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Abstract
Camptothecin and its derivatives, topotecan and irinotecan, are specific topoisomerase I (Top1) inhibitors

and potent anticancer drugs killing cancer cells by producing replication-associated DNA double-strand
breaks, and the indenoisoquinoline LMP-400 (indotecan) is a novel Top1 inhibitor in clinical trial. To develop
novel drug combinations, we conducted a synthetic lethal siRNA screen using a library that targets nearly
7,000 human genes. Depletion of ATR, the main transducer of replication stress, came as a top candidate gene
for camptothecin synthetic lethality. Validation studies using ATR siRNA and the ATR inhibitor VE-821
confirmed marked antiproliferative synergy with camptothecin and even greater synergy with LMP-400.
Single-cell analyses and DNA fiber combing assays showed that VE-821 abrogates the S-phase replication
elongation checkpoint and the replication origin–firing checkpoint induced by camptothecin and LMP-400.
As expected, the combination of Top1 inhibitors with VE-821 inhibited the phosphorylation of ATR and Chk1;
however, it strongly induced gH2AX. In cells treated with the combination, the gH2AX pattern changed over
time from the well-defined Top1-induced damage foci to an intense peripheral and diffuse nuclear staining,
which could be used as response biomarker. Finally, the clinical derivative of VE-821, VX-970, enhanced the
in vivo tumor response to irinotecan without additional toxicity. A key implication of our work is the
mechanistic rationale and proof of principle it provides to evaluate the combination of Top1 inhibitors with
ATR inhibitors in clinical trials. Cancer Res; 74(23); 6968–79. �2014 AACR.

Introduction
Topoisomerases are essential enzymes that catalyze the

breaking and rejoining of the phosphodiester backbone to
allow the unwinding and disentanglement of DNA during
replication and transcription. Among them, Top1 produces
transient single-stranded DNA breaks as catalytic intermedi-
ates that are referred to as Top1 cleavage complexes

(Top1cc; ref. 1). Anticancer Top1 inhibitors act by slowing
down the reversal of Top1cc and the religation of DNA (2–4).
Persistence of Top1cc leads to collisions with replication
forks and transcription complexes, converting them into
irreversible Top1 covalent complexes and DNA double-
strand breaks, which, if not repaired are lethal. The anti-
cancer activity of Top1 inhibitors is primarily related to
replication damage by replication "run-off" and replication-
mediated DNA double-strand breaks (3, 5, 6).

Camptothecin and its derivatives are highly selective inhi-
bitors of Top1, and the water-soluble derivatives, topotecan
and irinotecan, are effective anticancer drugs against a wide
range of tumors. However, they are limited by their chemical
instability, ABCG2- and MDR1-mediated efflux, the rapid
reversibility of the Top1cc, and dose-limiting bone marrow
and gastro-intestinal toxicity (3, 5). To overcome these limita-
tions, we have developed a novel class of Top1 inhibitors, the
indenoisoquinolines (2), which are chemically stable, not sub-
strates for the drug efflux membrane pumps, and produce
persistent Top1cc (7). LMP-400 (Indotecan; NSC-724998) is one
of two indenoisoquinolines currently in phase I clinical trial.

The broad use of camptothecins and the potential of
LMP-400 as a clinical agent raise the prospect of rational
drug combinations. To address this goal, we conducted a
broad range siRNA-based screening to reveal targets that,
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when silenced, improve the efficacy of Top1 inhibitors. Using
camptothecin and an apoptosis-targeted siRNA library, we
recently demonstrated the feasibility of the approach and
identified the kinase TAK1 (MAP3K7), which is involved in
cancer cell growth and in the NF-kB, p38, JNK pathways, as
a novel synthetic lethal pathway for Top1-mediated DNA
damage (8). In the present study, we extended this approach
to more than 7,000 human genes with four independent
siRNAs per gene, and identified siRNAs that were synthet-
ically lethal with Top1 poisoning, prioritizing genes that
can be validated with drugs in preclinical development.
We focused on ATR (ataxia telangiectasia and Rad3-related
protein kinase), a major signal transducer of the replica-
tion stress–induced DNA damage response (DDR), which
functions in parallel with ATM (ataxia telangiectasia mutat-
ed), a major transducer of the DNA double-strand break
responses (9–12).
ATR is activated in response to replication stress (single-

stranded DNA associated with replication complexes and
stalled replication forks) induced by UV, hydroxyurea, or
chemotherapeutic drugs such as camptothecins. In turn, ATR
activates the cell-cycle kinase Chk1 by phosphorylation (at
serine 345), leading to a suppression of origin firing and DNA
elongation, and cell-cycle arrest in S/G, which promote repair
and prevent premature mitosis, thereby maintaining genomic
stability (9, 10).
Potent and selective ATR inhibitors are in clinical develop-

ment (13–17) with the rationale to target cancer cells under
replication stress resulting from oncogene addiction
(14, 18, 19) or chemotherapeutic replication inhibitors such
as Top1 inhibitors or gemcitabine (20–22). In the present study,
we explore the molecular and preclinical rationale for com-
bining Top1 inhibitor with ATR inhibitors.

Materials and Methods
Cell lines, chemicals, and drugs
HT29 and COLO 205 colon and MDA-MD-231 breast

carcinoma cells were grown in RPMI medium with 10%
FBS (Gibco-BRL) at 37�C in 5% CO2. HT29 and MDA-
MB-231 cells, camptothecin, LMP-400, and VE-821 were
obtained from the Developmental Therapeutics Program
(DCTD, NCI), where cells were authenticated by short
tandem repeat DNA fingerprinting. COLO 205 colorectal
adenocarcinoma cells were purchased from the ATCC.
HCT116 wild-type and p53 knockout cells were given by
Bert Vogelstein (Johns Hopkins University). All the cell lines
were confirmed with the absence of Mycoplasma contam-
ination (MycoAlert; Lonza). VX-970 (VE-822) was produced
by Vertex Pharmaceuticals.

siRNA screening
For transfections, 20 mL of serum-free media containing

Lipofectamine RNAiMax (0.05 mL) was added to wells of
384-well plates (Corning 3570) containing siRNA (0.8 pmol).
Lipid and siRNA were allowed to complex for 45 minutes at
ambient temperature before addition of 600MDA-MB-231 cells
to yield final transfection mixtures containing 20 nmol/L

siRNA in RPMI, 10% FBS. Camptothecin (20 nmol/L, �EC30)
or vehicle (0.1% DMSO) was added to the entire plate 48 hours
after transfection, and viability (CellTiter Glo; Promega) was
assayed 72 hours later on a PerkinElmer Envision 2104 Multi-
label Reader.

The druggable genome screening was conducted using the
Qiagen human druggable genome library version 4.1, which
targets nearly 7,000 human genes with approximately four
siRNAs per gene. Each siRNA is arrayed in an individual well.
Qiagen's AllStars Negative control and Qiagen's AllStars Cell
Death control were incorporated on all screening plates for
normalization and as positive transfection control, respective-
ly. Plates were rejected and rescreened if they exhibited an
assay z0-factor of less than 0.4 or other apparent defects.
Follow-up dose–response tests were carried under analogous
assay conditions.

To select candidate genes modulating camptothecin activ-
ity, the log2 ratio of vehicle-treated cell viability (%siNeg) to
camptothecin -treated cell viability (%siNeg)was calculated for
each siRNA. Redundant siRNA Analysis (RSA; ref. 23) was
performed on the ratios to rank gene candidates in terms of
their ability to sensitize MDA-MB-231 to camptothecin. RSA
rankings can be found in Supplementary Table S1. All screen
data have been deposited on PubChem (AID 743121).

Ingenuity Pathway and STRING (24) analyses were per-
formed to identify enriched pathways and protein–protein
interactions among these 42 candidates. For Ingenuity Path-
way Analysis (IPA), a core analysis was performed using only
direct relationships and used the approximately 7,000 genes
represented in the screen as background. For STRING, rela-
tionships were mined using only experiment- and database-
determined relationships of at least "medium confidence."

Cytotoxicity
Cells were seeded in 96-well plates 24 hours before drug

addition. After a 72-hour treatment, cell survival was deter-
mined using the ATPlite 1step Kit (PerkinElmer Life Sciences).
Luminescence was measured by an Envision 2104 Multilabel
Reader. Synergismwas assessed using theCompuSyn Software.

Analyses of EdU incorporation, cell cycle, and apoptosis
HT29 cells were incubated with 50 mmol/L 5-ethynyl-20-

deoxyuridine (EdU) for 30 minutes before adding Top1 inhi-
bitors for 1 hour. Cells were harvested 18 hours after Top1
inhibitors. EdU was detected by flow cytometry (Click-iT EdU
Alexa Fluor 647 Flow Cytometry Assay; Invitrogen), and DNA
using propidium iodide (PI). Apoptotic cells were detected 48
hours after Top1 inhibitors using Annexin V/PI costaining
(FITC Annexin V Apoptosis kit; BD Biosciences). Samples were
analyzed on a FACScan flow cytometer (Becton Dickinson).

Immunofluorescencemicroscopy staining of replication
foci using CldU and IdU

HT29 cells were grown in 4-well chamber slides (Nalge-
Nunc) and labeled with 100 mmol/L chlorodeoxyuridine (CldU)
or iododeoxyuridine (IdU) for 45minutes. Slides were prepared
(6) and images visualized with a Zeiss LSM 780 confocal
microscope.
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DNA fiber assays
Molecular combing was performed as described (6). Briefly,

at the end of the CldU pulse, trypsinized cells were embedded
in low-melting agarose. After digestion with b-agarase (New
England Biolabs), DNA was combed on silanized surfaces
(Microsurfaces, Inc.), and replicons were detected with anti-
IdU and anti-CldU antibodies. Images were captured with the
software Attovision using the epifluorescence microscope
Pathway (Becton Dickinson). Signals were measured using
ImageJ (open source from National Cancer Institute, NIH)
with custom-made modifications.

Immunoblotting
Total cell lysates were electrophoresed on 4% to 20% Tris-

glycine or 3% to 8% Tris-acetate polyacrylamide gels, and
transferred onto nitrocellulosemembranes. Antibodies against
GAPDH, ATR, and pS345-Chk1 were obtained from Cell Sig-
naling Technology, gH2AX and pT68-Chk2 from Abcam, and
Top1 from BD Biosciences. Antibody against pT1989-ATR was
generated by the Pharmacodynamics Assay Development and
Implementation Section (PADIS) of the Laboratory of Human
Toxicology and Pharmacology at the National Laboratory for
Cancer Research (Frederick, MD). After incubation with sec-
ondary antibody, signals were detected by enhanced chemi-
luminescence (Pierce).

IdU and gH2AX staining
After incubation with 100mmol/L IdU for 75minutes with or

without drugs for 1 hour, HT29 cells werefixed at different time
intervalswith 4%paraformaldehyde for 10minutes. Slideswere
prepared (6) and images visualized by Zeiss LSM 780 confocal
microscope.

Xenografts
MF1 athymic, nudemice were treated in accordancewith the

Animal (Scientific Procedures) Act and the United Kingdom
CoordinatingCommittee onCancerResearchGuidelines for the
Welfare of Animals in Experimental Neoplasia. Mice weighing
20 to 30 g (HarlanUKLtd)were inoculated subcutaneously with
1 � 107 COLO205 cells in 100 mL of a serum-free media and
Matrigel mixture (1:1). When the tumors reached about 250
mm3, themice were randomized in groups of 8 animals. VX-970
[VE-822, 60 mg/kg in a solution in 10% Vitamin E Tocopheryl
Polyethylene Glycol Succinate (VitE TPGS)] was administered
by oral gavage on days 0, 1, and 2 of each 4-day cycle. Irinotecan
(20 mg/kg or 40 mg/kg in PBS) was administered by intraper-
itoneal bolus injection on day 0 of each 4-day cycle. The control
group was treated with vehicle (10% VitE TPGS in water) on
days 0, 1, and 2 of each 4-day cycle. A total of 4 treatment cycles
were given. Tumorsweremeasured twice aweek by caliper, and
volumeswere calculated using the formula (length�width2)/2.
Body weight was assessed twice a week.

Results
RNAi screening identifies ATR as a top synthetic lethal
gene for Top1 inhibitors

To determine pathways and associated drug targets to
improve the use of Top1 inhibitors, we conducted a druggable

genome screen targeting nearly 7,000 human genes in MDA-
MB-231 cells (8). To select candidate genes that modulate
camptothecin activity, the log2 ratio of vehicle-treated to
camptothecin-treated cell viability was calculated for each
siRNA, and RSA (23) was used to rank gene candidates for
their ability to sensitize to camptothecin. RSA identified 42
candidates with P � 0.001 (Supplementary Table S1). IPA on
these top candidates revealed an expected enrichment in
canonical cell cycle and DNA repair–related pathways (Sup-
plementary Table S2), and both IPA and STRING (24) identi-
fied enrichments for known protein–protein interactions
(Fig. 1A and Supplementary Fig. S1). Evasion of apoptosis
represents one of the fundamental hallmarks of cancer and
can be driven by upregulation of prosurvival factors. Accord-
ingly, we found that several antiapoptotic factors ranked
high in the screen. They included BCL2L1 (BCLXL) and the
complex comprising MAP3K7 (TAK1), MAP3K7IP2 (TAB2),
and TRAF6, which is consistent with our prior screen (8).
These results indicated that the screen identified relevant
genes.

To further investigate top candidate genes, the effects of
siRNAs were examined with camptothecin concentration
responses. Follow-up was performed in two rounds. The
first involved testing many of the same sequences from
the primary screen, plus additional siRNAs from the same
vendor (Qiagen). In all, at least four sequences were tested
for 79 of 133 genes scoring P < 0.005 by RSA (Supplementary
Table S3). In the second round, three additional siRNAs were
obtained from a different vendor (Ambion) for 47 of the
candidate genes to further distinguish the most robust hits
and reduce the likelihood of false positives from off-target
effects. Figure 1B lists those with more than half of �7
siRNAs yielding >4-fold sensitization. The corresponding
curves can be found in Supplementary Fig. S2. ATR was
among the most potent and robust targets, and additional
testing showed that depletion of ATR similarly affected
LMP-400 (Fig. 1C). Because of the ongoing development
of clinical ATR and Top1 inhibitors, and our interest in
Top1-mediated DNA replication damage and S-phase
checkpoint regulation (6, 25, 26), the remaining part of our
study focuses on the combination of ATR inhibitors with
camptothecin and LMP-400.

VE-821 potentiates the cytotoxicity of both
camptothecin and LMP-400

VE-821 was chosen for our molecular analyses because of
its well-documented effects on ATR (13, 15, 21). Cells were
exposed to camptothecin or LMP-400 for 1 hour because
Top1 inhibitors are usually administered as short-time
infusions. Yet, they produce extended cell-cycle arrest and
checkpoint responses (6, 26, 27). VE-821 treatments were
started together with the Top1 inhibitors but continued
after Top1 inhibitor removal to maximize the impact of
checkpoint inhibition (6, 25). Three colon carcinoma cell
lines were examined in addition to the MDA-231 breast
cancer cells: HT29 and a pair of isogenic HCT116 wild-type
and p53 knockout cells to study the contribution of p53 to
the potentiation of drug lethality.

Joss�e et al.

Cancer Res; 74(23) December 1, 2014 Cancer Research6970

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/23/6968/2710090/6968.pdf by guest on 19 M

ay 2023



VE-821 alone had minimal effect on cell viability up to
10 mmol/L (Fig 2). Consistent with the results obtained in
cells depleted for ATR by RNAi (Fig. 1C), VE-821 sensitized
MDA-MB-231 cells to both camptothecin and LMP-400
(Fig. 2A, top and bottom). The impact of the combination
was stronger in HT29 (Fig. 2B) and in TP53-deficient HCT116
cells (Fig. 2D) than in MDA-MB-231 and HCT116 cells
(Fig. 2C). It was also more pronounced for LMP-400 than
camptothecin. Synergy was evaluated (28) using the Com-
puSyn software at the noncytotoxic concentration of 1
mmol/L VE-821. The results are illustrated with combination
index values below 1, as observed in all cell lines for both
camptothecin and LMP-400 except for the TP53-proficient
HCT116 cells (Fig. 2E). Because HT-29 cells were used in our
previous cell-cycle checkpoint studies (6, 25–27), we per-
formed the following molecular analyses in HT29 cells using
1 mmol/L concentration for both the Top1 and ATR
inhibitors.

VE-821 abrogates the intra–S-phase checkpoint induced
by camptothecin and LMP-400, and induces apoptosis
Top1 inhibitors alone produced a marked delay in S-phase

progression (6, 7, 26): 18 hours after treatment with camp-
tothecin and LMP-400, cells accumulated in late and mid
S-phase, respectively (Fig. 3A, left). VE-821 abrogated this
S-phase delay, enabling cells to move through the G2–M
checkpoint after camptothecin while accumulating in G2–M
after LMP-400 (Fig. 3A, right). The more pronounced cell-
cycle effect of LMP-400 is consistent with its more potent
and persistent Top1 inhibition and greater cytotoxicity
(Fig. 2; ref. 7).

To further examine the effects of VE-821 on cell-cycle
progression and because Top1 inhibitors selectively target
replicating cells, we followed the cells that were in S-phase
during the Top1 inhibitor treatments using EdU pulse labeling
(6). FACS profiles of EdU incorporation versus DNA content
revealed the progression of control cells and VE-821–treated
cells through the cell cycle, indicating their normal progression
through G2–M toward the next S-phase (Fig. 3B, top). As
expected, camptothecin and LMP-400 produced a marked
delay in S-phase progression with cells blocked in G2 without
advancing to the next cell cycle (Fig. 3B, left). The non–EdU-
labeled cells (i.e., those that were not in S-phase at the time of
Top1 inhibitor treatment) progressed also very slowly with
more cells in G2 after camptothecin treatment than in the
control cells. In the case of LMP-400, most of the non–EdU-
labeled cells were in G2, and only few in G1, indicating that only
few cells were able to initiate a new cell cycle. VE-821 allowed
cell-cycle progression of the cells that had been targeted in S-
phase by theTop1 inhibitors (Fig. 3B, right); the cells weremore
broadly distributed throughout the cell cycle, with a fraction of
labeled cells having progressed through G2–M and being in S-
phase of the next cell cycle. Together, these experiments
demonstrate that VE-821 efficiently abrogates the intra–S-
phase and G2 checkpoints induced by camptothecin and
LMP-400.

Induction of apoptosis using Annexin V/PI costaining was
also monitored (Fig. 3C). Consistent with the survival experi-
ments (Fig. 2), the combination VE-821 plus Top1 inhibitors
increased the fraction of early apoptotic cells (Annexin V
positive/PI negative; from 4.5% to 26% for camptothecin and
16.6% to 28.7% in the case of LMP-400).

Figure 1. Druggable genome
siRNA screen yields robust
candidates whose knockdown
sensitizes MDA-MB-231 cells to
camptothecin (CPT). A, top
candidates are enriched in known
protein–protein interactions as
determined by STRING. A similar
degree of high connectivity was
observed by IPA (Supplementary
Fig. S1). B, testing �7 siRNAs for
select candidates identified
several genes with the majority of
siRNAs leading to a �4-fold shift
in camptothecin EC50 value.
C, the knockdown of ATR also
sensitized MDA-MB-231 cells to
LMP-400. Analysis was
conducted with two active
siRNAs (Qiagen) tested in B. ATR
siRNAs, n ¼ 3. Negative control
siRNA (siNeg), n ¼ 16. Both
siRNAs reduced ATR transcript
levels by more than 80% as
determined by real-time PCR.
Catalog numbers are listed in the
chart legends along with
calculated EC50s and confidence
intervals (CI).
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UninhibitedDNA synthesis in preexisting replication foci
and in new replication foci in cells treated with Top1
inhibitors and VE-821

Camptothecin activates the Chk1-dependent intra–S-
phase checkpoint that inhibits the firing of late replication
origins (6). To examine origin firing, we analyzed DNA
replication foci by sequential pulse labeling with CldU and
IdU (Fig. 4A).

Figure 4B and E shows representative images for untreat-
ed and VE-821–treated cells, respectively. After 8 hours (the
time interval between the two pulses), new replication foci
formed, whereas those that were active 8 hours earlier did
not incorporate IdU any longer. As a result, the green (CldU)
and red (IdU) foci generally do not colocalize, demonstrating
cell-cycle progression through S-phase.

In the absence of VE-821, camptothecin- and LMP-400–
treated cells (Fig. 4C and D) showed a pronounced atten-
uation of IdU foci, demonstrating S-phase checkpoint
with inactivation of late replication origins (6). By contrast,
in the presence of VE-821, IdU foci were restored in spite
of camptothecin or LMP-400 (Fig. 4F and G). Most CldU
and IdU foci remained distinct, indicating initiation of
new origins. Yet, in some cells, some CldU foci colocalized
with IdU foci, suggesting persistence of replication foci
beyond 8 hours. These results demonstrate that VE-821
blocks origin firing inhibition in cells treated with Top1
inhibitors.

VE-821 rapidly inhibits the DNA elongation checkpoint
induced by Top1 inhibitors

Together with inhibition of replication origin firing, camp-
tothecin produces a rapid fork elongation response (6).
To elucidate the effect of Top1 inhibitors and VE-821 on
checkpoint control of replication fork progression, DNA
fibers were analyzed to visualize single replicons (6, 29). Cells
were sequentially pulse labeled with IdU and CldU. Top1
inhibitors were added during the CldU pulse, whereas VE-821
was present during both pulses (Fig. 5A). Representative DNA
replication forks are shown in Fig. 5B. Newly synthesized
DNA fibers emanating from replication origins fired before
the IdU pulses were labeled in green. Contiguous with green
tracts, red tracts correspond to DNA synthesized during the
CldU pulse as replication continued.

In cells exposed to camptothecin or LMP-400 without
VE-821, DNA synthesis during the CldU pulse was inhibited,
resulting in short red tracks (Fig. 5B, left; refs. 6, 25). By
contrast, in cells exposed to VE-821, DNA synthesis persisted
during the second pulse (Fig. 5B, right). To quantify the impact
of the combinations of camptothecin or LMP-400 with VE-821
on DNA replication fork progression, we analyzed the ratio of
CldU to IdU pulses (Fig. 5C). In untreated cells or in cells
exposed to VE-821 alone, the ratios were closed to 1 (1.17 and
1.07, respectively), indicating that replication fork velocity was
comparable during each pulse. Camptothecin and LMP
reduced the CldU:IdU ratio to 0.52 and 0.34, respectively. This
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Figure 2. The ATR inhibitor VE-821 sensitizes to Top1 inhibitors under conditions where it is not cytotoxic by itself. A–D, viability of the indicated cell
lines treated with camptothecin (CPT; upper plots A–D) or LMP-400 (bottom plots A–D): A, MDA-MB-231; B, HT-29; C, HCT-116 control cells
(p53þ/þ); D, HCT-116 p53�/� cells. Cells were treated for 1 hour with the combination of Top1 inhibitor without or with the indicated concentrations of
VE-821. Top1 inhibitors were washed away, and cells were grown in the presence or not of VE-821 for 72 hours. E, graph of combination index
values versus Fa (fraction affected) for data points of camptothecin (top) or LMP-400 (bottom) in combination with 1 mmol/L VE-821. Shading
reflects the level of synergism. Combination index values between 0.7 and 0.3, combination index between 0.3 and 0.1, and combination index less
than 0.1 indicate synergy, strong synergy, and very strong synergy, respectively.
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replication fork slowdown was abrogated by VE-821, as the
ratio CldU:IdU shifted back to 0.98 and 1.02 for the combina-
tions of VE-821 with camptothecin or LMP-400, respectively.
These results demonstrate that VE-821 abrogates the DNA
elongation checkpoint.

DDR molecular biomarkers induced by VE-281
Because VE-281 directly targets ATR (13, 15) upstream from

Chk1, we determined autophosphorylation of ATR on threo-
nine 1989, a DNA damage activation site (30, 31), and Chk1
phosphorylation on serine 345, which is mediated by ATR. We
also determined histone H2AX phosphorylation on serine 139
(gH2AX), a validated pharmacodynamic biomarker for DNA
damage and apoptosis (32–34).
Camptothecin and LMP-400 quickly induced the rapid

phosphorylation of Chk1, Chk2, and H2AX, whereas phos-
phorylation of ATR was delayed and best detectable after
drug removal. Chk1 and ATR remained phosphorylated for
18 hours, consistent with the persistent checkpoint activa-
tion for hours after Top1 inhibitor removal (6, 27). VE-821
inhibited the phosphorylation of both ATR and Chk1 with-
out reducing Chk2 phosphorylation, confirming the speci-
ficity of VE-821 for ATR. Notably, VE-821 strongly induced
gH2AX over time (Fig. 6B and C). LMP-400 showed more
pronounced effects than camptothecin, consistent with the
enhanced Top1 inhibitory potency of LMP-400 (ref. 7; Figs. 2
and 3).

VE-821 markedly enhances gH2AX
Next, we focused on gH2AX using single-cell analyses

(6) to determine the relationship between the gH2AX and

DNA replication foci (labeled by short IdU pulses), and
the possible induction of gH2AX pan-staining, as a hall-
mark of ATR-dependent replication stress (14, 18) or apo-
ptosis (34).

Consistent with previous results (6, 7), in the absence of
VE-821, camptothecin- and LMP-400–induced gH2AX foci
mostly colocalized with DNA replication foci (Fig. 6D, left
plots, second and fifth rows; E, right, top row). At the
1-hour treatment time, VE-821 had no significant impact on
camptothecin- or LMP-400–induced gH2AX foci intensity and
distribution (Fig. 6D and E).

Next, we examined the gH2AX response at later times in the
presence and absence of VE-821. Consistent with the Western
blotting results (Fig. 6B and C), in the absence of VE-821,
camptothecin-induced gH2AX foci decreased over time,
whereas LMP-400–induced gH2AX foci were more persistent.
Notably, in the presence of VE-821, the gH2AX pattern chan-
ged. Instead of well-defined foci, gH2AX staining became
diffuse and appeared like a ring. This "gH2AX ring" increased
over time (Fig. 6D, right). Figure 6E shows detailed images of a
typical cell following LMP-400 þ VE-821 cotreatment, dem-
onstrating that gH2AX accumulates at the periphery of
enlarged nuclei without colocalization with the replication
foci thatwere damaged by Top1 inhibitors. Similar results were
obtained with camptothecin, although with a lesser intensity.
Together, these results demonstrate that ATR inhibition byVE-
821 produces intense gH2AX pan-staining.

In vivo potentiation of irinotecan by VX-970
To assess the effect of ATR inhibition on tumor responses

to Top1 inhibitors, we used VX-970 (VE-822), which is a close
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analogue of VE-821 with improved potency and absorption,
distribution, metabolism, and excretion (ADME) properties
that make it usable in vivo as an ATR inhibitor (16, 22). First,
we assessed the combined effect of VX-970 and the active
metabolite of irinotecan, 7-ethyl-10-hydroxycamptothecin
(SN-38) in vitro on COLO205 colorectal cancer cell viability.
Strong synergy was observed between the two agents at con-
centrations of VX-970 as low as 80 nmol/L; VX-970 decreased
the IC50 of SN38 by �8-fold (Supplementary Fig. S3).

Next, we tested the combination in mice bearing subcu-
taneous COLO205 tumors. Mice were treated with either

irinotecan (dosed i.p. on day 0 of a 4-day cycle), VX-970
(dosed by oral gavage on days 0, 1, and 2 of each 4-day cycle),
or the combination of the two together. After short periods
of tumor growth, treatment with 20 mg/kg irinotecan led to
88% tumor growth inhibition and at the maximum tolerated
dose (MTD) of 40 mg/kg, complete tumor growth inhibition
was observed (compared with starting tumor volumes, Fig.
7A and C). Although VX-970 had no impact on tumor growth
when dosed as a single agent at 60 mg/kg, it was highly
effective when dosed in combination with 20 mg/kg irino-
tecan, where substantial tumor regression was observed

CPT CPT + VE-821

LMP-400 LMP-400 + VE-821
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Figure 4. VE-821 reactivates
replication foci activity and firing in
cells treated with the Top1
inhibitors, camptothecin (CPT),
and LMP-400. A, experimental
protocol. B to G, confocal images
of representative cell nuclei
immediately after the IdU pulse
(see A). B, untreated cells, (C)
camptothecin alone, (D) LMP-400
alone, (E) VE-821 alone, (F)
cotreatment with VE-821 and
camptothecin, and (G) cotreatment
with VE-821 and LMP-400.
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(29% at day 15 and 55% at the nadir on day 21). Notably, the
antitumor activity for the combination was greater than that
observed with irinotecan alone when dosed at its MTD. The
combination was well tolerated with no increased body
weight loss when compared with single-agent irinotecan
treatment (Fig. 7B).

Discussion
Although camptothecins are therapeutically effective, they are

not curative as single agents, and novel combinations are needed
to improve their efficacy. In this study, we used siRNA screening
to identify combinations of drug-targetedproteins andpathways.
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We identified significant candidate genes involved in apoptosis.
BCL2L1, an antiapoptoticmember of the Bcl2 family, also known
as BCLXL, whose expression is increased in various cancers (35,
36) andwhich inhibits proapoptotic factors suchasBAXandBAK
(36), scored as a top sensitizer. Small-molecule inhibitors of
BCL2/BCL-XL such as Obatoclax or ABT-737 have been used in
monotherapy or in combinationwith various agents notably Top
inhibitors (37, 38). Depletion of TRAF6, MAP3K7, and MAP3-
K7IP2, three genes involved in NF-kB activation and in a kinase
complex comprising TAK1 (MAP3K7), TAB1, TAB2 (MAP3-
K7IP2), and TRAF6 (39), also sensitized to camptothecin. We
also found RNF31 (HOIP), which activates the NF-kB pathway
through the polyubiquitylation of NEMO (NF-kB essential
modulator, IKKg) in the canonical IKK complex (40). These
results are consistent with a previous screen (8).

The DNA damage sensing kinase, ATR, which was also
among the top candidates, was chosen for further analyses

as ATR inhibitors are entering clinical trials. After recogni-
tion of stalled replication forks, ATR regulates the intra–S-
phase checkpoint by stabilizing replication forks, regulating
cell cycle and DNA damage repair (9, 10). siRNA of three ATR
targets Chk1, BRCA1, and UPF1 (41) also scored as top
candidates, as did the PPP2R1A subunit of the protein
phosphatase PP2A, which is involved in the regulation of
the cell-cycle checkpoints (42).

As the primary cytotoxic mechanism of Top1 inhibitors in
dividing cells is by generation of replication-fork collisions that
convert Top1cc into irreversible DNA lesions (5), ATR and its
downstream target, Chk1, are crucial factors for the DNA
damage response to Top1 inhibitors (5, 6, 25). Accordingly,
inhibition of ATR by siRNAor VE-821 and its clinical derivative,
VX-970, sensitized tumor cells to Top1 inhibitors. Loss of p53
influenced cell sensitivity to the combination of ATR and Top1
inhibitors as demonstrated in an isogenic system (14–16, 43).
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However, cellular sensitivity did not strongly correlate with
TP53 mutational status in heterogeneous cell panels (16). Our
results are in agreement with recent reports describing the
sensitization of cancer cells to combinations of VE-821 with
multiple agents including camptothecin, topotecan, etoposide,
gemcitabine, cisplatin, and ionizing radiation (15, 20, 21).
Moreover, similarly to the disruption of Chk1 by UCN-01,
CHIR-24, and AZD7762 (6, 25, 26, 44, 45), disruption of ATR
by VE-821 abrogated the cell-cycle arrest induced by camp-
tothecin and LMP-400. The addition of VE-821 forced progres-

sion through S-phase and G2–M for a proportion of the cells
exposed to camptothecin, whereas the LMP-400–treated cells
progressed through S-phase butwere still not able to efficiently
complete mitosis.

Single-cell analyses of DNA replication foci using CldU:IdU
sequential pulses revealed that the combination of VE-821with
Top1 inhibitors induced unscheduled DNA synthesis and
allowed late-replicating chromosomal domains to initiate
replication. Because each replication focus in immunohis-
tochemistry experiments contains multiple origins, we used
molecular combing (DNA fiber assays) to visualize single
replicons (6, 29) and measure the impact of ATR on the
elongation of damaged replicons.We previously demonstrated
that camptothecin and LMP-400 inhibit DNA elongation
(6, 25), but here, using comparable conditions, we show that
LMP-400 is a more potent inhibitor of DNA elongation than
camptothecin. Yet, VE-821 acted very rapidly to inhibit this
checkpoint response elicited by camptothecin or LMP-400.

DNA double-strand breaks induced by Top1 inhibitors are
mediated both by replication or transcription collisions (5, 46).
A recent study describing a method to quantify the spatial
distance between gH2AX foci and replication factories using
confocal microscopy estimated a close relationship between
gH2AX foci and replication factories (47). gH2AX foci induced
by LMP-400 were more persistent than those induced by
camptothecin, which is consistent with the chemical stability
and persistence of LMP-400–induced Top1cc after drug
removal (7). As shown by immunoblotting, inhibition of ATR
by VE-821 led to an accumulation of gH2AX induced by Top1
inhibitors, whereas VE-821 by itself did not induce gH2AX.
Previous reports (15, 20), (21, 48) are in agreement with our
findings showing phosphorylation of H2AX on Ser139 (gH2AX)
by ATM and/or DNA-PK after stalled replication, especially in
the absence of ATR (14, 49). Furthermore, VE-821 has been
shown to inhibit homologous recombination repair, as evi-
denced by a decrease in RAD51 foci (21).

A notable finding of the present study is the induction of
intense "gH2AX rings" in cells cotreated with Top1 inhibitors
and VE-821, starting a few hours after Top1 inhibitors and
followed by a pan-staining that persisted until the formation
of apoptotic bodies. Yet, this diffuse staining starting at the
nuclear periphery is not initially associated with classical
apoptotic markers. Rather, it may be related to the diffuse
nuclear gH2AX staining induced by ATR inhibition, which
was used as an endpoint in a high-throughput cell-based
screen to identify ATR inhibitors (14). From a pharmaco-
dynamic perspective, the intense gH2AX diffuse nuclear
staining might be useful to evaluate combination therapy
with Top1 and ATR inhibitors, and could be tested as a
response biomarker in tumor samples, circulating tumor
cells and surrogate tissues, such as plucked hairs (50). On the
basis of our study, additional pharmacodynamic biomarkers
for ATR inhibitors could be inhibition of Chk1 phosphory-
lation on Ser345 (21, 48) and inhibition of ATR autopho-
sphorylation on threonine 1989.

Beyond its molecular and mechanistic insights, our study
provides the proof of concept that ATR inhibitors are worthy of
consideration for clinical trials in combination with Top1
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vehicle, irinotecan (20 mg/kg or 40 mg/kg administered by
intraperitoneal bolus injection on day 0 of each 4-day cycle), VX-970
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for administration of each compound alone). Treatment was continued
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table summarizing effect of irinotecan and VX-970 on tumor growth
and body weight. a, TGI is tumor growth inhibition calculated as
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inhibitors. Indeed, the clinical derivative of VE-821, VX-970
(16), showed remarkable synergism in combination with iri-
notecan, a widely used Top1 inhibitor. Further studies are
warranted to examine VX-970 and other ATR inhibitors in
combination with irinotecan, topotecan, or the non-camp-
tothecin indenoisoquinolines, such as LMP-400 and LMP-
776 (2).

Disclosure of Potential Conflicts of Interest
P.M. Reaper, C.S. Barnes, J. Jones, P. Charlton, and J.R. Pollard have ownership

interest (including patents) in Vertex Pharmaceuticals, Inc. No potential con-
flicts of interest were disclosed by the other authors.

Authors' Contributions
Conception and design: R. Joss�e, S.E. Martin, P.M. Reaper, C.S. Barnes,
J.R. Pollard, Y. Pommier
Development of methodology: R. Joss�e, S.E. Martin, Y. Pommier
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): S.E. Martin, P.M. Reaper, J. Jones, P. Charlton,
J. Morris, J.H. Doroshow, Y. Pommier

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): R. Joss�e, S.E. Martin, R. Guha, P.M. Reaper,
C.S. Barnes, J. Jones, J.R. Pollard, Y. Pommier
Writing, review, and/or revision of the manuscript: R. Joss�e, S.E. Martin,
R. Guha, T.D. Pfister, P.M. Reaper, P. Charlton, J.R. Pollard, J.H. Doroshow,
Y. Pommier
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): T.D. Pfister, J. Jones, J.H. Doroshow,
Y. Pommier
Study supervision: C.S. Barnes, P. Charlton, Y. Pommier
Other (developed and provided mAb for ATR-pT1989): T.D. Pfister

Grant Support
The studies were supported by the NCI Intramural Program, Center for

Cancer Research (Z01-BC006161 and Z01-BC006150), by the Federal funds from
the NCI, NIH under contract no. HHSN261200800001E, and in part by the
American Recovery and Reinvestment Act funds.

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 November 25, 2013; revised July 30, 2014; accepted September 4, 2014;
published OnlineFirst September 30, 2014.

References
1. Pommier Y, Leo E, Zhang H, Marchand C. DNA topoisomerases and

their poisoning by anticancer and antibacterial drugs. ChemBiol 2010;
17:421–33.

2. Pommier Y, Cushman M. The indenoisoquinoline noncamptothecin
topoisomerase I inhibitors: update and perspectives. Mol Cancer Ther
2009;8:1008–14.

3. Pommier Y. Drugging topoisomerases: lessons and challenges. ACS
Chem Biol 2013;8:82–95.

4. Hsiang YH, Liu LF. Identification of mammalian DNA topoisomerase I
as an intracellular target of the anticancer drug camptothecin. Cancer
Res 1988;48:1722–6.

5. Pommier Y. Topoisomerase I inhibitors: camptothecins and beyond.
Nat Rev Cancer 2006;6:789–802.

6. Seiler JA, Conti C, Syed A, Aladjem MI, Pommier Y. The intra-S-
phase checkpoint affects both DNA replication initiation and elon-
gation: single-cell and -DNA fiber analyses. Mol Cell Biol 2007;27:
5806–18.

7. Antony S, Agama KK, Miao ZH, Takagi K, Wright MH, Robles AI, et al.
Novel indenoisoquinolines NSC 725776 and NSC 724998 produce
persistent topoisomerase I cleavage complexes and overcome mul-
tidrug resistance. Cancer Res 2007;67:10397–405.

8. Martin SE, Wu ZH, Gehlhaus K, Jones TL, Zhang YW, Guha R, et al.
RNAi screening identifies TAK1 as a potential target for the enhanced
efficacy of topoisomerase inhibitors. Curr Cancer Drug Targets 2011;
11:976–86.

9. Nam EA, Cortez D. ATR signalling: more than meeting at the fork.
Biochem J 2011;436:527–36.

10. Zeman MK, Cimprich KA. Causes and consequences of replication
stress. Nat Cell Biol 2014;16:2–9.

11. Jackson SP, Bartek J. The DNA-damage response in human biology
and disease. Nature 2009;461:1071–8.

12. Smith J, Tho LM, Xu N, Gillespie DA. The ATM-Chk2 and ATR-Chk1
pathways in DNA damage signaling and cancer. Adv Cancer Res
2010;108:73–112.

13. 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.

14. Toledo LI, Murga M, Zur R, Soria R, Rodriguez A, Martinez S, et al. A
cell-based screen identifies ATR inhibitors with synthetic lethal prop-
erties for cancer-associated mutations. Nat Struct Mol Biol 2011;
18:721–7.

15. 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.

16. Hall A, Newsome D, Wang Y, Boucher D, Eustace D, Gu Y, et al.
Potentiation of tumor responses to DNA damaging therapy by the
selective ATR inhibitor VX-970. Oncotargets 2014;5:5674–85.

17. Peasland A, Wang LZ, Rowling E, Kyle S, Chen T, Hopkins A, et al.
Identification and evaluation of a potent novel ATR inhibitor, NU6027,
in breast and ovarian cancer cell lines. Br J Cancer 2011;105:372–81.

18. Murga M, Campaner S, Lopez-Contreras AJ, Toledo LI, Soria R,
Montana MF, et al. Exploiting oncogene-induced replicative stress
for the selective killing of Myc-driven tumors. Nat Struct Mol Biol
2011;18:1331–5.

19. Gilad O, Nabet BY, Ragland RL, Schoppy DW, Smith KD, Durham
AC, et al. Combining ATR suppression with oncogenic Ras syner-
gistically increases genomic instability, causing synthetic lethality
or tumorigenesis in a dosage-dependent manner. Cancer Res 2010;
70:9693–702.

20. Huntoon CJ, Flatten KS, Wahner Hendrickson AE, Huehls AM, Sutor
SL, Kaufmann SH, et al. ATR inhibition broadly sensitizes ovarian
cancer cells to chemotherapy independent of BRCA status. Cancer
Res 2013;73:3683–91.

21. Prevo R, Fokas E, Reaper PM, Charlton PA, Pollard JR, McKennaWG,
et al. The novel ATR inhibitor VE-821 increases sensitivity of pancreatic
cancer cells to radiation and chemotherapy. Cancer Biol Ther 2012;
13:1072–81.

22. Fokas E, Prevo R, Pollard JR, Reaper PM, Charlton PA, Cornelissen B,
et al. Targeting ATR in vivo using the novel inhibitor VE-822 results in
selective sensitization of pancreatic tumors to radiation. Cell Death Dis
2012;3:e441.

23. Konig R, Chiang CY, Tu BP, Yan SF, DeJesus PD, Romero A, et al. A
probability-based approach for the analysis of large-scale RNAi
screens. Nat Methods 2007;4:847–9.

24. Jensen LJ, Kuhn M, Stark M, Chaffron S, Creevey C, Muller J, et al.
STRING 8–a global view on proteins and their functional interactions in
630 organisms. Nucleic Acids Res 2009;37:D412–6.

25. ArisSM,Pommier Y. Potentiation of the novel topoisomerase I inhibitor
indenoisoquinoline LMP-400 by the cell checkpoint and Chk1-Chk2
inhibitor AZD7762. Cancer Res 2012;72:979–89.

26. Shao RG, Cao CX, Shimizu T, O'Connor PM, Kohn KW, Pommier Y.
Abrogation of an S-phase checkpoint and potentiation of camptothe-
cin cytotoxicity by 7-hydroxystaurosporine (UCN-01) in human cancer
cell lines, possibly influenced by p53 function. Cancer Res 1997;57:
4029–35.

27. Shao R-G, Cao C-X, Zhang H, Kohn KW, Wold MS, Pommier Y.
Replication-mediated DNA damage by camptothecin induces phos-
phorylation of RPA by DNA-dependent protein kinase and dissociates
RPA:DNA-PK complexes. EMBO J 1999;18:1397–406.

Joss�e et al.

Cancer Res; 74(23) December 1, 2014 Cancer Research6978

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/23/6968/2710090/6968.pdf by guest on 19 M

ay 2023



28. Chou TC. Drug combination studies and their synergy quantification
using the Chou-Talalay method. Cancer Res 2010;70:440–6.

29. Conti C, Seiler JA, Pommier Y. The mammalian DNA replication
elongation checkpoint: implication of Chk1 and relationship with origin
firing as determined by single DNA molecule and single cell analyses.
Cell Cycle 2007;6:2760–7.

30. NamEA,ZhaoR,GlickGG,BansbachCE, FriedmanDB,CortezD. Thr-
1989 phosphorylation is a marker of active ataxia telangiectasia-
mutated and Rad3-related (ATR) kinase. J Biol Chem 2011;286:
28707–14.

31. Liu S, Shiotani B, Lahiri M, Marechal A, Tse A, Leung CC, et al. ATR
autophosphorylation as a molecular switch for checkpoint activation.
Mol Cell 2011;43:192–202.

32. Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA,
Solier S, et al. gammaH2AX and cancer. Nat Rev Cancer 2008;
8:957–67.

33. Kinders R, Hollingshead MG, Lawrence S, Ji J, Tabb B, Bonner WM,
et al. Development of a validated immunofluorescence assay for
gH2AX as a pharmacodynamic marker of topoisomerase I inhibitor
activity. Clin Cancer Res 2010;16:5447–57.

34. Solier S, Sordet O, Kohn KW, Pommier Y. Death receptor-induced
activation of the Chk2- and histone H2AX-associated DNA damage
response pathways. Mol Cell Biol 2009;29:68–82.

35. MinnAJ,RudinCM,Boise LH,ThompsonCB.Expressionof bcl-xL can
confer a multidrug resistance phenotype. Blood 1995;86:1903–10.

36. Frenzel A, Grespi F, Chmelewskij W, Villunger A. Bcl2 family pro-
teins in carcinogenesis and the treatment of cancer. Apoptosis
2009;14:584–96.

37. Paik PK, Rudin CM, Brown A, Rizvi NA, Takebe N, Travis W, et al. A
phase I study of obatoclax mesylate, a Bcl-2 antagonist, plus topo-
tecan in solid tumor malignancies. Cancer Chemother Pharmacol
2010;66:1079–85.

38. Okumura K, Huang S, Sinicrope FA. Induction of Noxa sensitizes
human colorectal cancer cells expressingMcl-1 to the small-molecule
Bcl-2/Bcl-xL inhibitor, ABT-737. Clin Cancer Res 2008;14:8132–42.

39. Adhikari A, Xu M, Chen ZJ. Ubiquitin-mediated activation of TAK1 and
IKK. Oncogene 2007;26:3214–26.

40. Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K, et al.
Involvement of linear polyubiquitylation of NEMO in NF-kappaB acti-
vation. Nat Cell Biol 2009;11:123–32.

41. AzzalinCM, Lingner J. Thedouble life ofUPF1 inRNAandDNAstability
pathways. Cell Cycle 2006;5:1496–8.

42. Yasutis KM, Kozminski KG. Cell cycle checkpoint regulators reach a
zillion. Cell Cycle 2013;12:1501–9.

43. Nghiem P, Park PK, Kim Ys YS, Desai BN, Schreiber SL. ATR is not
required for p53 activation but synergizes with p53 in the replication
checkpoint. J Biol Chem 2002;277:4428–34.

44. Tse AN, Rendahl KG, Sheikh T, CheemaH, Aardalen K, EmbryM, et al.
CHIR-124, anovel potent inhibitor ofChk1, potentiates the cytotoxicity
of topoisomerase I poisons in vitro and in vivo. Clin Cancer Res
2007;13:591–602.

45. Zabludoff SD,DengC,GrondineMR,SheehyAM,Ashwell S, CalebBL,
et al. AZD7762, a novel checkpoint kinase inhibitor, drives checkpoint
abrogation and potentiates DNA-targeted therapies. Mol Cancer Ther
2008;7:2955–66.

46. Sordet O, Redon CE, Guirouilh-Barbat J, Smith S, Solier S, Douarre C,
et al. Ataxia telangiectasia mutated activation by transcription- and
topoisomerase I-induced DNA double-strand breaks. EMBO Rep
2009;10:887–93.

47. Berniak K, Rybak P, Bernas T, Zarebski M, Biela E, Zhao H, et al.
Relationship between DNA damage response, initiated by
camptothecin or oxidative stress, and DNA replication, ana-
lyzed by quantitative 3D image analysis. Cytometry A 2013;83A:
913–24.

48. Pires IM, Olcina MM, Anbalagan S, Pollard JR, Reaper PM, Charlton
PA, et al. Targeting radiation-resistant hypoxic tumour cells through
ATR inhibition. Br J Cancer 2012;107:291–9.

49. Chanoux RA, Yin B, Urtishak KA, Asare A, Bassing CH, Brown EJ. ATR
and H2AX cooperate in maintaining genome stability under replication
stress. J Biol Chem 2009;284:5994–6003.

50. RedonCE, Nakamura AJ, Gouliaeva K, RahmanA, BlakelyWF, Bonner
WM. The use of gamma-H2AX as a biodosimeter for total-body
radiation exposure in non-human primates. PLoS ONE 2010;5:
e15544.

www.aacrjournals.org Cancer Res; 74(23) December 1, 2014 6979

Combinations of Topoisomerase I and ATR Inhibitors

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/23/6968/2710090/6968.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


