1, may actually promote tumor growth.

Roles of Chkl in Tumor Etiology and Therapy Resistance

Chk1 has been found to be overexpressed in a variety of human tumors, including breast,
colon, liver, gastric, nasopharyngeal carcinoma, etc. 1°0: 173-178 Remarkably, its expression
often positively correlates with tumor grade and disease recurrence 190: 176,179 A transgenic
mouse line carrying an extra copy of CHK1 facilitates cell transformation probably due to
the enhanced ability of those cells to deal with replicative stress 180, These observations are
well in line with the idea that Chk1 promotes tumor growth.

Further, Chk1 may also contribute to therapy resistance. Enhanced activation of Chk1 led to
resistance of cancer cells, including cancer stem cells from brain glioblastoma, prostate and
lung NSCLC, to chemotherapy or radiotherapy, as well as to other anticancer therapies, for
instance, HDAC inhibitors 8% 181-186 Conversely, inhibiting Chk1 by RNAI or small
molecules reversed such therapy resistance. Further, elevated levels of Ser-345
phosphorylated Chk1 proteins correlated with increased radio-resistance in metastatic brain
and lung cancer patients 187, In addition, cancer cells may acquire chemotherapy resistance
through increased expression of Chk1 188, Together with the fact that Chk1 is essential for
the maintenance of cell viability, these findings suggest a tumor-promoting model of Chk1.
In this model, tumor cells that have increased Chk1 expression possess survival advantages
over their neighbors, because the more Chk1 protein cells have, the better able they are to
handle the DNA damage stress caused either by the harsh tumor microenvironment (e.g.,
replicative stress 180) or by chemotherapy/radiotherapy. Eventually, these Chk1-proficient
cellswill grow out and dominate within the tumors, fueling the generation of more
malignant, drug-resistant clonesto give rise to tumor recurrence and disease relapse in the
clinic. Thismodel provides strong support to target Chk1 in human cancer therapy.

Targeting Chk1 in Human Diseases

Chemotherapy and radiotherapy kill proliferating cancer cells through generating massive
DNA lesions. In the meantime, they activate the Chk1-dependent DDR and cell cycle
checkpoints to facilitate cell survival. A conventional ideais that when Chk1 isinhibited,
cancer cellslose their ability to respond to and repair DNA damage, enhancing the cell
killing effect of chemotherapy or radiotherapy. Therefore, combining Chk1 inhibition with
chemotherapy or radiotherapy provides the so-called ‘ synthetic lethality’ effect in cancer
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therapy (Figure 4). Consistent with thisidea, a number of SSRNA screening studies identified
Chk1 as atarget, which when depleted by siRNA, led to the most significantly enhanced cell
killing effect among kinases by chemotherapy or radiation therapy in ovarian, triple negative
breast and brain cancers 189191, Furthermore, since alarge portion of tumors lost the p53-
dependent G1 phase checkpoint, they rely much more heavily on the Chk1-dependent S and
G2/M checkpoints for survival. Therefore, Chk1 inhibition should be especialy effective
against p53-deficient cancer cells compared to p53-proficient cancer cells 192, Recent work
using a humanized mouse mode! of triple negative breast cancer confirmed such an idea 193,

Numerous attempts have been made by various pharmaceutical companiesto identify
specific Chk1 inhibitors to enhance the effect of chemotherapy 19419 However, amajor
issue with this conventional strategy is the off-target effects and toxicity associated with
Chk1 inhibitors, chemotherapy or a combination of them. So far, no therapy has reached the
bedside even though theoretically a highly selective Chk1 inhibitor would synergize with
chemotherapy and have a therapeutic window in combination with a DNA damaging agent
(refer reviews 194 195,197) "1 addition, loss of CHK1 caused developmental defects of
normal blood system 120, Therefore, alternative strategies need to be developed to target
Chk1 in cancer therapy.

Recently we discovered that disrupting the ‘closed’ conformation of Chk1 (e.g., by mutating
one of two absolutely conserved residues G448 or L449 at the CM2 motif) leadsto
activation of Chk1 in the absence of DNA damage 34. Remarkably, expression of this
constitutively active Chk1 mutant completely blocked cancer cell proliferation and
eventually led to cell death under normal growth conditions 34. Thisis probably because the
mutant sounds a significantly high ‘false’ alarm signal asif the cell had massive DNA
damage beyond its capability to repair. These results lead to the novel concept that too much
activation of Chk1 is detrimental to cell survival in the absence of DNA damage. Thisin
turn indicates that artificially activating, but not inhibiting, Chk1 in the absence of DNA
damage could be developed into an innovative strategy in cancer therapy (Figure 4). This
novel strategy does not involve the use of toxic chemotherapeutic drugs; therefore, it has the
potential to significantly reduce the side effect of anticancer therapy compared with
conventional strategies.

Conclusion

Significant progress has been made during the last decade in understanding Chk1 regulation
and its potential as a cancer therapy target. Meanwhile, many new questions have been
raised. To name afew important ones: (1) How exactly does Chk1 support cell viability? Is
thisrelated solely to its checkpoint function or an as yet to be unidentified role of Chk1? (2)
What are specific targets of Chk1 in the nucleus versusin the cytoplasm? Given the fact that
cytoplasmic Chk1 does not support cell viahility, it isimportant to answer this questionin
the near future. (3) How exactly does phosphorylation at Ser-317/345 by ATR lead to Chk1
activation? A crystal structure of the full-length Chk1 protein is clearly the key for
answering this critical question. (4)How can one devel op a more specific targeting strategy
towards Chk1 in cancer therapy? We propose that artificialy activating, but not inhibiting,
Chk1 under normal growth conditions might represent anovel ideain suppressing tumor
growth. In conclusion, exciting results regarding Chk1 regulation and targeting are expected
to continuously emerge in the near future.
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Figure 1. Human Chk1 domain structure, interacting proteins and function of each domain
SQ, Ser/GIn cluster; CM, conserved motif; NES, nuclear export signal; NLS, nuclear
localization signal; h, human; sp, S pombe; x, Xenopus; PIP, PCNA-interacting protein.
L ocation of each domain is based on human Chk1. Linesillustrate regions of Chk1 that
interact with other proteins. Phosphorylation sites are indicated.
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Figure 2. Cell cycle checkpoint function of Chk1.<

br>Chk1 regulates DDR and cell cycle checkpoints during the S, G2 and M phases of the
cell cycle. Growth factors (GF) also regulate Chk1. Dash lines represent as-yet confirmed
signaling. SAC, spindle assembly checkpoint. See text for detail.
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Figure 3. Spatiotemporal and conformational regulation of Chk1

Theintra-molecular interaction between the N-terminal kinase domain and the C-terminal
domain requires structural studiesto confirm. Thus, it is shown as dash lines here. For
simplicity, proteins and protein complexes involved in the signaling pathway, such as RPA,
TopBP1, Tim/Tipin, are omitted in this model. The catalytic siteisillustrated in open and
solid starsfor ‘ closed’ and ‘open’ conformation, respectively. The inner and outer circles
represent the nucleus and the cytoplasm, respectively. The CM1 motif bears non-canonical
NES activity, facilitating nuclear export of Chk1.
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Figure 4. Strategiesfor targeting Chk1in cancer therapy
Under conventional idea, a Chk1 inhibitor is combined with chemotherapy to enhance the
therapy effect. In the novel approach derived from our latest research results, constitutively
activating Chk1 under normal growth condition is sufficient to induce permanent cell cycle
arrest and cell death. The new approach should significantly reduce the toxicity of
chemotherapy since it does not require concurrent use of chemotherapy.
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