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Targeting the S and G2 checkpoint to treat

cancer

Tao Chen, Peter A. Stephens, Fiona K. Middleton and Nicola J. Curtin

Newcastle University, Northern Institute for Cancer Research, Paul O'Gorman Building, Framlington Place, Newcastle-upon-Tyne NE2 4HH, UK

Cell survival following DNA damage depends on activating checkpoints to arrest proliferation. Most
cancer cells have dysregulated G1 checkpoints making them dependent on their S and G2 checkpoints,
which are activated by ATR/Chk1 signalling. Thus, inhibiting ATR or Chk1 should selectively sensitise
cancer cells to DNA damage. Genetic inactivation of ATR and Chk1 abrogates cell cycle arrest and
enhances cytotoxicity following exposure to DNA-damaging agents. Similar effects were seen with
small-molecule Chk1 inhibitors in preclinical studies, and clinical trial data are starting to emerge.
Recently, potent ATR inhibitors have been identified that also sensitise cancer cells in vitro. ATR and
ChK1 inhibitors might also cause ‘synthetic lethality’ in tumour cells defective in defined DNA repair

pathways.

The role of DNA damage checkpoints

All cells face a battery of insults to their DNA from endogenous
sources, for example spontaneous cytosine deamination, replica-
tion errors and base damage from oxygen radicals generated as a
product of normal metabolism. Together with exogenous sources:
UV, dietary toxins, aromatic hydrocarbons, among others, this
adds up to a significant value that has been estimated as 10 000-
40 000 single strand breaks (SSBs) and up to 50 double strand
breaks (DSBs) per cell per day [1]. To prevent this damage being
carried as mutations to the next generation, living organisms have
evolved a complex and carefully orchestrated network of proteins
known as the DNA damage response (DDR), which comprises
sensors that detect and signal DNA damage to downstream pro-
teins that either arrest the cell cycle providing time for repair or
initiate cell death pathways [2].

DNA-damage checkpoints occur throughout the cell cycle. The
G1 checkpoint, activated byATM signalling to Chk2 and pS3,
among other targets, prevents the replication of damaged DNA
by blocking entry into S-phase [3]. If damage occurs during S-phase
or has evaded the G1 checkpoint, the intra-S-phase checkpoint is
activated blocking further replication. Remaining damage is
detected by the G2 checkpoint which prevents cells entering
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mitosis. These latter checkpoints are triggered by ATR/Chk1 sig-
nalling. ATM and ATR are both members of the PI-3K-like kinase
family (PIKK) of protein kinases that also includes DNA-dependent
protein kinase (DNA-PK) and mammalian target of rapamycin
(mTOR). There is crosstalk between the ATM/Chk2 and ATR/
Chk1 pathways and they share many substrates [4].

Although normal cells have intact checkpoint signalling path-
ways, defective G1 checkpoint control is a common feature of
cancer cells, for example owing to mutations in the p53 or pRb
tumour suppressor genes or imbalance in cyclins, cyclin-depen-
dent kinases (CDKs) and their inhibitors [5,6]. As a result, cancer
cells tend to rely on their S and G2 checkpoint to avoid DNA
damage being translated into cell death. The S/G2 checkpoint is
therefore an attractive target for cancer-specific sensitisation to
DNA-damaging chemotherapy and radiotherapy (Fig. 1).

ATR and Chk1 function

ATR and Chk1 are crucial kinases for genome maintenance even in
the absence of exogenous sources of DNA damage. Homozygous
deletion of either ATR or Chk1 leads to peri-implantation embryo-
nic lethality at E7 [7,8] or between E3.5 and E7.5 [9], respectively.
Inactivation of ATR and Chk1 results in profound G2 defects after
DNA damage or replication arrest [4]. Chk1 deficiency in embryo-
nic stem cells gives rise to a proliferation defect and subsequent
cell death [10]. Chk1-deficient tumour cells are viable, but exhibit
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ATM Ataxia Telangiectasia Mutated protein

ATR Ataxia Telangiectasia Mutated and Rad3 related protein
ATRIP ATR interacting protein

BLM Blooms Syndrome helicase

BRCA1 BreastCancer1 protein

CHK1 Cell cycle Checkpoint Kinase 1

FANCD2 Fanconi anaemia group D2 protein

FANCE Fanconi anaemia group E protein

H2AX Histone variant 2AX

Rad9 Cell cycle checkpoint control protein RAD9

Rad17 Cell cycle checkpoint control protein RAD17
Rad51 RAD51 recombinase homologous to the bacterial
RecA

TopBP1 DNA topoisomerase 2-binding protein

WRN Werner syndrome helicase

multiple checkpoint and survival defects [11]. No living humans
have been identified as completely lacking either ATR or Chk1l
function, but a hypomorphic mutation in ATR is linked to Seckel
syndrome which is characterised by growth retardation and micro-
cephaly similar to other DNA repair and checkpoint syndromes
[12].

ATR is primarily activated by single stranded (ss)-double
stranded (ds) DNA junctions, these most commonly arise when
the replication fork encounters a DNA lesion owing to arrest of one
polymerase while the other continues [4]. A ssDNA-dsDNA struc-
ture can also be generated by nucleotide excision repair (NER) or
from resection of a DSB [13] (Fig. 2). Stalled replication forks occur
following single base damage and antimetabolite exposure, DSBs

can be induced by ionising radiation and topoisomerase II poisons
and common targets for NER are cisplatin adducts and UV damage.
The ssDNA is immediately coated by replication protein A (RPA),
which recruits ATR via ATRIP, a regulatory protein in complex with
ATR that enhances ATR binding and activity. ATR is further
activated by DNA topoisomerase II binding protein 1 (TopBP1)
[14] and Claspin, co-mediators of Chk1 activation [15], and the G2
degradation of these proteins facilitates checkpoint recovery and
passage into mitosis [16].

The primary target of activated ATR is phosphorylation of Chk1
at Ser®'” and Ser**®, but ATR also phosphorylates a number of
proteins including those involved in the stabilisation of stalled
replication forks and DNA repair such as ATRIP, Rad17, Rad9,
TopBP1, Claspin, H2AX, WRN, BLM, BRCA1 and FANCD2 (some
of which also activate the ATR/Chk1 pathway) thus linking ATR to
homologous recombination repair (HRR) and DNA crosslink repair
(Fig. 2).

ATR-induced phosphorylation at Ser**® and Ser®!” directly leads
to Chk1 activation. Ser*** is essential for Chk1 kinase activation
and function, whereas Ser*'” only has a contributory role [17,18].
Phosphorylation of Chkl by ATR stimulates kinase activity pro-
moting autophosphorylation at Ser?*® and dissociation of Chk1
from chromatin. Activated Chkl then phosphorylates Cdc25A
and Cdc25 C, leading to their inactivation [19]. Cdc25A and
Cdc25 C are phosphatases that activate S-phase progression and
entry into mitosis, respectively. For example, Cdc25 C removes the
inactivating phosphates at Thr'*/Tyr'> on Cdc2 (CDK1), and the
activity of Cdc2/cyclin B promotes G2 to M transition [19]. There-
fore Chkl-mediated inactivation of these proteins results in cell
cycle arrest [20] and suppression of mitotic entry [21], which is
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FIGURE 1

Selective sensitisation of cells lacking G1 checkpoint control. Normal cells have G1 and S/G2 checkpoints intact but cancer cells lose their G1 checkpoint through,
for example, p53 pathway disruption or dysregulation of the G1 cyclins, CDKs or their inhibitors. Following DNA damage normal cells activate G1, S and G2
checkpoints such that if the S/G2 checkpoint is inhibited through either ATR or Chk1 inactivation cells can still arrest by activation of the G1 checkpoint, promoting
survival. By contrast, cancer cells rely on their S/G2 checkpoints following DNA damage and when this is inhibited they enter premature lethal mitosis.
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FIGURE 2

ATR and Chk1 signalling. ATR and ATR interacting protein (ATRIP) bind to ssDNA that arise owing to stalled replication forks (replication stress), following excision of
a single stranded oligonucleotide during nucleotide excision repair and following resection of a double strand break (DSB). Thus, activated ATR phosphorylates

Chk1 and a number of proteins involved with DNA stabilisation and repair. Chk1

also phosphorylates some of these proteins and also Cdc25A and Cdc25 C leading

to their inactivation. Cdc25A dephosphorylates and activates CDK2/Cyclin A or E eliciting S-phase entry and Cdc25C dephosphorylates and activates Cdc2/Cyclin B
promoting G2/M transition. Therefore inactivation of Cdc25A and C results in S and G2/M arrest, respectively.

further reinforced by Chkl-mediated stabilisation of Wee, the
kinase that phosphorylates Cdc2 at Thr'#/Tyr'®. Chk1 also targets
Rad51, FANCD2 and FANCE regulating HRR and stabilising stalled
replication forks, induces the mitotic spindle checkpoint and
inhibits caspase-3-mediated apoptosis [19].

ATR and CHK1 inactivation results in chemo- and radio-
sensitisation

Loss of ATR or Chk1 function is predicted to inhibit cell cycle
arrest and increase cytotoxicity following exposure to DNA-
damaging agents, as has been demonstrated by genetic studies.
Dominant-negative inhibition of ATR by overexpressing a
kinase-dead mutant ATR (ATR-kd) leads to abrogation of ionising
radiation (IR) and topotecan-induced G2/M arrest, and sensitisa-
tion of human fibroblasts to multiple classes of DNA-damaging
agents, including IR, alkylating agents (methyl-methanesulfo-
nate), DNA crosslinking agents (cisplatin), topoisomerase I and II
poisons (topotecan, etoposide, doxorubicin) and antimetabolites
(hydroxyurea) [22,23]. The relative role of the ATR/Chk1 versus
the ATM/Chk2 pathway has been explored: Chk1 but not Chk2
knockdown by siRNA abrogated G2 arrest and increased cyto-
toxicity induced by irradiation and cisplatin in HCT116 cells
(human colon cancer) [24]. Further experiments showed that
ATR or Chk1 siRNA, but not ATM siRNA or deletion of Chk2,
sensitised HeLa cells (human cervical cancer) to topoisomerase I
poisons [25]. This work has been extended to demonstrate that
Chk1 knockdown sensitises HCT116 cells to 5-fluorouracil, dox-
orubicin and etoposide [26].

It has been postulated that targeting ATR or Chkl is only
relevant in cells with defective G1 control through loss of the
tumour suppressor gene p53. The most convincing data regarding
p53 dependence come from experiments using paired isogenic cell
lines that differ only in their p53 status. For example, studies have
shown that Chkl knockdown sensitised p53-mutant HCT116
more than p53-wild-type HCT116 cells [26,27]. Similarly, inacti-
vation of ATR selectively sensitised HCT116 cells lacking p53
function to cisplatin cytotoxicity [28]. However, HCT116 cells
are also DNA mismatch repair deficient and have a defect in their
ATM signalling [13,29]; and data with other cell lines can be
conflicting, suggesting that p53 status is not the sole determinant.
For example, Chk1 knockdown sensitised wild type (A549; human
NSCLC) and pS3 dysfunctional (HeLa) cell lines to gemcitabine
and cytarabine [30]. Recent work in paired MCF7 (human breast
cancer) and U20S (human osteosarcoma) cells showed that
although abrogation of the DNA-damage-induced cell cycle arrest
by Chk1 inactivation was p53-dependent chemosensitisation (of
cisplatin and irinotecan) was not [31]. Similarly, apoptosis in cells
with silenced Chk1 exposed to hydroxyurea or cytosine arabino-
side was not found to be dependent on p33 [32]. By the same
token, the selectivity of ATR inactivation might not be restricted to
pS53-defective cells. ATR silencing sensitised HeLa (p53-defective)
and U20S (p53-wild-type) to topoisomerase I poisons [25]. More-
over, dominant-negative inactivation of ATR sensitised U20S cells
rendered defective in G1 arrest for a variety of reasons (e.g. over-
expression of cyclin D1, cyclin E, CDK2 or MDM2) to a variety of
DNA-damaging agents [23].
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TABLE 1

Chk1 inhibitors in development.

Compounds Preclinical Development Trial Combination Dose-limiting Future development
data phase toxicity
UCNO1 [36,39,89] Phase |-l trials Single agent in AST Hypotension and Stopped-no further
(short and long (1/47 PR, 1/47 SD) hyperglycaemia development planned
infusions) [58,59]
Phase | [60,90] Combination with cisplatin in Neutropenic sepsis Stopped-no further
AST (no response data) and SVT development planned
Phase | [61] Combination with topotecan in Neutropenia, Stopped-no further
AST (1/22 PR, 12/22 SD, 8/22 PD) thrombocytopenia development planned
and hyperglycaemia
Phase Il Combination with topotecan in Hyperglycaemia Stopped-no further
(not published) ovarian cancer development planned
AZD7762 [43,47,54,80] Phase | [65] Combination with gem in Myocardial ischaemia Development
(Astra Zeneca) AST (2/42 PR) and neutropenia programme stopped
Phase | [66] Combination with irinotecan in AST Myocardial ischaemia Development
(1/68 CR, 1/68 PR) programme stopped
Phase | Combination with gem in AST Unknown Trial terminated
(not published)
PF00477736 (Pfizer) [42] Phase | [63] Combination with gem in Thrombocytopenia Development
AST (3/36 PR) and neutropenia programme stopped
SCH900776 [44] Phase | [64] Combination with gem in AST SVT and Unknown
(Schering Plough) (1/26 PR, 3/26 SD) thrombocytopenia
Phase | Combination with cytarabine Closed-awaiting
in leukaemia publication
XL9844 (Exelixis) [46] Phase | Combination with gem in AST Trial terminated
and lymphoma
LY2606368 (Eli Lilly) No Phase | Single agent in AST Phase I-finishing
Feb 2012
PD321852 (Pfizer) [41] Preclinical No clinical trials Development
programme stopped
V158411 (Vernalis) No Preclinical No clinical trials
ARRY575 No Preclinical
(Array Pharma)
CEP3891 (Cephalon) [37,55] Preclinical
SAR020106 (Sareum) [45] Preclinical
GDC0245 No Preclinical
(Genentech/Roche)

Note: Data taken from ClinicalTrials.gov (http:/clinicaltrials.gov/) compounds that are thought to be in late preclinical development are also included for completeness. All compounds are

intravenous.

Abbreviations: AST; advanced solid tumours; gem; gemcitabine; SVT; supraventricular tachycardia; CR; complete response; PR; partial response; SD; static disease; PD; progressive disease.

These data, suggesting that ATR and Chk1 inhibitors would be
potent chemosensitisers and radiosensitisers for cancer therapy,
provided the impetus for drug development in this area. The
development of Chkl inhibitors is more advanced than ATR
inhibitors and will be reviewed first. Readers might also wish to
consult some recent excellent reviews in this area [7,19,22,33-35]
as well as the primary publications cited in this review. A summary
of Chk1 inhibitors in preclinical and clinical development is out-
lined in Table 1.

Preclinical development of Chk1 inhibitors

The first Chk1 inhibitor was UCNO1, a staurosporine analogue,
which inhibits protein kinase C [36], but also inhibits several other
kinases including Chk1. Early studies showed that UCNO1 reduced
radiation-induced degradation of Cdc25A in U20S cells [37] and
abrogated doxorubicin-induced G2/M arrest [38]. UCNO1 has been
shown to potentiate cisplatin cytotoxicity in NSCLC cell lines

(A549 and H596) [39], as well as camptothecin toxicity in colon
cell lines (HCT116) [40].

Development of inhibitors
Subsequently, more-potent and -specific Chk1 inhibitors have been
developed, most are ATP-competitive but with varying potencies and
specificities. These include the UCNO1 analogues, such as PD321852
(Chk1 ICs0=5nM) [41], and other structural types such as: the
diazepinoindolone PF00477736 (Pfizer), with a K; of 0.49 nM and
100-fold selectivity for Chk1 versus Chk2 and a cellular ECsy of
45 nM (assessed by measuring mitotic entry by histone H3 phos-
phorylation) [42]; AZD7762, a thiophene carboxamide urea (Astra-
Zeneca), which inhibits Chk1 (K;= 3.6 nM, ICso = 5 nM) and Chk2
(ICsp < 10 nM) with similar potency [43]; and CEP3891 (Cephalon,
structure not disclosed), a selective Chk1 inhibitor (ICsq = 5 nM) [37].
Recently developed potent and selective Chkl inhibitors
include SCH900776, a pyrazolo[1,5-a]pyrimidine (K4q=2nM,
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ICs0 = 60 nM), which causes a concentration-dependent inhibi-
tion of hydroxyurea-induced Chk1 Ser?® autophosphorylation in
intact U20S cells [44], and SAR020106 (Sareum; ICso = 13.3 nM),
which abrogates etoposide-induced arrest of HT29 cells with an
ICso of 55nM [45]. XL9844 (EXEL9844) is an aminopyrazine
inhibitor of Chkl and Chk2 (K;=2.2nM and 0.07 nM, respec-
tively) that increases Chk1 phosphorylation at Ser*'” and H2AX
phosphorylation and inhibits Cdc25A degradation [46].

Inhibition of cell cycle checkpoints

Most Chkl1 inhibitors do not substantially affect cell cycle progres-
sion or viability per se but do block cell cycle arrest and enhance
cytotoxicity after DNA damage. In general, studies show the great-
est activity with agents that cause replication stress, such as anti-
metabolites (particularly fraudulent nucleosides that cause
replication arrest, such as gemcitabine), topoisomerase I poisons
and DNA crosslinking agents, such as cisplatin, suggesting S-phase
checkpoint is crucial. For example, AZD7762 alone does not affect
cell proliferation [47] but it abrogates the camptothecin-induced
G2 arrest [43] and potentiates the cytotoxicity of gemcitabine and
topotecan [47]. Similarly, monoagent PF00477736 did not change
the cell cycle, but abrogated gemcitabine- and camptothecin-
induced S-phase and G2/M arrest in CA46 cells (pS3-mutated
lymphoma) and HeLa cells and potentiated the activity of a variety
of DNA-damaging agents in several human cancer cell lines [42].
Likewise, XL844 alone did not affect the cell cycle distribution of
PANC-1 (human pancreatic cancer) cells but abrogated gemcita-
bine-induced S-phase arrest, resulting in premature entry into
mitosis [46]. In contrast to these observations, administration of
SCH900776 as a single-agent administered to U20S cells caused a
concentration-dependent accumulation in G2 and an increase in
the sub-G1 apoptotic population [44].

Synthetic lethality

Interestingly, Chk1 is upregulated in Myc-overexpressing murine
and human lymphomas and its inactivation was cytotoxic in Myc-
amplified cells and prolonged the survival of Myc-lymphoma-
bearing mice [48,49]. In addition, recent studies have shown
the combination of Chk1 inhibitors (i.e. UCNO1, AZD7762) was
synthetically lethal with various inhibitors of the DNA repair
enzyme poly(ADP-ribose) polymerase (PARP), including those
currently in clinical trials (ABT888 and AZD2281), in a panel of
human breast and pancreatic cell lines [50]. Synthetic lethality is
an exciting new concept in cancer therapy and it describes the
phenomenon where inactivation of two pathways independently
does not affect viability, but inactivation of both together causes
cell death.

In vivo chemosensitisation

Chemosensitisation by Chk1 inhibitors has also been demon-
strated in in vivo models of human cancer, for example
PF00477736 enhanced the antitumour activity of gemcitabine
in mice bearing CoLo205 (human colon cancer) xenografts [42]
and, by abrogating the mitotic checkpoint, sensitised cell lines and
xenografts to docetaxel [51]. AZD7762 increased the antitumour
activity of gemcitabine and of irinotecan against human cancer
xenografts in mice and rats [43] and XL844 increased the efficacy
of gemcitabine against PANC-1 xenografts [46]. Concomitant

administration of a Chk1 inhibitor with cytotoxic therapy appears
to be more efficacious than delayed administration of the Chk1l
inhibitor. For example, simultaneous administration of gemcita-
bine and SAR020106 delayed SW620 xenograft growth better than
if SAR020106 was administered 24 hours after gemcitabine [45].

Inhibition of DNA repair

Inhibition of Chk1 not only affects cell cycle arrest but also DNA
repair. The histone H2A variant, H2AX, can be phosphorylated on
Ser'*? (y-H2AX) by ATM, DNA-PK and ATR to form nuclear foci in
response to stalled replication forks and DSBs [52]. y-H2AX is
measured by immunofluorescence, flow cytometry or western
blotting and serves as a sensitive indicator of these DNA lesions
[53]. The combination of PF00477736 and gemcitabine led to the
formation of y-H2AX foci (compared with none following expo-
sure to either drug alone) [42]. Similarly, AZD7762 alone did not
stimulate H2AX phosphorylation but the combination with gem-
citabine led to increased y-H2AX foci [47]. Because ATR is one of
the kinases that phosphorylate H2AX, this is somewhat surprising
leading to the suggestion that Chk1l inhibition with AZD7762
converts gemcitabine-induced stalled replication forks into DSBs
triggering ATM and DNA-PK-mediated H2AX phosphorylation
independent of ATR [47]. In vivo studies in mice bearing A2780
(human ovarian cancer) and MiaPaca2 (human pancreatic cancer)
xenografts showed that SCH900776, administered concomitantly
with gemcitabine, increased gemcitabine-induced y-H2AX accu-
mulation and increased the anticancer activity of gemcitabine
without exacerbating gemcitabine-induced myelosuppression
[44].

Radiosensitisation

Chk1 inhibitors have been postulated to be potential radiosensi-
tisers. In DU145 (prostate) A549 and H460 (non-small-cell lung
cancer) and HT29 (colon) cells radiation exposure caused an
upregulation of Chkl and AZD7762 markedly increased IR cyto-
toxicity [54]. The effects were greatest in pS3-mutated cell lines but
remained significant in pS53-wild-type cell lines. Similarly,
CEP3891 prevented IR-induced S and G2 arrest in U20S cells
and increased nuclear fragmentation and decreased survival com-
pared with untreated controls [55]. AZD7762 has also been shown
to be a radiosensitiser in lung cancer cell lines (H23 and PC14PE6)
and in xenograft models of lung cancer with brain metastasis
resulting in prolonged survival [56]. As with the knockdown
studies there seem to be cell-line-specific differences in the depen-
dence on pS3; radiosensitisation by UCNO1 and CEP3891 was
dependent on p53 status in HCT116 cells but independent in
U20S cells [57]. This suggests that preclinical studies and clinical
trials should not be restricted to p53-mutated cells or tumours; but
that careful note should be made of the p53 status of cells and
tumours so that results can be stratified by p53 status.

Chk1 clinical trials

The first-generation Chk1 inhibitor UCNO1 underwent two single
agent Phase I trials. The first trial, using a 72-hour infusion
administration, resulted in significant dose-limiting toxicity
(DLT) with symptomatic hypotension and hyperglycaemia at
53 mg/m?/day [58]. There was avid plasma binding and a long
variable half-life. In a second trial using a short 3-hour infusion
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tolerability was improved but DLT of symptomatic hypotension at
a potentially efficacious dose (95 mg/m?) of UCNO1 stopped the
trial [59].

Phase I trials of the short infusion schedule of UCNO1 in
combination with cisplatin and topotecan [60,61] showed that
UCNO1 prevented cisplatin-induced S and G2 arrest (as deter-
mined by geminin staining) [60] and possible efficacy of the
topotecan combination in ovarian carcinoma, which was unfor-
tunately not confirmed in Phase II studies. In a recently reported
Phase I trial of UCNO1 in combination with irinotecan in 25
patients there was an increase in y-H2AX staining and two patients
with p53-mutated triple-negative breast cancer responded [62].
However, clinical trials with this drug have been discontinued.

A number of second-generation inhibitors have been through
Phase I trials. The only agent used as a single-agent is LY2606368;
the trial is ongoing. Most Phase I trials have been in combination
with gemcitabine after a single-agent run in and have only been
reported in abstract form. Haematological toxicity (neutropenia
and thrombocytopenia) was commonly seen with PF00477736
and SCH900776 in combination with gemcitabine [63,64] and
with AZD7762 in combination with gemcitabine and irinotecan
[65,66]. Reversible myocardial ischemia with AZD7762 was seen as
a DLT in combination with irinotecan and gemcitabine. Pharma-
codynamic (PD) studies with SCH900776, using an ex vivo assay of
v-H2AX intensity in K562 cells exposed to samples of patient
plasma, showed a dose-dependent prolongation of y-H2AX [64].

ATR inhibitors
Development of inhibitors
Unlike Chk1, there has been a shortage of small-molecule ATR
inhibitors, which might reflect the difficulty of assaying an
enzyme that requires a complex of co-activators and regulators
(described above). Caffeine was one of the earliest ATR inhibitors,
but it is weak (ICsp = 1.1 mM) [67] and non-specific as it is a more
potent inhibitor of ATM (ICso = 0.2 mM) [68]. The fungal meta-
bolite wortmannin has also been used in studies involving inhibi-
tion of ATR (ICso = 1.8 uM). Like caffeine, wortmannin inhibits
multiple PIKKs including ATM (ICso = 150 nM). More recently, the
PI-3K inhibitor PI103 was found to inhibit ATR (ICso = 850 nM) as
well as other PIKKs including ATM (ICsp = 920 nM) and DNA-PK
(ICsp =2 nM) and this compound does not appear to have been
further investigated as an ATR inhibitor [69].

The natural product, schisandrin B is slightly more specific for
ATR with an in vitro 1Cso of 7.25 uM [70]. Caffeine abrogated IR-

induced G2/M checkpoint arrest in A549 and MCF?7 cells [68,71],
and schisandrin B sensitised A549 cells to UV radiation and
abrogated the UV-induced G2/M and S-phase checkpoint [70].

Recently, there has been some progress in the development of
small-molecule ATR inhibitors. Vertex Pharmaceuticals has dis-
covered a series of potent 3-amino-6-arylpyrazines that inhibit the
phosphorylation of a target peptide by purified ATR with K;s in the
nanomolar range including VE821 (ICso =420 nM) and cellular
ICs values in the sub-to-low micromolar range [72,73]. NU6027
(2,6-diamino-4-cyclohexyl-methyloxy-5-nitroso-pyrimidine), ori-
ginally designed as a CDK2 inhibitor, was found to be more
efficient at inhibiting cellular ATR activity (as determined by
Chk1 Ser®*® phosphorylation) than CDK2 activity (ICso = 6.7 puM
for ATR and >10 uM for CDK2), with no effect on ATM and DNA-
PK [74]. Recently, a new 96-well plate assay based on stimulation of
ATR activity by a TopBP1l-estrogen-receptor fusion protein has
been developed that could lead to the identification of further ATR
inhibitors. Using this assay to screen 623 compounds the PI-3 K
inhibitor ETP46464 was identified as a potent ATR inhibitor
(ICs0=25nM) [75].

Chemo- and radio-sensitisation

Chemosensitisation and radiosensitisation have been reported for
these new inhibitors. NU6027, at concentrations that were not
cytotoxic per se, sensitised MCF7 cells to IR, temozolomide, cis-
platin, camptothecin, doxorubicin and hydroxyurea, but not the
antitubulin agent paclitaxel. Most interestingly, NU6027 inhib-
ited Rad51 focus formation and was synthetically lethal with PARP
inhibition or XRCC1 defects [74]. VE821 sensitised HCT116 cancer
cells to gemcitabine, camptothecin, etoposide, IR and especially
cisplatin by over tenfold [73]. In these studies the greatest che-
mosensitisation by VE821 was observed in cells deficient in either
ATM or p53 [73]. Interestingly, VE821 has little effect in MCF7 cells
treated with cisplatin, which is different from the effect of NU6027
[73,74].

Pharmacodynamic biomarkers

For targeted agents without intrinsic toxicity a PD biomarker is
needed to demonstrate a pharmacological effect and to direct dose
escalation. Assessment of PD biomarkers on serially collected
tumour and surrogate tissues such as skin, blood and urine is an
important way to provide molecular confirmation of target inhibi-
tion. Below is a brief introduction of the main ATR and Chk1l
biomarkers, a summary of which can be found in Table 2.

TABLE 2

The main ATR and Chk1 PD biomarkers.
Biomarkers Function Expected outcome Detection methods Reliability and/or specificity

ATR pS345 Chk1 ATR activity Decrease WB, IF, IHC +4++
pS317 Chk1 ATR/ATM? activity Decrease WB ++
v-H2AX DNA DSBs Decrease WSB, IF, IHC, FC +
pT1989 ATR ATR autophosphorylation? Decrease IP/WB ++

Chk1 pS345 Chk1 ATR activity Increase WSB, IF, IHC +++
pS296 Chk1 Chk1 autophosphorylation Decrease WB +++
v-H2AX DNA DSBs Increase WB, IF, FC +
pY15 CDK1 G2 arrest Decrease WSB, IF +

Abbreviations: WB, western blot; IF, immunofluorescence; IHC, immunohistochemistry; FC, flow cytometry; IP/WB, immunoprecipitation/western blot.
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ATR biomarkers

Antibodies to phosphorylated ATR at Ser*?® and Thr'® have been
developed but it is not clear if these are dependent on DNA-
damage activation of ATR or regulate ATR activity [76,77]. ATR
phosphorylates H2AX in response to replication stress and UV
irradiation, but H2AX can also be phosphorylated by ATM and
DNA-PK in response to IR [78] and, as described above, inhibition
of Chkl can lead to an increase in y-H2AX and this marker is
therefore not specific for ATR.

More specifically, activated ATR phosphorylates Chk1 at Ser3!”
and Ser**®, and both of these phosphorylation sites have com-
monly been used as indicators for ATR activity. Studies using a
variety of DNA-damaging agents in ATR functional and kinase-
dead cells indicate that pChk1 Ser*’ was specific for ATR activity,
whereas Ser®!” was not [74]. On the basis of current evidence
pChk1 Ser®** is the most specific cellular marker of ATR activity.
Whether this or any of the other potential biomarkers can be
adapted for clinical use remains to be demonstrated. As yet there
are no reports of in vivo studies with ATR inhibitors that use PD
biomarkers.

Chk1 biomarkers

Chk1 can be autophosphorylated at Ser®> which is closely linked
to its activity. Immunoblotting of Chk1 Ser®® is therefore widely
used as a biomarker in preclinical studies of Chk1 inhibitors [45].
However, phospho-Ser?® Chk1 immunohistochemistry produced
high background staining and results inconsistent with immuno-
blotting in response to gemcitabine and the Chkl inhibitor
AZD7762 in pancreatic tumours [79]. Development of a better
antibody could solve this problem.

A number of studies showed that phospho-Ser**> Chk1 was
increased in response to Chk1 inhibition even in the absence of
DNA-damaging agents [79-81]. This might be owing to inhibition
of the role Chk1 has in DNA repair, leading to an accumulation of
DNA DSBs that further amplifies ATR/ATM-mediated Chk1 phos-
phorylation [81]. The inhibitory feedback of Chk1 itself to protein
phosphatase PP2A also contributes to the high level of Chk1 Ser**
[79,81]. Increase of Chk1 Ser**® was also found to be a consistent
event in tumours and normal tissues (hair follicles) in mice treated
with gemcitabine and Chk1 inhibitors [81].

In addition, y-H2AX (a marker of DSB), phosphorylated histone
H3 (Ser'®, a marker of mitotic entry), geminin (a marker of cells in
S- and G2-phases), caspase-3 (a marker of apoptosis), CDK1 (pY15)
and Cdc25 C (phopho-Ser®'®) have all been used as potential PD
biomarkers for Chk1 activity [19,45], but they are either indirect or
inconsistent.
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Comparison of ATR and Chk1 inactivation
Chemosentsitisation

ATR inhibitors might not be entirely synonymous with Chk1l
inhibitors, although ATR signals largely through Chk1 it phos-
phorylates many other targets. ATR has a greater role in DNA
crosslink repair, as demonstrated by the observation that ATR
siRNA but not Chkl siRNA sensitises cells to platinum drugs
[82]. The limited data available suggest that ATR inhibitors show
the greatest sensitisation of platinum agents. By contrast, Chk1l
inhibitors show the greatest activity in combination with the
antimetabolite gemcitabine, and also enhance antitubulin agents

by blocking the mitotic checkpoint [51]. Conversely, ATR inacti-
vation does not enhance antitubulin agents [73,74,22]. Thus,
inhibitors of ATR are predicted to have a different spectrum of
activity clinically.

Synthetic lethality

An exciting prospect is the synthetic lethality between ATR and
Chk1 inhibitors with another class of DNA repair inhibitors-the
PARP inhibitors [50,74]. Such combinations need to be assessed in
vivo to ensure that the combination does not cause synergistic
toxicity as well as antitumour activity. Synthetic lethality with
single-agent Chk1 and ATR inhibitors could be a viable approach
in tumours associated with amplified Myc [48,49] or with specific
defects, for example, those with defects in the Fanconi Anaemia
(FA) pathway are hypersensitive to Chk1 siRNA and UCNO1 [83].
Recently, the weak ATR inhibitor caffeine has been shown to
radiosensitise selectively cells with DNA PolB defects [84] and
defects in XRCC1 confer sensitivity to single-agent NU6027
[74]. These data are significant because Myc amplification is found
in several cancer types and Polf and XRCC1 polymorphisms
associated with reduced function are also associated with cancer
[85,86,87].

Concluding remarks and future prospective

The preclinical data generated using ATR or Chk1 inactivation by
genetic means or with chemical inhibitors are encouraging, with
abrogation of the cell cycle arrest and increased tumour cell kill
following exposure to a variety of DNA-damaging agents in vitro and
in vivo. Data suggest that although defects in p53 are associated with
greater sensitisation by either ATR or Chk1 inactivation they are not
the sole determinants and defects in ATM signalling and/or other
aspects of G1 control are also associated with sensitisation. This is
particularly attractive because, whereas ~50% of cancers have
defects in pS3 signalling, virtually all are thought to have a defect
in G1 control [6] and this feature distinguishes them from normal
cells. It is therefore disappointing that the Chk1 inhibitors have
been associated with significant toxicities in the clinical setting.
However, the toxicities appear to be drug-specific rather than class-
specific and might reflect off-target effects. For example, hypergly-
caemia is associated with UCNO1 exposure, whereas AZD7762 is
associated with cardiac toxicities that have also been noted with
other kinase inhibitors [88]. Despite the toxicities seen in the first
clinical trials of Chkl1 inhibitors, it is hoped that more specific
inhibitors could be free of such toxicities. In addition, careful PD
monitoring of Chk1 inhibition so that patients are not overdosed
could also help reduce toxicities.

Interestingly, phosphorylation of Chk1 Ser”*> appears to be a
good biomarker for ATR and Chk1 inhibitors, with ATR inhibitors
causing a reduction and inhibition of Chk1 generating an increase.
We are now entering an exciting era where manipulation of the
DNA-damage response can have selective antitumour activity; it
will be interesting to follow the parallel development of ATR and
Chk1 inhibitors through the clinic.
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