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Many anticancer agents damage DNA and activate cell cycle checkpoints that permit time for the cells to repair their DNA and recover.
These checkpoints have undergone intense investigation as potential therapeutic targets and Chk1 inhibitors have emerged as
promising novel therapeutic agents. Chk1 was initially recognized as a regulator of the G2/M checkpoint, but has since been
demonstrated to have additional roles in replication fork stability, replication origin firing and homologous recombination. Inhibition of
these pathways can dramatically sensitize cells to some antimetabolites. Current clinical trials with Chk1 inhibitors are primarily
focusing on their combination with gemcitabine. Here, we discuss the mechanisms of, and emerging uses for Chk1 inhibitors as single
agents and in combination with antimetabolites. We also discuss the pharmacodynamic issues that need to be addressed in attaining
maximum efficacy in vivo. Following administration of gemcitabine to mice and humans, tumour cells accumulate in S phase for at least
24 h before recovering. In addition, stalled replication forks evolve over time to become more Chk1 dependent. We emphasize the need
to assess cell cycle perturbation and Chk1 dependence of tumours in patients administered gemcitabine. These assessments will define
the optimum dose and schedule for administration of these drug combinations.

Introduction

The majority of cancer chemotherapeutic agents inhibit
DNA synthesis, either by directly damaging the DNA or by
inhibiting production of the necessary deoxyribonucle-
otide precursors. DNA damage induces cell cycle arrest
through activation of a cell cycle checkpoint response
whose goal is to prevent further DNA synthesis or mitosis
until the damage is repaired (Figure 1). Chk1 is a critical
kinase involved in halting the cell cycle in response to DNA
damage. It has been known for over 40 years that caffeine
and other methylxanthines can enhance the cytotoxicity
of DNA damaging agents [1]. In 1982, caffeine was shown
to abrogate the cell cycle arrest elicited by DNA damage,
thereby limiting the time available for DNA repair [2]. Caf-
feine was eventually shown to inhibit ATM and ATR but the
required concentrations could not be achieved in patients
[3]. UCN-01 was later discovered to abrogate the DNA

damage induced arrest [4,5] via the inhibition of Chk1 [6,7]
and is 100 000 fold more potent than caffeine. Unfortu-
nately, in phase I trials, UCN-01 was found to bind strongly
to the a1-acid glycoprotein in plasma which resulted in a
long half-life, very limited bioavailability and serious side
effects when the binding capacity was exceeded [8]. Many
Chk1 inhibitors have subsequently been synthesized with
at least six entering clinical trials, although some have sub-
sequently been terminated possibly because of inad-
equate selectivity (Table 1).

Despite the initial promise of Chk1 inhibitors in combi-
nation chemotherapy, there have been varying degrees of
success reported with DNA damaging agents such as cis-
platin and topoisomerase inhibitors in vitro. Early combina-
tion studies with UCN-01 demonstrated a 60-fold increase
in cisplatin cytotoxicity in CHO cells [4] and potentiation of
cisplatin cytotoxicity has also been seen with the more
selective inhibitors Gö6976, PF-0477736 and SB218078
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[9–11]. However, other studies have shown no sensitization
of cells to cisplatin with the Chk1/Chk2 inhibitor AZD7762
[12] or with the more selective Chk1 inhibitor MK-8776
(previously known as SCH900776) [13]. It was also shown
that MK-8776 did not sensitize cells to SN-38, the active
metabolite of irinotecan, whereas AZD7762 and CHIR-124
were both found to enhance the antitumour effect of iri-
notecan in xenograft models [14–16]. The discrepancy
between these observations may reflect the difference in
assay used. Short term assays tend to show potentiation of
cytotoxicity because inhibition of Chk1 may accelerate the
rate of cell death, whereas long term assays reflect the
overall level of cell death that eventually occurs.

The most dramatic sensitization has been observed
when Chk1 inhibitors are combined with certain antime-
tabolites. We have demonstrated a 100-fold decrease in
the IC50 (concentration that inhibits growth by 50%) for
hydroxyurea upon addition of the Chk1 inhibitor MK-8776
[13]. Although the sensitization to gemcitabine was not
as pronounced (~10 fold), it has also been observed
with other Chk1 inhibitors including PF-00477736 [10],
AZD7762 [15], SAR-020106 [17] and XL-844 [18]. Potentia-
tion of gemcitabine efficacy by these compounds has also
been seen in xenograft models and clinical trials have
focused primarily on combinations with gemcitabine [19].

Hydroxyurea and gemcitabine both inhibit ribonucle-
otide reductase thereby starving cells of deoxyribonucle-
otides and stalling replication fork progression. In addition,
gemcitabine can be incorporated into the growing DNA

strand, but induces chain termination after the addition of
the next nucleotide. Potent sensitization by Chk1 inhibi-
tion has also been observed with cytarabine which stalls
replication forks through chain termination [13]. However,
Chk1 inhibitors do not appear to sensitize cells to all
antimetabolites. 5-fluorouracil (5-FU) inhibits thymidylate
synthase thus depleting cells of thymidine and stalling
replication fork progression. We failed to observe sensiti-
zation to 5-FU when combined with MK-8776 [13]. Similar
results have been reported in colon cancer cells in which
5-FU was shown to activate both ATM and ATR but inhibi-
tion of these kinases did not sensitive the cells [20]. In
contrast, decreased clonogenic survival and increased
DNA double-strand breaks were seen in the chicken
B-lymphoma cell line DT40 when 5-FU was combined with
UCN-01 [21]. Surprisingly, abrogation of 5-FU-induced cell
cycle arrest has been reported upon combination with a
Chk1 inhibitor [22, 23]. These results are unexpected as
the lack of thymidine should cause arrest regardless of
Chk1 status. However, the results can be explained by the
methodology used whereby incorporation of BrdU was
assessed. BrdU can substitute for thymidine and hence
facilitate restart of replication. The discrepancy between
these reports may reflect the different cell lines used, and
in particular whether they are hypersensitive to Chk1 inhi-
bition alone (see below). However, we are currently unable
to explain why agents that appear to stall replication forks
in a similar manner (i.e. by starving them of deoxyribonu-
cleotides) should have such a difference in response when
combined with Chk1 inhibitors.

How does inhibiting Chk1 sensitize
cells to DNA damage?

It is now recognized that Chk1 has multiple roles in pro-
tecting cells from DNA damage and stalled replication.The
most well recognized role of Chk1 is in the control of the
cell cycle and in preventing premature entry into mitosis
[24]. However, Chk1 also plays an important role in the
stabilization of stalled replication forks [25], the control of
replication origin firing and replication fork progression
[26], and homologous recombination [27]. It is unclear
whether it is the disruption of one or all of these pathways
that results in the potentiation of antimetabolite cytotox-
icity. The involvement of Chk1 in each of these pathways
will be discussed here to provide a perspective of how the
inhibition of these functions may lead to increased cyto-
toxicity and how this may impact the design of clinical
trials.

The role of Chk1 in controlling
entry into mitosis

Entry into mitosis is a tightly regulated process ultimately
driven by the cyclin B/CDK1 complex [28]. In human cells,
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Figure 1
The cell cycle checkpoint pathway activated by DNA damage. ATR and
ATM are activated by DNA single-strand regions or double-strand breaks,
respectively. Chk1 and Chk2 are then activated, although Chk2 does not
usually appear to elicit cell cycle arrest. Arrest is induced by phosphoryla-
tion and inhibition of CDC25 (either through degradation or sequestra-
tion). When Chk1 is inhibited, CDC25 is activated, which in turn activates
cyclin/CDK complexes, driving the cell through the cell cycle, even when
DNA damage persists
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cyclin B is expressed in late S, G2 and early mitosis by
regulated transcription and protein degradation. However,
until the end of G2, cyclin B/CDK1 is kept inactive through
inhibitory phosphorylation at threonine 14 and tyrosine 15
of CDK1. To enter mitosis, these sites must be dephospho-
rylated by CDC25 phosphatase. The most well known role
of Chk1 is to prevent passage of a damaged cell through S
and G2 and this is achieved by phosphorylation and inhi-
bition of CDC25 [29]. While there are three CDC25 phos-
phatases (A, B and C) that function at different phases of
the cell cycle [30], it will suffice for this review to consider
them as a single entity.

Treatment with a DNA damaging agent, such as SN38
or cisplatin, results in phosphorylation and activation of
Chk1, inhibition of CDC25 and cell cycle arrest (Figure 1).
Inhibition of Chk1 results in activation of CDC25, inappro-
priate cell cycle progression and cell death [9, 13]. This
enhanced killing only occurs in cells that are damaged and
hence have activated Chk1 and arrested. Arrest and cell
death are not discriminated in most cytotoxicity assays
and may explain why different conclusions have been
reported as to whether cells are sensitized to DNA damag-
ing agents by Chk1 inhibitors [4, 5, 9–15].

In contrast, cell cycle arrest induced by antimetabolites
does not require checkpoint activation as cells cannot
complete DNA replication without deoxyribonucleotides.
Indeed, we have observed S phase arrest of hydroxyurea-
and gemcitabine-treated cells with little to no activation
of Chk1 ([13] and unpublished observations). Because
of the lack of deoxyribonucleotides, Chk1 inhibitors do
not cause cell cycle progression when combined with
hydroxyurea or gemcitabine. However, inhibition of Chk1
in gemcitabine-treated cells can induce premature entry of
S phase cells into mitosis [24, 31]. Premature mitosis from
the inhibition of Chk1 in mammalian cells leads to the

phenomenon of mitotic catastrophe whereby chromo-
somes segregate aberrantly resulting in multiple micronu-
clei [32]. This is generally considered a lethal event that
progresses to apoptosis.

The role of Chk1 in the
stabilization of stalled
replication forks

As a human cell prepares to enter S phase, it loads pre-
replication complexes at many sites in the genome. Repli-
cation is initiated at 10–50 000 origins firing temporally
during S phase [33], but many more remain dormant and
never fire unless the DNA is damaged [34]. When damage
is detected, the activated checkpoint rapidly suppresses
firing of late origins of replication to protect the DNA
integrity. Later, the dormant origins may fire to resolve
problems that arise at irreversibly inhibited replication
forks [35].

As each replication fork progresses, the leading heli-
case unwinds the DNA allowing the accompanying
polymerase to synthesize new strands of DNA [36]. Upon
incubation with hydroxyurea or gemcitabine the replica-
tion forks stall rapidly, and the helicase may separate from
the polymerase creating a bubble in the DNA that is
covered with the single-strand DNA (ssDNA) binding
protein, RPA (Figure 2). Eventually, the fork will regress pri-
marily because of torsion created by the supercoiled DNA
ahead of the helicase [37]. The regressed fork generates a
fourth branch in which the two daughter strands are
annealed (often termed a ‘chicken foot’). This branch
may contain ssDNA but recision by various nucleases
including Mre11 and Exo1, create further ssDNA and RPA
binding [38,39] that provide the precursor for homologous

Table 1
Selected Chk1 inhibitors in preclinical or clinical development

Compound name Company Other targets Phase of development Reference

AZD7762 AstraZeneca CDK1, Chk2, CAMK, SRC-like
kinase

Discontinued [76–78]

SCH900776/ MK-8776 Merck Pim1 Phase II [72, 73]
http://www.clinicaltrials.gov

IC83/ LY2603618 Ely Lilly Undisclosed Phase I/II with pemetredex and
cisplatin

http://www.clinicaltrials.gov

LY2606368 Ely Lilly Chk2 Phase I http://www.clinicaltrials.gov

GDC-0425 Genentech Undisclosed Phase I http://www.clinicaltrials.gov
PF-00477736 Pfizer Chk2, VEGFR2, Fms, Yes, Flt3, Ret Discontinued [79]

XL844 Exelixis Chk2 Discontinued http://www.clinicaltrials.gov
CEP-3891 Cephalon Undisclosed Preclinical [80]

SAR-020106 Sareum Undisclosed Preclinical [17]
CCT-244747 Sareum FLT3, Chk2, CDK1 Preclinical [81]

Arry-575 Array Undisclosed Preclinical http://www.arraybiopharma.com
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recombination. RPA is replaced by RAD51 which then
invades the homologous parent strand and is extended.
However, because of the continued presence of the
antimetabolite, the invading strand cannot be extended
leading to stalled recombination.This recombination inter-
mediate represents a four-way ‘Holliday junction’ which is
normally resolved by double-strand cleavage (e.g. by
Mus81 endonuclease) [40]. This cleavage is meant to facili-
tate recombination, yet in the case of stalled recombina-
tion, it is likely to result in additional breaks that cannot be
repaired. In summary, the participation of many nucleases
is intended to enhance survival of a cell. Chk1 plays many
critical roles in the regulation of these nucleases to protect
the replication forks and, as discussed in the next section,
facilitate homologous recombination. The inhibition of
Chk1 can exacerbate these nucleases leading to the forma-
tion of new DNA breaks and increased cytotoxicity.

Much of the research into the mechanism of fork stall-
ing and replication restart has been performed in the
fission yeast Saccharomyces cerevisiae. The fission yeast
Rad53 has greatest sequence homology with the meta-
zoan Chk2, although functionally it is more equivalent to
the metazoan Chk1 [41]. When DNA replication forks are
stalled by hydroxyurea, they remain competent to resume
replication following the removal of hydroxyurea. Mutants
of Rad53 lack this ability and as a consequence, stalled
replication forks regress (this event is sometimes mislead-
ingly called fork collapse, although this may occur subse-
quently; see below) [42–44].

In the budding yeast S. pombe, fork regression has also
been documented in checkpoint-deficient cells following
treatment with hydroxyurea [45]. Dna2 is an endonuclease
that cleaves ssDNA. In S. pombe,Dna2 is phosphorylated by
Cds1Chk2. This phosphorylation and subsequent nuclease
activity are required to prevent fork regression by cleaving
the first newly-synthesized strand that dissociates from the
template DNA (either leading or lagging strand). Conse-
quently, if Chk1 is inhibited and Dna2 is not activated, the
number of regressed forks increases.

Whether Chk1 mediated activation of Dna2 prevents
fork regression in human cells arrested with hydroxyurea
remains to be determined. However, there is contrasting
evidence that fork regression is enhanced rather than
inhibited by an activated checkpoint, and this occurs
through phosphorylation of SMARCAL1 (albeit by ATM,
ATR and DNA-PK rather than Chk1) [46, 47]. The activation
of both Dna2 and SMARCAL1 have been reported to
protect from the eventual collapse of the replication fork.
These conflicting observations need to be resolved.

As noted above, the term ‘collapsed fork’ has been used
ambiguously in the literature. Most investigators agree
that a collapsed fork involves the formation of a double-
strand break and requires homologous recombination for
restart [35, 39], while others refer to a regressed fork as a
collapsed fork [44, 45]. Importantly, a regressed fork gives
rise to a Holliday junction that is a potential substrate for
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the Mus81 endonuclease (Figure 2). Mus81 is responsible
for cleaving the Holliday junctions that occur at the con-
clusion of homologous recombination. However, the Holli-
day junctions at regressed forks are structurally identical
and can also be cleaved by Mus81 in the absence of an
active replication checkpoint in fission yeast [48]. In
budding yeast in response to hydroxyurea, Mus81 is phos-
phorylated in a Cds1Chk2 dependent manner and dissoci-
ates from chromatin, thus preventing it from cleaving
stalled forks [49]. It has also been suggested that in mam-
malian cells, both active Chk1 and SMARCAL1 protect rep-
lication forks from Mus81 in a similar manner [47, 50].

The different definitions of fork collapse could be due
to the fact that double-strand breaks are commonly
inferred from the appearance of gH2AX (the phosphor-
ylated form of the novel histone H2AX). However, gH2AX
has been shown to appear well in advance of DNA frag-
mentation as visualized by other techniques (pulsed field
gel electrophoresis or comet assay) in cells treated with
hydroxyurea [35, 40]. It has been hypothesized that gH2AX
is recruited to stalled forks and spreads out from the stalled
fork [39]. We postulate an alternate explanation whereby
phosphorylation of H2AX results from regression of the
replication fork, localizing to the double-strand end of the
regressed arm. Accordingly, gH2AX may detect double-
strand ends, yet only after Mus81 cleavage are there true
double-strand breaks.

These data demonstrate a clear rationale for the inhibi-
tion of Chk1 in combination with antimetabolites. Anti-
metabolites alone result in the accumulation of stalled
replication forks. These forks would normally remain
stalled until the removal of the antimetabolite upon which
they would retain the capacity for restart. In the absence of
Chk1, however, the stalled forks are not protected by Dna2
or SMARCAL1 and would become susceptible to Mus81
cleavage and increased cytotoxicity.

The role of Chk1 in homologous
recombination

The mechanism of homologous recombination was prima-
rily realized from studies into the repair of DNA double-
strand breaks as induced by g-radiation. The first step in
homologous recombination is the resection of the DNA
ends by one or several nucleases including Mre11, Exo1
and Dna2 to give regions of ssDNA for strand invasion [51].
This role for Dna2 has been reported both in S. cerevisiae
and human cells [52, 53], yet appears to contrast with its
role in preventing fork regression in S. pombe as discussed
above. Interestingly, Dna2 activity in S. cerevisiae is regu-
lated by CDK1-mediated phosphorylation [52], yet the
phosphorylation sites are not conserved in S. pombe sug-
gesting differential regulation and perhaps even different
functions of Dna2 between these species.

As ssDNA is generated in the sequences flanking the
double-strand break, replication protein A binds. It is sub-
sequently displaced by RAD51, a process that is facilitated
by the human breast cancer susceptibility protein BRCA2
[54–56]. The binding of RAD51 to BRCA2 is dependent on
the phosphorylation of the BRCA2 C-terminal domain by
Chk1. In addition, Chk1 can directly phosphorylate RAD51
and this is also required for recruitment of RAD51 to ssDNA
[27, 54]. The loading of BRCA2 and RAD51 on to DNA also
prevents further nuclease digestion by Mre11 [57, 58].
RAD51 is then responsible for catalyzing invasion of the
ssDNA into the complementary parent strand, creating a
primed double-stranded DNA that can be extended. The
Holliday junction created by this recombination event is
eventually resolved by Mus-81-mediated cleavage and
ligation. Depletion of Chk1 results in the loss of RAD51
localization to nuclear foci in response to DNA damage
demonstrating the involvement of Chk1 in homologous
recombination [27].

Many of the same steps occur when a replication fork
stalls due to depletion of deoxyribonucleotides. However,
the initial substrate appears to be a regressed replication
fork that may already contain ssDNA (Figure 2). For
example, if both leading and lagging strands of the repli-
cation fork stall simultaneously, the leading strand will
always be longer such that a regressed fork could have an
extended 3′ end which is required for homologous recom-
bination. In this case, Mre11 nuclease may be dispensable
for the creation of ssDNA. However, the nuclease activity
may also be required to remove any blocking lesions from
the 3′ terminus such as occurs when gemcitabine is incor-
porated into DNA. During incubation with hydroxyurea,
RAD51 foci do not appear immediately after fork arrest, but
are detected by 24 h which suggests a delay in the fork
regression or the generation of ssDNA [35]. Completion of
recombination then appears critical for fork recovery, yet in
the continued absence of deoxyribonucleotides the
stalled recombination cannot be resolved. As discussed
above, inhibition of Chk1 prevents RAD51 loading, and
thereby prevents the generation of a recombination inter-
mediate, yet the fork still collapses in a process that has
been attributed to Mus81-mediated cleavage [40]. This
cleavage likely results from digestion of the Holliday junc-
tion that persists at the regressed fork (Figure 2). One ques-
tion that has not been addressed is the impact of Chk1
inhibition on the stalled recombination after RAD51 has
mediated strand invasion. Replication forks still collapse
under this circumstance and given the presence of the
Holliday junction, it seems likely that Mus81 is still
involved.

These data provide further mechanistic evidence to
support the concept of combining antimetabolites with
Chk1 inhibitors. The inability of cells lacking Chk1 activity
to load RAD51 effectively and thus repair regressed repli-
cation forks means that cells would be unable to resume
replication following the removal of the antimetabolite.

R. Thompson & A. Eastman
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The above discussion highlights many substrates of
Chk1. It is likely that a combination of some or all of these
substrates is involved in the overall potentiation of gem-
citabine and hydroxyurea cytotoxicity upon Chk1 inhibi-
tion. Following replication fork stalling, the lack of active
Chk1 leads to fork regression through dysregulation of
proteins such as Dna2. Homologous recombination is
required to rescue the regressed fork. However, Chk1 is
also required for loading of BRCA2 and RAD51 meaning
that attempts at recombination will fail if Chk1 is inhib-
ited. At this point, the safest thing for the cell to do would
be to remain in S phase until the damage can be repaired
but the lack of functional Chk1 results in the cells being
forced into mitosis with incompletely replicated DNA. All
these steps can lead to further DNA damage and cell
death.

This discussion also provides an explanation for the
greater impact of Chk1 inhibitors when combined with
hydroxyurea and gemcitabine than cisplatin or topoi-
somerase I inhibitors. The latter agents directly damage
DNA leading to the activation of Chk1 thereby inducing
arrest. In contrast, hydroxyurea and gemcitabine can arrest
cells in a manner that induces no direct DNA damage and
may not even activate Chk1. The stalled replication can
recover rapidly upon removal of the drug. However, while
the forks are stalled, inhibition of Chk1 results in the col-
lapse of stalled replication forks and the induction of lethal
double-strand breaks.

Chk1 inhibitors kill cells as
single agents

Due to the well-established role for Chk1 in cell cycle regu-
lation following DNA damage, Chk1 inhibitors were origi-
nally developed and tested as chemo-sensitizing agents. In
most cell lines, inhibition of Chk1 alone is well tolerated
during short incubations, so despite the fact that it has
been known for over a decade that Chk1 is an essential
gene in mouse embryonic development [59], it was not
generally suspected that cells would be sensitive to Chk1
inhibitors as single agents. It is only recently that the value
of Chk1 inhibitors as single agents has been recognized.
UCN-01 alone has been shown to induce apoptosis in cor-
tical neurons [60] and the small molecule inhibitor Chk1-A
has demonstrated anti-proliferative activity in human
cancer cells both in vitro and in xenograft models [61]. We
have also shown significant differences in sensitivity to the
Chk1 inhibitor MK-8776 across multiple human cancer cell
lines [13].

The essential function of Chk1 is poorly understood.
Chk1 localizes to the chromatin in normal cycling cells
where it is phosphorylated at low levels on ser345 (but
not ser317). This phosphorylation is not required for chro-
matin association of Chk1 but rather prevents nuclear
export [62]. Furthermore, phosphorylation of Chk1 has

been shown to induce dissociation from chromatin
[63–65], questioning whether it functions while un-
phosphorylated on DNA or when phosphorylated and
dissociated from DNA (or both).

Inhibition of Chk1 results in increased levels of CDC25A,
increased CDK activation and a transient increase in the
rate of DNA synthesis [66]. However, individual replication
forks progress at a much slower rate in Chk1-depleted or
inhibited cells [67]. This apparent discrepancy is explained
by Chk1-mediated suppression of origin firing in normal S
phase. When Chk1 is inhibited, more origins fire but each
progress at a slower rate [26]. UCN-01 also reduced fork
speed in homologous recombination-deficient cells, dem-
onstrating that the involvement of Chk1 in replication fork
progression is unrelated to any role in homologous recom-
bination [67]. By generating site-specific phosphorylation
mutations, it has been established that the essential and
non-essential functions of Chk1 are regulated through dif-
ferent phosphorylation sites [68]. An S317A mutant was
viable but failed to degrade CDC25A and failed to arrest
irradiated cells in G2. This mutant also exhibited slower
replication fork progression similar to that observed upon
inhibition of Chk1. In contrast, attempts to create an
S345A-mutant cell line failed suggesting this site is essen-
tial for viability. The essential function was associated with
mitotic control and appeared to be related to phosphor-
ylation of Chk1 on S345 at the centrosome during an
unperturbed mitosis.

We have screened >70 cell lines for sensitivity to the
Chk1 inhibitor MK-8776 and have found that about 15%
are hypersensitive, dying rapidly when incubated with
<1 mM, while the majority of cell lines continued to grow in
the presence of 10 mM MK-8776 ([13] and unpublished
observations). The hypersensitive cells die rapidly while in
S phase suggesting that this phenomenon is not related to
the essential function of Chk1 [69].This cytotoxicity is asso-
ciated with the rapid induction of both single-strand DNA
regions and double-strand breaks and can be prevented
by inhibiting CDK1 and CDK2. This suggests the critical
action of the Chk1 inhibitor is through activation of CDC25
leading to inappropriate activation of CDK1/2 [66]. The
DNA double-strand breaks that subsequently appear are a
consequence of cleavage by the Mus81 endonuclease [50].
It was suggested that Chk1 protects replication forks from
Mus81 cleavage under normal conditions. We have since
demonstrated the involvement of the nuclease activity of
Mre11 in generating single-stranded DNA prior to Mus81
cleavage [69]. The link between CDK1/2 and Mre11 activa-
tion may be attributed to CDK2-mediated phosphoryla-
tion of the Mre11 partner protein CtIP [70].The reason why
Mre11 creates single-stranded DNA in an otherwise unper-
turbed S phase remains to be determined. Cell lines resist-
ant to Chk1 inhibitors fail to activate CDK1/2 or recruit and
activate Mre11 (for example, Mre11-defective cells are
resistant) [69]. We propose that the cells hypersensitive to
Chk1 inhibitors have a defect in the normal regulation of

Therapeutic potential of Chk1 inhibitors
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this pathway and that this may provide a means to target
and kill these cells selectively.

Pharmacokinetics and
pharmacodynamics inform
clinical development

Both the preclinical data and mechanistic studies advocate
the use for Chk1 inhibitors in combination with selected
antimetabolites (e.g. hydroxyurea or gemcitabine) as
potential anticancer therapy. The discussion above
addressed phenomena in cell culture. How do these issues
play out in a patient? When considering a combination of
two drugs, it is necessary to address the pharmacokinetics
and pharmacodynamics of both drugs and to define the
schedule by which each drug will have the greatest thera-
peutic impact.

As previously discussed, following replication block,
cells continue to accumulate in S phase, but if the block is
reversible as it is following administration of hydroxyurea,
replication can recover rapidly. Replication forks also need
to arrest for more than 12 h before they appear to become
fully Chk1 dependent. However, this is not achievable with
the routinely used oral dosing of hydroxyurea. Hydroxyu-
rea diffuses freely through the body and plasma concen-
trations of 1 mM can be achieved. However, its half-life in
plasma is 4 h, so concentrations rapidly decrease to below
those that cause arrest. One study reported that hydroxyu-
rea administered every 4 h for 72 h was tolerated by
patients and the plasma concentration was maintained
above 0.5 mM [71]. Whether this administration schedule
does cause prolonged S phase arrest in tumours needs to
be established as a prelude to combining with a Chk1
inhibitor.

The pharmacokinetics of gemcitabine are very differ-
ent. Gemcitabine is a pro-drug that must first be metabo-
lized to the activated metabolites dFdCDP and dFdCTP,
the former of which inhibits ribonucleotide reductase,
while the latter can be incorporated into DNA and induce
chain termination. As a consequence, plasma concentra-
tions provide little information, rather one must consider
the intracellular concentrations of these metabolites.
In a human study with administered doses from 22.5
to 1000 mg m-2, peak dFdCTP concentration (20 mM) in
peripheral mononuclear cells was achieved at 350 mg m-2.
At the clinically administered dose of 1000 mg m-2,
the half-life of dFdCTP was almost 20 h. Furthermore, gem-
citabine irreversibly inhibits ribonucleotide reductase
meaning that the effects within cells may persist even
longer.

In our ongoing research, we have briefly incubated cells
with gemcitabine to reflect the bolus treatment that
occurs in patients more closely. This permits us to follow
the recovery from stalled replication as would occur clini-
cally. Following treatment, the rate of recovery depends on

the concentration of gemcitabine, with S arrest lasting for
24 h at low concentrations and 48–72 h at higher concen-
trations. We have also assessed cell cycle perturbation in
human tumour xenografts in mice. Tumours were stained
for Ki67 which measures cells at all phases of the cell cycle
except Go, and geminin which stains cells in S and G2
phase. Results are expressed as the ratio of geminin : Ki67,
that is the ratio of cells in cycle that are in S/G2. In
untreated U251 brain tumour xenografts growing in the
mouse flank, about 25% of the cells were in S/G2, while
administration of 30–150 mg kg-1 gemcitabine (equivalent
to approximately 90–450 mg m-2 in humans) showed
80–90% of the cycling cells were arrested in S/G2 24 h after
drug administration.We are currently conducting a clinical
trial in human bladder cancer to assess the cell cycle per-
turbation that occurs following administration of a stand-
ard dose of 1000 mg m-2 gemcitabine. Initial results show a
significant S/G2 arrest 24 h after drug administration.
Further experiments are required to assess the persistence
of this arrest in both xenograft models and human
tumours.

Having established conditions that induce persistent S
phase arrest, we next have to consider the pharmacokinet-
ics of the Chk1 inhibitors.Their peak plasma concentration
and half-life likely varies considerably, so we will use
MK-8776 as the example.A phase I dose escalation study of
MK-8776 in patients with solid tumours revealed it to have
a half-life of 6.29–9.38 h, but concentrations required to
inhibit Chk1 (i.e. ~1 mM) were attained for only 6 h [72, 73].
Given the continued accumulation of cells in S phase after
treatment with gemcitabine or hydroxyurea, and that
stalled replication forks are more susceptible to Chk1 inhi-
bition 18 h after the initial replication block, concurrent
treatment with MK-8776 would result in inadequate drug
remaining at the time it would be most effective (Figure 3).
The ideal scheduling for these drug combinations
would involve MK-8776 administered at the time that
the maximum number of stalled replication forks have
become Chk1 dependent but before the cells begin to
recover. Our in vitro results have shown that addition of
MK-8776 18 h after administration of hydroxyurea [13]
and gemcitabine (unpublished observations) is far more
effective than concurrent treatment and this time frame is
consistent with the gemcitabine-mediated S phase accu-
mulation observed in xenograft models and human
bladder cancer. However, even later administration of the
Chk1 inhibitor might be indicated if the replication arrest is
more persistent in human tumours, or perhaps even mul-
tiple dosing of the Chk1 inhibitor as has recently been used
in a xenograft model [16]. Clearly, there is a need for further
pharmacodynamic assessments to establish the optimum
schedule for these drug administrations.

The schedule of drug administration that is predicted
to have the maximum tumour cell killing may, unfortu-
nately, also elicit increased toxicity to normal tissues, and
whether there is any selectivity for the tumour remains to
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be established. Toxicity would most likely occur in the
highly proliferative normal tissues (e.g. bone marrow, gas-
trointestinal tract), but whether these normal cells also
continue to accumulate in S phase following administra-
tion of an antimetabolite needs to be determined. If unac-
ceptable toxicity is observed, we have previously shown
that activation of the p53 pathway by drugs such as nutlin
can protect cells from hydroxyurea plus MK-8776 [74], and
this approach has been shown to elicit a systemic and
non-toxic induction of the p53 pathway in mice [75].
In addition, we have demonstrated that some cell lines
require much lower concentrations of MK-8776 to enhance
hydroxyurea-mediated cell killing [13]. These sensitive cell
lines are the same ones which are hypersensitive to
MK-8776 alone and we are optimistic that some patient
tumours will also be hypersensitive to these drug
combinations.

Conclusions

Chk1 inhibitors have been explored as chemopotentiating
agents since the discovery of UCN-01. Although the effi-
cacy of combinations with DNA damaging agents have
been inconsistent, treatment with Chk1 inhibitors has
recently emerged as an effective way of sensitizing cancer
cells to treatment with the antimetabolites, gemcitabine
and hydroxyurea. There is a strong mechanistic basis for
this combination and at least four distinct means by which

Chk1 protects from replication stress; stabilization of
stalled replication forks, control of replication origin firing,
mediation of homologous recombination and control of
cell cycle progression. It is likely that all of these processes
play a role in the sensitization of cells to gemcitabine and
hydroxyurea.

It is also critical to consider the impact of drug schedule
when combining these agents. Cells continue to accumu-
late in S phase during replication stress, and stalled repli-
cation forks become more Chk1 dependent with time.
Chk1 inhibitors will be most effective if administered when
the maximum number of cells have arrested in S phase.
Our ongoing research is making such determinations in
patients receiving gemcitabine.

Finally, and perhaps most exciting, is the observation
that some tumours are hypersensitive to Chk1 inhibitors
alone. As a consequence, these tumours are likely more
responsive to the combination of antimetabolite plus Chk1
inhibitor. It is important to understand the mechanism of
this hypersensitivity so that appropriate patients can be
selected for study.These patients may have a much greater
therapeutic window and much greater benefit from
administration of a Chk1 inhibitor.
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Figure 3
The impact of schedule for the administration of gemcitabine and a Chk1 inhibitor. S phase cells incubated with gemcitabine arrest rapidly. As more cells
continue to enter S phase, they also stall leading to a further increase in arrested cells. After an undefined time (at least 24 h in mouse and human
experiments), the cells recover and the tumour continues to grow. Stalled replication forks also evolve to become more Chk1 dependent after 12 h, which
correlates with the onset of homologous recombination. Maximum cell killing would then occur when the Chk1 inhibitor is administered about 12 h after
the time of peak S arrest. This model is based on MK-8776 where an effective plasma concentration is only maintained for about 6 h
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