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Abstract
Resistance toDNA-damaging chemotherapy is a barrier to effective treatment that appears to be augmented by

p53 functional deficiency in many cancers. In p53-deficient cells in which the G1–S checkpoint is compromised,
cell viability after DNA damage relies upon intact intra-S and G2–M checkpoints mediated by the ATR (ataxia
telangiectasia and Rad3 related) and Chk1 kinases. Thus, a logical rationale to sensitize p53-deficient cancers to
DNA-damaging chemotherapy is through the use of ATP-competitive inhibitors of ATRorChk1. To discover small
molecules that may act on uncharacterized components of the ATR pathway, we performed a phenotype-based
screen of 9,195 compounds for their ability to inhibit hydroxyurea-induced phosphorylation of Ser345 on Chk1,
known to be a critical ATR substrate. This effort led to the identification of four small-molecule compounds, three
ofwhichwere derived fromknownbioactive library (anthothecol, dihydrocelastryl, and erysolin) and one ofwhich
was a novel synthetic compound termedMARPIN. These compounds all inhibited ATR-selective phosphorylation
and sensitized p53-deficient cancer cells to DNA-damaging agents in vitro and in vivo. Notably, these compounds
did not inhibit ATR catalytic activity in vitro, unlike typical ATP-competitive inhibitors, but acted in a
mechanistically distinct manner to disable ATR–Chk1 function. Our results highlight a set of novel molecular
probes to further elucidate druggable mechanisms to improve cancer therapeutic responses produced by DNA-
damaging drugs. Cancer Res; 74(24); 7534–45. �2014 AACR.

Introduction
Genotoxic stresses, including ionizing radiation (IR), UV

irradiation, and many chemotherapeutic agents, elicit DNA
damage checkpoints that promote cell-cycle arrest and DNA
repair (1). ATM (ataxia telangiectasia mutated) and ATR
(ataxia telangiectasia and Rad3 related) are key protein kinases
that sense DNA damage and phosphorylate their downstream
targets to activate DNA damage checkpoints. IR and doxoru-
bicin cause DNA double-strand breaks and primarily activate
the ATM–Chk2–p53 pathway. UV and hydroxyurea cause
stalled replication forks and primarily activate the ATR–Chk1

pathway. However, there is extensive crosstalk between these
two pathways (2). The resultant signaling is affected by diverse
factors, including types and doses of stress as well as timing.
Most types of genotoxic stress activate both pathways to some
degree.

Targeting DNA damage checkpoints could be beneficial to
cancer treatment (3–5). In normal cells, DNA-damaging agents
activate ATMand/or ATRpathways thatmediateG1–S, intra-S,
and G2–M checkpoints to arrest cell-cycle progression and
allow extra time for DNA repair. Many cancers are deficient in
the G1–S checkpoint, including those with defective p53 (6, 7).
This results in reliance on later checkpoints for DNA repair and
cell survival, including the ATR pathway. If the ATR pathway is
inhibited in G1 checkpoint-deficient cells in the presence of
DNA damage, cells will not elicit cell-cycle arrest for DNA
repair, leading to cancer cell death (8). Thus, inhibiting the ATR
pathway has been an appealing strategy to selectively sensitize
p53-deficient cells to chemotherapeutic agents that damage
DNA (3, 4, 9).

Because ATR inhibition can sensitize cancer cells to DNA-
damaging agents (8, 10, 11), inhibitors that target the ATR–
Chk1 pathway are of great interest for cancer therapy, and
some Chk1 inhibitors have entered clinical trials (4, 5, 9).
Caffeine is widely used as a nonselective ATM/ATR inhibitor
(IC50 of 200 mmol/L for ATM; IC50 of 1,100 mmol/L for ATR;
ref. 12), butmore selective andpotentATR inhibitors have been
long sought to better understand DNA damage response
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pathways and to use as chemosensitizers in combination with
chemotherapeutic agents (13). Recently, schisandrin B, a
dibenzocyclooctadiene derivative isolated from an herb, has
been identified as a potent ATR-selective inhibitor (IC50 of 7.25
mmol/L for ATR; ref. 14). In addition, aminopyrazine deriva-
tives, compound 45 (IC50 of 0.012 mmol/L for ATR; ref. 15) and
VE-821 (IC50 of 0.026 mmol/L for ATR; ref. 16), have been
identified as highly potent ATR-selective inhibitors. These
compounds sensitized cancer cells to cisplatin, while sparing
normal cells (15, 16), further supporting the potential utility of
ATR inhibition to sensitize cancer cells to death.
The mechanism of ATR activation is complex, requiring

recruitment of more than 10 proteins at sites of DNA damage
for optimal kinase activation (17). Briefly, a replication fork
stalls at DNA lesions, while helicases continue to separate DNA
strands, generating single-stranded DNA (ssDNA) coated with
RPA (replication proteinA; ref. 17).Multiple proteins, including
the 9–1–1 complex, TopBP1, and Claspin, are then recruited
to RPA-coated ssDNA. Thus, not only ATR kinase but also a
handful of known proteins involved in ATR pathway activation
could be targets for suppression of the ATR pathway. Most
compounds that target this pathway are believed to act as
ATP-competitive inhibitors of ATR kinase activity, such
as caffeine, schisandrin B, or VE-821. Compounds that target
other components of the ATR pathway are few in number and
typically affect nonspecific processes such as protein chaper-
ones and stability. For example, Hsp90 inhibitors (geldanamy-
cin and 17-allylamino-17-demethoxygeldanamycin) deplete
Chk1 and hence block ATR pathway function, as well as many
other targets (18, 19).
A chemical genetic screen is a powerful approach to discover

small-molecule compounds that perturb cellular processes
and elucidate biologic systems (20, 21). Small molecules that
suppress the ATR–Chk1 pathwaywithout inhibiting ATR could
be identified through pathway-targeted screening. Such com-
pounds could uncover previously unknown but druggable
targets in signaling pathways or reveal known targets for which
no small-molecule inhibitors have been identified. To discover
novel DNA damage response inhibitors that target the ATR
pathway, we performed cell-based, high-content screening of
small-molecule compounds. Following biologic assays for val-
idation, we found four novel small-molecule compounds that
inhibit the ATR–Chk1 pathway. Importantly, these four com-
pounds did not directly inhibit ATR kinase catalytic activity in
vitro but had chemosensitization effects, especially in p53-
deficient cells in vitro. One compound, dihydrocelastryl, was
also tested in a xenograft model and showed selective inhibi-
tion of p53-deficient tumor growth in vivo. Identification of
these mechanistically distinct inhibitors of DNA damage
checkpoints allows their use as probes to further elucidate
checkpoint function.

Materials and Methods
Cell lines and culture conditions
HeLa and 293T cells were obtained from the ATCC, authen-

ticated through short tandem repeat profiling by the ATCC,
and cultured in DMEM (#11995; Invitrogen) supplemented

with 10% heat-inactivated FBS (Invitrogen) and 1% penicil-
lin–streptomycin (PS; Invitrogen). HCT116 p53þ/þ cells and
the isogenic p53�/� cells were gifts from Dr. Bert Vogelstein
(JohnsHopkinsUniversity, Baltimore,MD; ref. 22) and cultured
in McCoy's 5A Medium (#16600; Invitrogen), supplemented
with 10%FBS and 1%PS. p53 expression inHCT116 p53þ/þ and
p53�/� cells was validated by Western blot analyses. Upon
receipt of all cell lines, frozen stocks were made at low passage
and thawed for short-term culture (less than 3 months). All
cells were maintained at 37�C in a humidified atmosphere of
5% CO2.

Small-molecule screening by automated cell imaging
Screening was performed at the Broad Institute of MIT and

Harvard using its small-molecule libraries, comprising known
bioactive and novel synthetic compounds. Primary screen data
were deposited to ChemBank (http://chembank.broadinsti-
tute.org) under the project name "DNADamageImagingSc-
reen." HeLa cells (4,000 cells/well) were plated onto 384-well
flat clear bottom black polystyrene tissue culture treated
microplates (#3712; Corning) and incubated at 37�C overnight
in a humidified atmosphere of 5% CO2. Compound mixture of
hydroxyurea and a test compound for cell treatment was
prepared in a separate 384-well plate: 100mmol/L hydroxyurea
was diluted with cell culture medium (DMEM supplemented
with 10% FBS and 1% PS) to a final concentration of 3 mmol/L
in 45 mL medium in each well, and a single small-molecule
compound was added to each well by 100 nL pin-transfer
(CyBio) of a compound stock solution in DMSO. Culture
medium was aspirated, and 45 mL of compound mixture was
added to each well that also contained 5 mL of residual culture
medium (total 50 mL/well). Because the average compound
concentration of stock solution was 10 mmol/L in DMSO,
the final compound concentration for cell treatment was
20mmol/L in test wells (final DMSO0.2%). Cells were incubated
with 3 mmol/L hydroxyurea and a single small-molecule com-
pound in each well at 37�C for 2 hours in a humidified
atmosphere of 5% CO2. For immunofluorescence, cells were
fixed by adding 15 mL per well of 16% paraformaldehyde
(formaldehyde) aqueous solution (#15710; ElectronMicroscopy
Sciences) to 50mLmedium in eachwell (final 4% formaldehyde)
and incubating at 4�C overnight. Fixed cells were treated with
2N HCl (50 mL/well) for 10 minutes at room temperature. Cells
were washed twice with 50 mL per well of TBS (50 mmol/L Tris,
150mmol/LNaCl, pH7.4) and treatedwith 50mLperwell of TBS
supplemented with 0.5% Triton X-100 for 15 minutes at room
temperature. Cells were washed with 50 mL per well of TBS and
treated with 50 mL per well of TBS supplemented with 0.1%
sodium borohydride (#452882; Sigma-Aldrich) for 5 minutes at
room temperature. Cells were washed twice with 50 mL per well
of TBS and treated with 50 mL per well of TBS supplemented
with 3% BSA (A9647; Sigma-Aldrich; 3% BSA–TBS) for 10
minutes at room temperature. Cells were incubated with 20
mL per well of 1:150 dilution of anti–phospho-Chk1 (pChk1–
Ser345) [133D3] rabbit mAb (#2348; Cell Signaling Technology)
in 3% BSA–TBS at 4�C overnight. Cells were washed with 50 mL
per well of 3% BSA–TBS and incubated with 20 mL per well of
1:150 dilution of Alexa Fluor 488 goat anti-rabbit IgG antibody
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(A-11034; Invitrogen) in 3% BSA–TBS for 1.5 hours at room
temperature. Cells werewashedwith 50mL perwell of 3%BSA–
TBS and incubated with 20 mL per well of 1:10 dilution of
VECTASHIELD Mounting Medium with DAPI (1.5 mg/mL
DAPI; H-1200; Vector Laboratories) in 3% BSA–TBS for 30
minutes at room temperature. Cells were washed twice with 50
mL per well of 3% BSA–TBS and twice with 50 mL per well of
TBS. Immunofluorescent images of cells stained with anti-
pChk1 antibody and DAPI in each well were acquired by
automated fluorescence microscopy using DAPI and FITC
filters (ImageXpress; Molecular Devices) and analyzed by
MetaXpress (Molecular Devices). To detect pChk1 signals only
from nuclei and eliminate background signals from cytoplasm
and the surface of cell culture wells, pChk1 nuclear signal
intensity in each well was quantitated within all nuclei of HeLa
cells (determined by DAPI-positive areas). To normalize cell
number differences among wells of screening plates, average
pChk1 nuclear signal intensity for one test compound in each
well was calculated by dividing pChk1 nuclear signal intensity
from all nuclei in each well by the number of nuclei (DAPI-
positive areas). For hit compound selection, the average of
pChk1 intensities among all 384wells of each plate (whole plate
average intensity) was defined as 100% (because most com-
pounds had a little or no effect on hydroxyurea-induced Chk1
phosphorylation), and compounds whose average pChk1
nuclear signal intensitieswere<85%were chosen for follow-up.

Supplementary Materials and Methods include chemicals,
siRNA transfection, treatment with DNA-damaging agents,
Western blot analyses, flow-cytometry analyses, in vitro ATR
kinase assay, cell viability assay, human tumor xenografts in
athymic nude mice, and statistical analyses.

Results
A cell-based screen for novel ATR pathway inhibitors

To discover DNA damage response inhibitors that suppress
the ATR pathway and to gain insight into replication check-
point signaling, we performed a cell-based, high-content
screen of small-molecule libraries using an automated cell
imaging platform. The specific small-molecule screen involved
detection of hydroxyurea-induced phosphorylation of Chk1 at
Ser345, a downstream target of ATR, as an indicator for ATR
pathway activation (23, 24). Hydroxyurea inhibits DNA syn-
thesis and stalls replication forks. This replication stress
activates the ATR pathway, leading to phosphorylation of
Chk1. In this screen, HeLa cells were plated onto 384-well
plates and treated with hydroxyurea and a single small-mol-
ecule compound in eachwell (Fig. 1A). HeLa cells were selected
for this cell imaging assay, because this cell type demonstrated
a robust signaling response and remained adherent during
washing steps required for immunofluorescence. Cells were
stained with anti–phospho-Chk1 (pChk1–Ser345) antibody
and DAPI for nuclear staining, and the immunofluorescent
images of cells in each well were acquired by automated
fluorescence microscopy. Subsequently, the acquired images
were analyzed to quantitate pChk1 signal intensities within
nuclei that were defined by DAPI-positive areas. Compounds
that suppressed hydroxyurea-induced Chk1 phosphorylation
were selected as putative ATR pathway inhibitors.

Using this approach, hydroxyurea-induced pChk1 was reli-
ably detected as a significant increase in pChk1 nuclear signal
intensity (middle bar in Fig. 1B) compared with untreated cells
(left bar). Addition of 3 mmol/L caffeine (right bar) suppressed
hydroxyurea-induced phosphorylation of Chk1 to 85% of
pChk1 intensity of hydroxyurea-treated cells. This effect on
pChk1 signal intensity in cells was consistent with Western
blot results using the same pChk1 antibody (Fig. 1B), although
untreated cells showed no pChk1 signal in a Western blot
analysis. Despite relatively high nonspecific background
immunofluorescence in the microscopy assay, cell imaging at
the single-nucleus level was reliable in detecting phospho-
Chk1 signals in a high-throughput manner.

Figure 1C shows a representative result of one 384-well plate
from the primary screen. Average pChk1 intensity of 384 wells
was set to 100% (whole-plate average shown as a solid hori-
zontal line), presuming that the majority of compounds were
not ATR pathway inhibitors, and thus the whole-plate average
was virtually the same as the level of pChk1 induced by
hydroxyurea alone. Compounds that decreased the nuclear
pChk1 signal below 85% (dotted horizontal line) of the whole-
plate average were more potent than 3 mmol/L caffeine, and
thus were selected for follow-up. From the example plate
shown in Fig. 1C, dihydrocelastryl was selected for follow-up
whereas teniposide, thiram, and bleomycin showed high levels
of pChk1 intensity (Fig. 1C). These latter three compounds are
indeed known DNA-damaging agents that activate DNA dam-
age response pathways, suggesting that this assay could appro-
priately detect both activating and inhibitory compounds.

In a secondary screen, we performed dose–response experi-
ments in triplicate by the same automated cell imaging assay
(Fig. 2A). Increasing doses of caffeine inhibited hydroxyurea-
induced pChk1 as a positive control. The four novel com-
pounds (anthothecol, dihydrocelastryl, erysolin, and MARPIN:
"ATM and ATR pathway inhibitor") also inhibited phosphor-
ylation in a dose-dependent manner, all of which were signif-
icantly more potent than caffeine.

Because we performed a small-molecule screen detecting
hydroxyurea-induced pChk1, we needed to exclude the possi-
bility that these novel compounds could bemerely modulators
of hydroxyurea-induced signaling, not ATRpathway inhibitors.
In a tertiary screen, we performed Western blot analyses to
validate the inhibitory effects of novel compounds on pChk1
induced by two mechanistically distinct ATR pathway activa-
tors: hydroxyurea (acts by nucleotide depletion) and UV irra-
diation (acts by generating polymerase-blocking thymine
dimers). Hydroxyurea-induced pChk1 was inhibited by these
novel compounds in a dose-dependentmanner (Fig. 2B) as was
UV-induced pChk1 (Fig. 2C). These findings confirmed that
these compounds are indeed ATR pathway inhibitors, not
merely modulators of hydroxyurea-induced signaling.

In total, we screened 9,195 compounds from two distinct
small-molecule libraries, comprising known bioactive and
novel synthetic compounds (Fig. 2D). The average compound
concentration in this cell-based screen was 20 mmol/L follow-
ing pin transfer of the compounds into test wells. Test com-
pounds that did not show dose-dependent inhibition of
hydroxyurea-induced pChk1 in the secondary and tertiary
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screens were eliminated from further investigation. After these
screens by cell imaging and Western blot analyses, we even-
tually identified four novel ATR pathway inhibitors from 9,195
compounds.
Chemical structures of these novel ATR pathway inhibitors

and caffeine are shown in Fig. 2E. The four novel ATR pathway
inhibitors were structurally different from each other and from
caffeine. Anthothecol, dihydrocelastryl, and erysolin were
derived from libraries of known bioactive compounds and are
commercially available. The fourth inhibitor, identified from a
diversity-oriented synthetic library, was namedMARPIN (ATM

and ATR pathway inhibitor) based on its ability to inhibit both
the ATM and ATR pathways, as determined in subsequent
experiments. MARPIN's chemical name is methyl (1R,6aR)-2-
benzoyl-1-(4-fluorobenzyl)-6-methylene-5-oxo-1,2,3,5,6,6a-
hexahydrocyclopenta[c]pyrrole-1-carboxylate [ChemBank ID
1965360, PubChem Substance ID 11253916, PubChem Com-
pound ID 3247230]. To the best of our knowledge, none of these
four compounds have been previously reported to be DNA
damage response pathway inhibitors. The hit rate from the
known bioactive compounds library (0.12%) was much higher
than that of the synthetic library (0.015%). This difference in hit

Figure 1. A high-content imaging screen for discovery of ATR pathway inhibitors. A, schematic of a cell-based, phenotypic screen for compounds that inhibit
hydroxyurea (HU)-induced phosphorylation of Chk1 (pChk1) at Ser345. B, Chk1 phosphorylation was quantitated within the nuclei of HeLa cells (determined
by DAPI-positive areas) following 2-hour incubation with hydroxyurea and/or caffeine (Caf) as indicated. Representative cell images are shown (top). The
mean of pChk1 nuclear intensity was calculated among 128 wells for each of three conditions (middle); error bars, SEM (n¼ 128 wells). The pChk1 signal in
hydroxyurea-treatedwellswas defined as 100%.Background immunofluorescence signal in this assaywas 76% in the absence of hydroxyurea.Western blot
analysis using clarified cell lysates indicates that this relatively high-immunofluorescence background is not due to baseline Chk1 phosphorylation (bottom).
C, representative data from one 384-well plate from the primary screen. Each dot is the average pChk1 nuclear signal intensity (pChk1 signal normalized
across all nuclei) from one well in which cells were treated with hydroxyurea plus one test compound. The average of pChk1 intensities among all 384 wells
of each plate (solid horizontal line) was defined as 100%. Most compounds had little or no effect on hydroxyurea-induced Chk1 phosphorylation. The
threshold for selecting compounds that inhibited Chk1 phosphorylation was set to 85% (dotted horizontal line) or below, because 3 mmol/L caffeine
(effectively inhibits ATR at this concentration) typically suppressed HU-induced Chk1 phosphorylation to 85%.
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rates supports the idea that the known bioactive compounds
are heavily biased toward biologically active compounds and
that the cellular activities of these agents have not yet been
exhaustively described.

All four novel ATR pathway inhibitors suppressed hydroxy-
urea-induced pChk1 at concentrations below 30 mmol/L in
the immunofluorescence imaging assays, whereas caffeine
required 3,000 mmol/L for the same degree of pChk1 inhibition

Figure 2. Validation studies of compounds identified in the initial screen. A, secondary screen by automated cell imaging for dose responses. HeLa cells were
mock treated [N, no hydroxyurea (first gray bar)] or treated with hydroxyurea (HU) alone (second gray bar) or with various concentrations of a test compound
for 2 hours (black bars). Cells were stained with anti–phospho-Chk1 (pChk1–Ser345) antibody and DAPI. pChk1 signal was quantitated by automated cell
imaging as in Fig. 1. Two-fold serial dilutions of compounds were tested in triplicate, and mean of pChk1 nuclear intensity is shown. The highest
concentration (mmol/L) used for a compound is indicated within the black triangles. Dotted horizontal line, the ability of 3 mmol/L caffeine to inhibit
hydroxyurea-inducedpChk1; error bars, SEM.B, tertiary screen byWestern blot analysis of hydroxyurea-induced pChk1.HeLa cells weremock treated (N, no
hydroxyurea) or treated with HU and various concentrations of a test compound for 2 hours. C, inhibition of UVB-induced pChk1. HeLa cells were pretreated
with various concentrations of a test compound for 1 hour. Cells were then rinsed with PBS and either sham-treated (N, no UV) or irradiated with UVB.
Cells were again incubatedwith the relevant compound for 1 hour before harvest. D, summary of numbers of small molecules of interest following screens. E,
chemical structures of novel ATR pathway inhibitors and caffeine. Concentrations at which compounds inhibited hydroxyurea-induced pChk1 to the
same level of inhibition by 3 mmol/L caffeine are shown. The concentrations were obtained using data shown in A.
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(Fig. 2E). Thus, the novel compounds were at least 100 times
more potent than caffeine for ATR pathway inhibition in cells.

Novel ATR pathway inhibitors abrogate G2–M
checkpoint induced by IR
A pivotal function of DNA damage response kinases is to

elicit cell-cycle checkpoint signaling and stop cell-cycle
progression, allowing time for DNA repair (4). To determine
whether novel inhibitors functionally suppress cell-cycle
arrest, the effect of these compounds on the IR-induced
G2–M checkpoint was assessed by measuring the percentage
of cells positive for phospho-Histone H3 (Ser10) with 4N
DNA content as an indicator of mitosis. After 2 hours, 2 Gy of
IR decreased the percentage of mitotic cells from 2.2% to
0.1% (Fig. 3A), indicating that IR activated the G2–M check-
point and inhibited mitotic entry. Known inhibitors of ATM
and/or ATR abrogated the IR-induced G2–M checkpoint,
including caffeine (dual ATM/ATR inhibitor), KU-55933
(ATM-selective inhibitor), and VE-821 (ATR-selective
inhibitor; Fig. 3). These data suggest that the IR-induced
G2–M checkpoint is mediated via both ATM and ATR,
consistent with prior studies (25, 26). Furthermore, all four
novel ATR pathway inhibitors we discovered abrogated IR-
induced G2–M checkpoint in a dose-dependent manner

(Fig. 3), supporting that these inhibitors functionally block
the induction of cell-cycle arrest, a pivotal role for DNA
damage response pathways.

Novel ATR pathway inhibitors do not directly suppress
ATR catalytic activity

To investigate whether novel compounds directly inhibit the
catalytic activity of ATR kinase, we performed in vitro ATR
kinase assays using immunopurified ATR proteins (Fig. 4).
Known nonspecific ATR inhibitors, caffeine (12) and wort-
mannin (27), suppressed ATR kinase activity, validating the
ATR kinase assay. However, none of the four novel compounds
suppressed ATR kinase activity in vitro even at far higher
concentrations of these compounds than were required to
inhibit hydroxyurea-induced pChk1 in cells. These results
suggest that the novel inhibitors are mechanistically distinct
from caffeine in their mode of suppressing ATR signaling in
cells.

Inhibition of ATR- and ATM-selective phosphorylation
by novel compounds

To examinewhether these novel inhibitors suppress ATR- or
ATM-dependent phosphorylation events or both, we carefully
selected conditions under which signaling is predominantly

Figure 3. Novel ATR pathway inhibitors abrogate G2–M checkpoint induced by IR in a dose-dependent manner. HCT116 p53þ/þ cells were pretreated
with a test compound (Cpd) for 30 minutes. Cells were then treated with 2 Gy of IR or mock treated (N, no IR). After 2 hours, cells were harvested, fixed,
and stained with anti–phospho-Histone H3 (Ser10) antibody and FxCycle Violet (DNA content) for flow-cytometry analysis. A, representative
flow-cytometry plots are shown. Mitotic cells (pink boxes) are defined as cells positive for phospho-Histone H3 (Ser10) with 4N DNA content. The
percentage of mitotic cells is indicated above each pink box. B, effects of novel ATR pathway inhibitors and known ATM/ATR inhibitors on IR-induced
G2–M checkpoint were evaluated as the percentage of mitotic cells. Two-fold serial dilutions of compounds were tested. Mean of the percentage
of mitotic cells is shown (n ¼ 3); error bars, SEM.
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dependent on ATR or ATM, as there is often crosstalk between
these two pathways (2). To this end, we used siRNA against
ATR or ATM to determine the extent towhich a signaling event
was dependent on either of these kinases. This survey exam-
ined approximately 700 phospho-specific events under various
conditions or time points: Three different cell types (HeLa,
293T, and HCT116), five DNA-damaging agents (hydroxyurea,
UV, IR, bleomycin, and doxorubicin), three doses of each agent,
five time points, and six different phosphorylation sites on four
DNAdamage response proteins [Chk1 (Ser317 and Ser345), p53
(Ser15 and Ser20), Chk2 (Thr68), and ATM (Ser1981)] for their
dependence on either of these kinases.Weultimately identified
hydroxyurea-induced phospho-Chk1 (Ser345) and phospho-
p53 (Ser15) at 2 hours in 293T cells as the most ATR-selective
phosphorylation events (Fig. 5A). The most ATM-selective
signaling event was phospho-Chk2 (Thr68) induced by low
dose (2 Gy) of IR at an early time point (15 minutes) in HCT116
p53þ/þ cells (Fig. 5B). We then used these optimized, pathway-
selective conditions to test the extent to which the novel
inhibitors suppressed signaling via the ATR and ATM path-
ways. All four compounds inhibited ATR-selective phosphor-
ylation events (hydroxyurea-induced phospho-Chk1 and phos-
pho-p53) in a dose-dependent manner (Fig. 5C). Erysolin and
MARPIN inhibited IR-induced phospho-Chk2 in a dose-depen-
dent manner, but anthothecol or dihydrocelastryl did not

inhibit this ATM-selective phosphorylation event (Fig. 5D).
Taken together, all four compounds are ATR pathway inhibi-
tors, two of which also have the ability to suppress the ATM
pathway at an early time point.

Novel ATR pathway inhibitors sensitize p53-deficient
cells to DNA damage

G1 checkpoint-deficient cells, particularly those deficient in
p53 function, are resistant to DNA-damaging agents but can be
sensitized by ATR (8) or Chk1 (28, 29) inhibition. Therefore, we
tested whether these novel ATR pathway inhibitors would also
sensitize cancer cells to DNA damage. To investigate whether
these ATR pathway inhibitors can overcome the chemoresis-
tance of p53-deficient cells, we examined cell viability after
treating cells with combinations of DNA-damaging agents with
novel ATR pathway inhibitors. We used HCT116 cells (human
colorectal cancer cell lines), because the isogenic p53�/� cells
are available (22), and we can readily compare p53 wild-type
(p53þ/þ) and p53-deficient (p53�/�) cells.

First, we investigated whether novel ATR pathway inhibitors
sensitize cancer cells to cisplatin, a DNA crosslinker. Cisplatin
was selected because other studies have shown that it syner-
gizes effectively with ATR inhibition in killing cancer cells
(11, 30). In p53 wild-type cells, cisplatin alone (10 mmol/L)
decreased cell viability (to 75%), whereas p53-deficient cells

Figure 4. Novel ATR pathway inhibitors do not inhibit in vitro ATR kinase catalytic activity. ATR kinase activity was measured by incorporation of radioactive
phosphate into a peptide substrate. Immunopurified ATR proteins were mixed with [g-32P]ATP, a Rad17-derived peptide as substrate, and the indicated
concentrations of compounds or DMSO (vehicle). Two-fold serial dilutions of compounds were tested in triplicate, and mean of ATR kinase activity is shown.
The highest concentration (mmol/L) used for a compound is indicated within the black triangles. ATR kinase activities were normalized by subtracting
background signals seen in samples with no substrate (N) and setting DMSO vehicle control with substrate (C) to 100% (gray bar). Arrows, IC50 values
determined by this ATR kinase assay. Asterisks, the concentrations of these novel compounds that were required in cell-based assays (Fig. 2A) to inhibit
hydroxyurea-induced phosphorylation of Chk1 with the same potency as 3 mmol/L caffeine.
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were resistant to cisplatin (92% cell viability; Fig. 6A). Cisplatin
plus anthothecol (1 mmol/L) showed a marked synergistic
decrease in cell viability, especially in p53-deficient cells
(15% cell viability).
Because ATR inhibition potentiates the effects of various

classes of chemotherapeutic drugs (11, 31), we also examined
whether these novel ATR pathway inhibitors sensitize cancer
cells to camptothecin, a Topoisomerase I poison that results in
S phase slowing. Camptothecin alone (120 nmol/L) decreased
cell viability, especially in p53 wild-type cells (53% cell
viability; Fig. 6B), but p53-deficient cells were relatively resis-
tant to camptothecin (73% cell viability). Although 1 mmol/L
dihydrocelastryl hadno effect in either cell type if given alone, it
fully reversed the camptothecin-resistant phenotype of p53-
deficient cells (73% cell viability with camptothecin alone vs.
21% when dihydrocelastryl was added).
To precisely examine whether novel ATR pathway inhibitors

show synergistic effects on decreasing cell viability in combi-
nation with DNA-damaging agents, we extensively tested
various concentrations of compounds (Supplementary Fig.
S1). These cell viability data were used to calculate synergistic
effects on decreasing cell viability (see example in Fig. 6C). All
novel ATR pathway inhibitors and caffeine showed significant
synergistic lethality with cisplatin (Fig. 6D) and camptothecin
(Fig. 6E), especially in p53-deficient cells. In contrast, an ATM-
selective inhibitor KU-55933 (32, 33) showed a modest syner-
gistic effect on cisplatin treatment, implying that ATR inhibi-
tion plays a more important role in sensitizing cancer cells to
cisplatin. These results demonstrate that chemoresistant p53-
deficient cells can be sensitized by these novel ATR pathway
inhibitors. As single agents, these compounds showed modest

cytotoxicity in HCT116 cancer cells at concentrations that
caused synergistic sensitization effects in HCT116 cells (Sup-
plementary Fig. S1) but no cytotoxicity in normal cells (primary
human keratinocytes at 24 hours).

The doses of novel inhibitors required for effective syner-
gistic lethality at 48 hours (1–8 mmol/L; Fig. 6) were approx-
imately 8- to 60-fold lower than doses required for inhibition of
hydroxyurea-induced pChk1 at 2 hours (15–60 mmol/L; Fig.
5C). To verify that such very low doses of novel inhibitors that
were used for synergistic lethality experiments can suppress
cisplatin-induced pChk1, we used flow cytometry (a highly
sensitive assay) to detect pChk1 status. Flow cytometry–based
measurement of pChk1 was validated by detecting the inhib-
itory effect of VE-821 (established ATR-selective inhibitor) on
hydroxyurea-induced pChk1 (Supplementary Fig. S2A and
S2B). Cisplatin induced phosphorylation of Chk1 at Ser345
predominantly in S phase, although pChk1 induction by 10
mmol/L cisplatin was subtle, compared with pChk1 induced by
3mmol/L hydroxyurea (Supplementary Fig. S2). At the very low
doses that showed synergistic lethality, all four novel ATR
pathway inhibitors weakly but reproducibly suppressed cis-
platin-induced pChk1 (Supplementary Fig. S2D). This suggests
that low levels of ATR–Chk1 pathway inhibition are sufficient
to sensitize cells to DNA-damaging agents after 48 hours,
exhibiting effective synergistic lethality.

A novel ATR pathway inhibitor synergizes with cisplatin
to suppress p53-deficient tumor growth in vivo

Because novel ATR pathway inhibitors indeed sensitized
cancer cells to DNA damage in vitro, we investigated the in vivo
antitumor activity of a novel ATR pathway inhibitor and its

Figure 5. All four novel compounds inhibit ATR signaling; erysolin and MARPIN also suppress ATM signaling at an early time point. A, ATR-selective
phosphorylation ofChk1andp53 followinghydroxyurea (HU). 293Tcellswere transfectedwith scrambled siRNA (control) or siRNAagainstATRorATM. Forty-
eight hours after transfection, cells were treated with or without 3 mmol/L hydroxyurea for 2 hours. Clarified cell lysates were used for Western blot analyses
with the indicated antibodies. B, ATM-selective phosphorylation of Chk2 following IR. HCT116 p53þ/þ cells were transfected with siRNA. Forty-eight
hours after transfection, cellswere treatedwith 2Gyof IRandharvested15minutes later. Clarifiedcell lysateswere subjected toWesternblot analyseswith the
indicated antibodies. C, inhibition of ATR-selective phosphorylation by four compounds. 293T cells were mock treated (N, no hydroxyurea) or treated
with 3 mmol/L hydroxyurea and various concentrations of compounds for 2 hours. DMSOwas used as vehicle. Two-fold serial dilutions of compounds were
tested. ATR, Chk1, and Rad9 were used as loading controls. D, inhibition of ATM-selective phosphorylation by two compounds. HCT116 p53þ/þ cells
were pretreated with various concentrations of compounds for 30 minutes, followed by 2 Gy of IR or mock treatment (N, no IR). Cells were harvested
15 minutes after IR. Two-fold serial dilutions of compounds were tested. Chk2 and tubulin were used as loading controls.
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synergistic effect with cisplatin in a xenograft model. We
selected dihydrocelastryl for testing its in vivo efficacy, because
it was commercially available and preliminary in vivo data

suggested efficacy at a concentration at which the compound
could be dissolved. We used a subcutaneous tumor xenograft
mouse model implanted with the human colon carcinoma cell

Figure 6. Novel ATR pathway inhibitors sensitize p53-deficient cancer cells to DNA-damaging agents in vitro. A, sensitization of p53-deficient cells to
cisplatin by a novel ATR pathway inhibitor, anthothecol. HCT116 p53þ/þ cells and the isogenic p53�/� cells were treated with cisplatin and/or
anthothecol for 48 hours. Cell viability was measured using a colorimetric metabolic assay (WST-8). Cell viability of mock treated cells was set to 100%,
and mean of cell viability is shown (n ¼ 4); error bars, SEM. B, sensitization of p53-deficient cells to camptothecin by a novel ATR pathway inhibitor,
dihydrocelastryl. Cell viability after 48-hour incubation with compounds was measured as in A. C, representative data of decreased cell viability and
calculated synergistic lethality. A combination of cisplatin and anthothecol in HCT116 p53�/� cells is shown. Decreased cell viability (%) was calculated
by subtracting the percentage of cell viability from 100% and is shown for each pair of compound combinations in a dose matrix using a color scale.
Darker red, stronger decrease in cell viability. Excess over Bliss additivism was used to calculate synergistic effects of compounds on decreased
viability as described in Supplementary Materials and Methods. The calculated synergistic lethality (%) is shown in a dose matrix using a different color
scale. Darker orange, higher synergistic lethality, meaning that a combination of two compounds (a DNA-damaging agent and an ATR pathway inhibitor)
synergistically decreased cell viability. D and E, synergistic effects on decreased cell viability in various combinations of DNA-damaging agents
[cisplatin (D) or camptothecin (E)] and ATR pathway inhibitors in HCT116 p53þ/þ and p53�/� cells. Cell viability after 48-hour incubation with
compounds was measured as in A, and synergistic lethality was calculated using cell viability data shown in Supplementary Fig. S1. The calculated
synergistic lethality (%) is shown in dose matrices using the same color scale as in the bottom of C. Caffeine served as a positive control ATM/ATR
inhibitor. KU-55933 was used as an ATM-specific inhibitor.
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line (HCT116), which we had also used for cell viability studies.
This HCT116 xenograft model has been widely used to study
antitumor activity of small-molecule compounds (34).We used
both HCT116 p53-intact (p53þ/þ) cells and the isogenic p53-
null (p53�/�) cells to elucidate p53 dependency on eliminating
cancer cells. Because high doses (4 or 8mg/kg/d) of cisplatin in
our injection schedule resulted in severe body weight loss, we
used 2 mg/kg/d of cisplatin that did not cause loss of body
weight. Dihydrocelastryl at 0.1 mg/kg/d also did not cause loss
of body weight. Cisplatin alone inhibited growth of p53þ/þ

tumors (52% tumor volume compared with vehicle treatment),
and the addition of dihydrocelastryl had no effect (Fig. 7A).
Importantly, p53�/� tumors were relatively resistant to cis-
platin (85% tumor volume compared with vehicle treatment),
and dihydrocelastryl sensitized p53�/� tumors to cisplatin,
suppressing tumor volume to 60% (Fig. 7B). Thus, dihydroce-
lastryl demonstrated synergistic suppression of chemoresis-
tant p53�/� tumor growth in vivo.

Discussion
Because of potential chemotherapeutic (sensitization of

chemoresistant cells to death; refs. 3, 4) and chemopreventive
(skin cancer prevention; ref. 35) implications, ATR pathway
inhibitors have long been sought. Caffeine has been widely
used as an ATM/ATR inhibitor, but caffeine requires millimo-
lar levels to inhibit ATR and has several other targets (12, 36).
Previous attempts to discover novel DNA damage response
inhibitors have focused on finding better ATP-competitive
inhibitors of kinases in this pathway. In the present study, we
used a phenotype-based screening approach to identify ATR

pathway inhibitors, potentially mechanistically distinct from
typical ATP-competitive kinase inhibitors. Because the ATR
activation mechanism is complex and requires multiple pro-
teins to be recruited to damaged DNA, any of these compo-
nents of the ATR pathway could potentially be a target of the
identified small-molecule inhibitors. Specifically, unlike tradi-
tional biochemical screening, this phenotype-based approach
allowed us to discover novel ATR pathway inhibitors that are
bioactive and do not act as direct ATR kinase catalytic
inhibitors.

Mutations of p53 are themost common genetic abnormality
in human cancers. The prevalence of p53 dysfunction is
approximately 50% in major human cancers, including lung,
colon, and skin cancers (6). p53-deficient cells are resistant to
DNA-damaging agents (37), and there is, thus, a need to
sensitize p53-deficient cells for effective cancer therapy.
Because ATR inhibition can sensitize G1 checkpoint-deficient
cells to DNA-damaging agents (8), we investigated the che-
mosensitization abilities of novel ATR pathway inhibitors in
the present study. The ATR pathway inhibitors demonstrated
synergistic effects on cancer cell killing in p53-deficient cells.
Despite the fact that these compounds did not directly inhibit
ATR kinase catalytic activity, the compounds blocked ATR
pathway function and promoted sensitization of drug-resis-
tant p53-deficient cells. Previous studies demonstrated that
loss of ATM sensitizes p53-deficient cells to camptothecin, but
not cisplatin (38), whereas ATR inhibition can sensitize cancer
cells to both camptothecin (31) and cisplatin (11). In particular,
p53-deficient cells are preferentially sensitized to cisplatin by
ATR inhibition (39). The inhibitors we describe here sensitized
p53-deficient cells to both cisplatin and camptothecin. This

Figure 7. A novel ATR pathway inhibitor synergistically suppresses p53-deficient tumor growth when combined with cisplatin in a xenograft model. HCT116
p53þ/þ (A) orHCT116p53�/�cells (B; 5�106 cells/mouse)were s.c. injected into the right flankof athymicnudemice (10–17-weeks-old). Aftermeanvolumeof
tumors in all mice exceeded 75 mm3, mice were randomly divided into four treatment groups, and compounds were i.p. injected three times per week
for 3 weeks (total nine injections; brown arrows). In each drug treatment, 0.12% DMSO in PBS (vehicle) or dihydrocelastryl (Dih) 0.1 mg/kg/d was injected
initially, followed 30 minutes later by PBS (vehicle) or cisplatin (Cis) 2 mg/kg/d as indicated. Tumor volume was measured by a caliper three times per week.
Mean of tumor volume in each treatment group is shown; error bars, SEM (n ¼ 10 for all four treatment groups for p53þ/þ xenografts; n ¼ 11 for the Dih
treatment group for p53�/� xenograft; n ¼ 12 for the other three treatment groups for p53�/� xenografts). Final tumor sizes (volumes) after nine injections
were compared with the vehicle treatment group (Veh) and were shown as the percentage of control. Asterisks, statistical significance of the final
tumor volumes compared with the vehicle treatment group (P < 0.05).
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wide range of chemosensitization effects of the ATR pathway
inhibitors is potentially advantageous to cancer therapeutic
applications.

Certain barriers often block translation of a given small-
molecule compound to the in vivo setting even if the compound
has desired in vitro effects. These barriers include solubility of
the compound, in vivo stability, drug delivery to tumors, and
toxicity (40). To investigate the in vivo characteristics of a novel
ATR pathway inhibitor, we tested one compound, dihydroce-
lastryl, using a xenograft model. Dihydrocelastryl was selected
for xenograft experiments, because it showed strong chemo-
sensitization for p53�/� cells in the cell viability study and in an
in vivo pilot study. Dihydrocelastryl overcame these barriers
and synergistically sensitized p53-deficient tumors in combi-
nation with cisplatin in vivowithout severe body weight loss or
any other overt health concerns. This synergistic effect on
antitumor efficacy in vivo ismeaningful for reducing the dose of
cisplatin to minimize undesired toxic effects of chemothera-
peutic agents, because higher doses of cisplatin (4 or 8 mg/kg/
d) were toxic to mice in this experimental setting, inducing
cachexia. Thus, ATR pathway inhibitors have the potential to
improve the efficacy of existing chemotherapeutic agents that
cause DNA damage.

Three of the novel ATR pathway inhibitors that we discov-
ered were from a library of known bioactive compounds.
Anthothecol is a limonoid of Khaya anthotheca (the mahogany
family Meliaceae) and has antimalarial activity (41). Dihydro-
celastryl is structurally similar to celastrol, a triterpene
extracted from the root bark of the Chinesemedicine "Thunder
of God Vine." Celastrol is a potent proteasome inhibitor and
suppresses human prostate cancer growth in nude mice (42).
Erysolin is structurally similar to sulforaphane, an isothiocy-
anate that has antimicrobial activity and shows cancer-pre-
ventive effects (43). Sulforaphane is abundant in broccoli
sprouts. Sulforaphane and erysolin induce detoxification
enzymes (44). The induction of detoxification enzymes may
be a significant component of the anticarcinogenic action of
broccoli. Importantly, on the basis of PubMed/literature
searches, we were unable to find prior studies, which suggest
that any of these compounds may act as inhibitors of DNA
damage checkpoint function.

Because these novel compounds inhibited the ATR pathway
without directly affecting ATR kinase catalytic activity, it is
plausible that the compounds may inhibit a mediator protein
involved in this signaling pathway. Previous studies showed
that ATM and ATR functions could be suppressed by down-
regulating a protein required for their signaling such as BRCA1
(45), protein phosphatase 5 (46, 47), or Timeless (48, 49). Thus,
it is possible that the ATR pathway inhibitors target a non-

kinase component of the ATM/ATR pathways to suppress
signal transduction. Further investigation to elucidate direct
molecular targets of these novel ATR pathway inhibitors is
ongoing, with a particular focus on target identification for
MARPIN using structure–activity relationship studies and
MARPIN-immobilized beads to pull down relevant binding
proteins (50).

In conclusion, a cell-based phenotypic screen yielded novel
ATR–Chk1 pathway inhibitors that are mechanistically dis-
tinct from typical kinase inhibitors and effectively sensitize
p53-deficient cells not only in vitro but also in an in vivo
xenograft model. This phenotype-based approach has the
advantage that it can identify bioactive small-molecule com-
pounds that could target any aspect of theATRpathway, rather
than focusing only on ATR kinase catalytic activity. Impor-
tantly, these compounds that are not ATR catalytic inhibitors
will be useful as probes to better understand DNA damage
response pathways. Detailed characterization of the mechan-
isms of action will further elucidate ATR pathway function in
response to various types of DNA damage, and may identify
novel druggable proteins for cancer prevention and therapy.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: M. Kawasumi, J.E. Bradner, P. Nghiem
Development of methodology: M. Kawasumi, J.E. Bradner, P. Nghiem
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.):M. Kawasumi, J.E. Bradner, N. Tolliday, R. Thibodeau,
H. Sloan, K.M. Brummond, P. Nghiem
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M. Kawasumi, J.E. Bradner, N. Tolliday, P. Nghiem
Writing, review, and/or revision of the manuscript: M. Kawasumi,
J.E. Bradner, N. Tolliday, P. Nghiem
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): M. Kawasumi, P. Nghiem
Study supervision: M. Kawasumi, P. Nghiem

Acknowledgments
The authors thank Dr. Bert Vogelstein (Johns Hopkins University) for the gift

of HCT116 p53þ/þ and the isogenic p53�/� cells. AllanConney, PhD, passed away
in 2013.We are deeply grateful for the inspirational role that Dr. Conney played in
this study.

Grant Support
This work was supported by the NIH (R01-AR049832; P. Nghiem), a

Dermatology Foundation Career Development Award (M. Kawasumi), and
the Michael Piepkorn Endowment for Dermatology Research at University of
Washington.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received September 5, 2014; revised October 10, 2014; accepted October 13,
2014; published OnlineFirst October 21, 2014.

References
1. CicciaA, ElledgeSJ. TheDNAdamage response:making it safe to play

with knives. Mol Cell 2010;40:179–204.
2. Helt CE, Cliby WA, Keng PC, Bambara RA, O'Reilly MA. Ataxia

telangiectasia mutated (ATM) and ATM and Rad3-related protein
exhibit selective target specificities in response to different forms of
DNA damage. J Biol Chem 2005;280:1186–92.

3. Zhou BB, Bartek J. Targeting the checkpoint kinases: chemosen-
sitization versus chemoprotection. Nat Rev Cancer 2004;4:216–25.

4. Lapenna S, Giordano A. Cell-cycle kinases as therapeutic targets for
cancer. Nat Rev Drug Discov 2009;8:547–66.

5. Furgason JM, Bahassi el M. Targeting DNA repair mechanisms in
cancer. Pharmacol Ther 2013;137:298–308.

Kawasumi et al.

Cancer Res; 74(24) December 15, 2014 Cancer Research7544

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/24/7534/2714251/7534.pdf by guest on 19 M

ay 2023



6. Greenblatt MS, Bennett WP, Hollstein M, Harris CC. Mutations in the
p53 tumor suppressor gene: clues to cancer etiology and molecular
pathogenesis. Cancer Res 1994;54:4855–78.

7. Paulovich AG, Toczyski DP, Hartwell LH. When checkpoints fail. Cell
1997;88:315–21.

8. Nghiem P, Park PK, Kim Y, Vaziri C, Schreiber SL. ATR inhibition
selectively sensitizes G1 checkpoint-deficient cells to lethal premature
chromatin condensation. Proc Natl Acad Sci U S A 2001;98:9092–7.

9. Chen T, Stephens PA,Middleton FK, Curtin NJ. Targeting the S andG2

checkpoint to treat cancer. Drug Discov Today 2012;17:194–202.
10. ClibyWA, Roberts CJ, Cimprich KA, Stringer CM, Lamb JR, Schreiber

SL, et al. Overexpression of a kinase-inactive ATR protein causes
sensitivity to DNA-damaging agents and defects in cell-cycle check-
points. EMBO J 1998;17:159–69.

11. Wilsker D, Bunz F. Loss of ataxia telangiectasia mutated- and Rad3-
related function potentiates the effects of chemotherapeutic drugs on
cancer cell survival. Mol Cancer Ther 2007;6:1406–13.

12. Sarkaria JN, Busby EC, Tibbetts RS, Roos P, Taya Y, Karnitz LM, et al.
Inhibition of ATM and ATR kinase activities by the radiosensitizing
agent, caffeine. Cancer Res 1999;59:4375–82.

13. Wagner JM, Kaufmann SH. Prospects for the use of ATR inhibitors to
treat cancer. Pharmaceuticals 2010;3:1311–34.

14. Nishida H, Tatewaki N, Nakajima Y, Magara T, Ko KM, Hamamori Y,
et al. Inhibition of ATR protein kinase activity by schisandrin B in DNA
damage response. Nucleic Acids Res 2009;37:5678–89.

15. Charrier JD, Durrant SJ, Golec JM, Kay DP, Knegtel RM, MacCormick
S, et al. Discovery of potent and selective inhibitors of ataxia telangi-
ectasia mutated and Rad3 related (ATR) protein kinase as potential
anticancer agents. J Med Chem 2011;54:2320–30.

16. Reaper PM, Griffiths MR, Long JM, Charrier JD, Maccormick S,
Charlton PA, et al. Selective killing of ATM- or p53-deficient cancer
cells through inhibition of ATR. Nat Chem Biol 2011;7:428–30.

17. Cimprich KA, Cortez D. ATR: an essential regulator of genome integ-
rity. Nat Rev Mol Cell Biol 2008;9:616–27.

18. Arlander SJ, Eapen AK, Vroman BT, McDonald RJ, Toft DO, Karnitz
LM. Hsp90 inhibition depletes Chk1 and sensitizes tumor cells to
replication stress. J Biol Chem 2003;278:52572–7.

19. Sugimoto K, Sasaki M, Isobe Y, Tsutsui M, Suto H, Ando J, et al.
Hsp90-inhibitor geldanamycin abrogates G2 arrest in p53-negative
leukemia cell lines through the depletion of Chk1. Oncogene 2008;27:
3091–101.

20. Kawasumi M, Nghiem P. Chemical genetics: elucidating biological
systems with small-molecule compounds. J Invest Dermatol 2007;
127:1577–84.

21. Mitchison TJ. Small-molecule screening and profiling by using auto-
mated microscopy. Chembiochem 2005;6:33–9.

22. Bunz F, Dutriaux A, Lengauer C, Waldman T, Zhou S, Brown JP, et al.
Requirement for p53 and p21 to sustain G2 arrest after DNA damage.
Science 1998;282:1497–501.

23. LiuQ,Guntuku S,Cui XS,MatsuokaS, CortezD, Tamai K, et al. Chk1 is
an essential kinase that is regulated by Atr and required for the G(2)/M
DNA damage checkpoint. Genes Dev 2000;14:1448–59.

24. Zhao H, Piwnica-Worms H. ATR-mediated checkpoint pathways reg-
ulate phosphorylation and activation of human Chk1. Mol Cell Biol
2001;21:4129–39.

25. Brown EJ, Baltimore D. Essential and dispensable roles of ATR in cell-
cycle arrest and genome maintenance. Genes Dev 2003;17:615–28.

26. CuadradoM,Martinez-PastorB,MurgaM,ToledoLI,Gutierrez-Martinez
P, Lopez E, et al. ATM regulates ATR chromatin loading in response to
DNA double-strand breaks. J Exp Med 2006;203:297–303.

27. Sarkaria JN, Tibbetts RS, Busby EC, Kennedy AP, Hill DE, Abraham
RT. Inhibition of phosphoinositide 3-kinase related kinases by the
radiosensitizing agent wortmannin. Cancer Res 1998;58:4375–82.

28. Wang Q, Fan S, Eastman A, Worland PJ, Sausville EA, O'Connor PM.
UCN-01: a potent abrogator of G2 checkpoint function in cancer cells
with disrupted p53. J Natl Cancer Inst 1996;88:956–65.

29. Ma CX, Cai S, Li S, Ryan CE, Guo Z, Schaiff WT, et al. Targeting
Chk1 in p53-deficient triple-negative breast cancer is therapeuti-
cally beneficial in human-in-mouse tumor models. J Clin Invest
2012;122:1541–52.

30. Arora S, Bisanz KM, Peralta LA, Basu GD, Choudhary A, Tibes R,
et al. RNAi screening of the kinome identifies modulators of
cisplatin response in ovarian cancer cells. Gynecol Oncol 2010;
118:220–7.

31. Cliby WA, Lewis KA, Lilly KK, Kaufmann SH. S phase and G2 arrests
induced by topoisomerase I poisons are dependent on ATR kinase
function. J Biol Chem 2002;277:1599–606.

32. Hickson I, Zhao Y, Richardson CJ, Green SJ, Martin NM, Orr AI, et al.
Identification and characterization of a novel and specific inhibitor of
the ataxia-telangiectasia mutated kinase ATM. Cancer Res 2004;64:
9152–9.

33. Knight ZA, Gonzalez B, Feldman ME, Zunder ER, Goldenberg DD,
Williams O, et al. A pharmacological map of the PI3-K family defines a
role for p110alpha in insulin signaling. Cell 2006;125:733–47.

34. Buzzai M, Jones RG, Amaravadi RK, Lum JJ, DeBerardinis RJ, Zhao F,
et al. Systemic treatment with the antidiabetic drug metformin selec-
tively impairs p53-deficient tumor cell growth. Cancer Res 2007;67:
6745–52.

35. KawasumiM, Lemos B, Bradner JE, ThibodeauR, KimYS, SchmidtM,
et al. Protection from UV-induced skin carcinogenesis by genetic
inhibition of the ataxia telangiectasia and Rad3-related (ATR) kinase.
Proc Natl Acad Sci U S A 2011;108:13716–21.

36. Sabisz M, Skladanowski A. Modulation of cellular response to anti-
cancer treatment by caffeine: inhibition of cell-cycle checkpoints, DNA
repair and more. Curr Pharm Biotechnol 2008;9:325–36.

37. Bunz F, Hwang PM, Torrance C,Waldman T, Zhang Y, Dillehay L, et al.
Disruption of p53 in human cancer cells alters the responses to
therapeutic agents. J Clin Invest 1999;104:263–9.

38. Fedier A, Schlamminger M, Schwarz VA, Haller U, Howell SB, Fink D.
Loss of atm sensitises p53-deficient cells to topoisomerase poisons
and antimetabolites. Ann Oncol 2003;14:938–45.

39. Sangster-Guity N, Conrad BH, Papadopoulos N, Bunz F. ATR med-
iates cisplatin resistance in a p53 genotype-specific manner. Onco-
gene 2011;30:2526–33.

40. Lin JH, Lu AY. Role of pharmacokinetics and metabolism in drug
discovery and development. Pharmacol Rev 1997;49:403–49.

41. Lee SE, Kim MR, Kim JH, Takeoka GR, Kim TW, Park BS. Antimalarial
activity of anthothecol derived from Khaya anthotheca (Meliaceae).
Phytomedicine 2008;15:533–5.

42. Yang H, Chen D, Cui QC, Yuan X, Dou QP. Celastrol, a triterpene
extracted from the Chinese "Thunder of God Vine," is a potent protea-
some inhibitor and suppresses human prostate cancer growth in nude
mice. Cancer Res 2006;66:4758–65.

43. Fahey JW, Haristoy X, Dolan PM, Kensler TW, Scholtus I, Stephenson
KK, et al. Sulforaphane inhibits extracellular, intracellular, and antibi-
otic-resistant strains of Helicobacter pylori and prevents ben-
zo[a]pyrene-induced stomach tumors. Proc Natl Acad Sci U S A
2002;99:7610–5.

44. Zhang Y, Talalay P, Cho CG, Posner GH. A major inducer of anticar-
cinogenic protective enzymes from broccoli: isolation and elucidation
of structure. Proc Natl Acad Sci U S A 1992;89:2399–403.

45. ForayN,MarotD,Gabriel A,RandrianarisonV,Carr AM,PerricaudetM,
et al. A subset of ATM- and ATR-dependent phosphorylation events
requires the BRCA1 protein. EMBO J 2003;22:2860–71.

46. Ali A, Zhang J,BaoS, Liu I,OtternessD,DeanNM, et al. Requirement of
protein phosphatase 5 in DNA-damage–induced ATM activation.
Genes Dev 2004;18:249–54.

47. Zhang J, Bao S, Furumai R, Kucera KS, Ali A, Dean NM, et al. Protein
phosphatase 5 is required for ATR-mediated checkpoint activation.
Mol Cell Biol 2005;25:9910–9.

48. Unsal-Kacmaz K, Mullen TE, Kaufmann WK, Sancar A. Coupling of
human circadian and cell cycles by the timeless protein. Mol Cell Biol
2005;25:3109–16.

49. Yang X, Wood PA, Hrushesky WJ. Mammalian TIMELESS is required
for ATM-dependent CHK2 activation and G2–M checkpoint control.
J Biol Chem 2010;285:3030–4.

50. Huryn DM, Brodsky JL, Brummond KM, Chambers PG, Eyer B, Ireland
AW, et al. Chemical methodology as a source of small-molecule
checkpoint inhibitors and heat shock protein 70 (Hsp70) modulators.
Proc Natl Acad Sci U S A 2011;108:6757–62.

www.aacrjournals.org Cancer Res; 74(24) December 15, 2014 7545

Identification of ATR–Chk1 Pathway Inhibitors

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/24/7534/2714251/7534.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


