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There has been considerable interest in targeting cell cycle checkpoints particularly in emerging and alternative
anticancer strategies. Here, we show that checkpoint abrogation by AZD7762, a potent and selective CHK1/2 kinase
inhibitor enhances genotoxic treatment efficacy in immature KGla leukemic cell line and in AML patient samples,
particularly those with a complex karyotype, which display major genomic instability and chemoresistance. Furthermore,
these data suggest that constitutive DNA-damage level might be useful markers to select AML patients susceptible to
receive checkpoint inhibitor in combination with conventional chemotherapy. Moreover, this study demonstrates for the
first time that AZD7762 inhibitor targets the CD34+CD38°CD123* primitive leukemic progenitors, which are responsible
for the majority of AML patients relapse. Finally, CHK1 inhibition does not seem to affect clonogenic potential of normal

hematopoietic progenitors.

Introduction

Cell cycle checkpoints represent central orchestrators of the DNA
damage response (DDR) pathway, playing a critical role in the
maintenance of genetic stability by sensing DNA damage or
aberrant replication structures and slowing down cell cycle pro-
gression to facilitate repair. Constitutive activation of the DDR
pathway has been identified as a biological barrier against acti-
vated oncogenes and tumor progression in early human lesions.
DDR pathway is organized as sensors, mediators, transducers
and effectors. The DNA damage sensing kinases ATM and
ATR kinase are required for initiation of the checkpoint response
by phosphorylating down-stream transducer kinases CHK1 and
CHK2. The activated CHK1 and CHK2 kinases phosphorylate
and promote degradation or sequestration of effectors CDC25
phosphatases, which are consequently unable to activate cyclin-
dependent kinases thus leading to cell cycle arrest.

There has been considerable interest in targeting DDR path-
way considering its central role in regulating cell cycle arrest,
DNA repair, transcriptional programs and apoptosis.’ Specific
inhibition of key components of the DDR can thus increase
the efficacy of conventional chemo- or radiotherapy. The strat-
egy relies on the knowledge that high rate of the tumors are
p53-deficients thus placing CHKI1, which contributes to all cell
cycle checkpoints and is essential for the maintenance of genomic
integrity (whereas CHK2 is conditional), as a core mediator of
the cellular response to DNA damage. This has prompted the
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development of CHKI inhibitors that are able to enhance the
efficacy of genotoxic cancer therapies by allowing premature
entry into the cell cycle following DNA damage and insufficient
DNA repair. The first CHKI inhibitor to be tested extensively in
human cells was UCN-01 (7-hydroxystaurosporine) but because
of its lack of specificity and its poor drug-like properties, new
agents have been synthesized and several of them are currently
tested in clinical trials in combination with clastogenic agents.
Recently, a novel CHK1/2 inhibitor, AZD7762 was shown to
enhance the cytoxoxicity of DNA-damaging agents® as well as
radiation in p53-compromised cells both in vitro and in vivo.”
Moreover, Morgan et al. demonstrated that radiosensitization
by AZD7762 was associated with G, checkpoint abrogation and
homologous recombination repair inhibition.?

Only few works have documented the use of CHK1 inhibitor
in hematologic cancers, in particular Acute Myeloid Leukemia
(AML). It was first shown that targeting CHK1 sensitizes AML
progenitors to 1-B-D-arabinofuranosylcytosine (Ara-C).” More
recently, we reported a beneficial effect of CHK1 inhibition'® by
UCN-01 in high-DNA damage level AML samples, particularly
those with complex karyotypes and treated by Ara-C.!" These
data prompted us to evaluate more specific inhibitor to determine
whether the CHK1/2 inhibitor AZD7762 sensitizes AML cells
with complex karyotypes to ara-C with the same extent.

Collectively, the data presented in this study support the eval-
uation of AZD7762 in hematologic malignancies as chemo-sen-
sitizer as well as the interest of such novel therapeutic strategies.
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Figure 1. Inhibition of CHK1 by AZD7762 allows G,/M checkpoint exit. (A) Experimental procedure adapted from references 10 and 13. (B) U20S cells
were exposed to an etoposide pulse (40 wM for 1 h) as previously described in reference 23, and released into nocodazole (200 ng/ml) with or without
200 nM AZD7762 for 23 h, after which the percentage of mitotic cells was analyzed by 3-12-1-22 monoclonal antiboby staining® together with cell
cycle distribution determination (propidium iodide). The results are the average of three independent experiments. (C) KG1a cells were treated with
different etoposide concentrations for 1 h then, released in 200 ng/ml nocodazole alone or in combinaison with 300 nM AZD7762 for 23 h. The propor-
tion of mitosis cells is evaluated as in (B). The results are the average of four independent experiments.

Results

Inhibition of checkpoint kinases by AZD7762 allows illegiti-
mate G,/M checkpoint exit. To determine whether AZD7762
inhibitor would modulate an activated G,/M cell cycle check-
point, we analyzed the capability of U20S osteosarcoma cell line
and KGla leukemic cells to illegitimately enter into mitosis after
activation of the G,/M checkpoint following etoposide (VP-16)
treatment. To monitor entry into mitosis, we analyzed cell cycle
progression using the previously described mitotic trap assay.'*!?
Cells were treated with etoposide for 1 h and then released in
drug-free media with or without AZD7762 inhibitor for 23 h.
Nocodazole was added to the media, thus trapping the cells that
could overcome or exit the G,/M checkpoint in a mitosis-like
state (Fig. 1A). The percentage of mitotic cells was evaluated
by mitotic phosphorylation labeling (3.12.1.22 antibody) ** and
DNA content was monitored using flow cytometry. As presented
in Figure 1, U20S (B) and KGla (C) cells mostly proceeded
into mitosis in absence of DNA damage and cell cycle checkpoint
activation. Following etoposide treatment, U20S as well as KGla
cells arrested their cell cycle at G,/M. In contrast, when treated
with etoposide and AZD7762 (300 nM) cells did not arrest at
G,/M, proceeded into mitosis and were trapped by nocodazole.
We found substantial differences in the percentage of mitotic
cells accumulated over time in presence of AZD7762 treatment
for both cell line. These results are in agreement with previous
reports showing that checkpoint kinase inhibitor potentiates the
effects of the DNA-damaging agents.'"

AZD7762 enhances VP-16-induced apoptosis on human
leukemia cells. To determine the influence of AZD7762 on
VP-16 treated leukemic KGla cells, apoptotic processes were
evaluated by monitoring mitochondrial membrane potential
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changes, cytochrome ¢ release from mitochondria and cell mem-
brane permeability (Fig. 2A-C, respectively). KGla cells were
treated with 70 wM VP16 for 1 h, and then released in fresh
media in presence or not of 300 nM AZD7762. After 24 h, cells
were subjected to immunofluorescence assay using Cellomics
multiparameter cytotoxicity 3 kit. Quantification was performed
with a Cellomics Array Scan device (ThermoScientific). The
combination of AZD7762 and VP-16 significantly increased
apoptosis 24 h post-treatment on KGla cells. These data clearly
show a correlation between the abrogation of the G, arrest and
AZD7762-mediated DNA damage sensitization.

Checkpoint kinases inhibition potentiated ara-C treatment
on AML blast cells but not on normal granulomonocyte progen-
itors (CFU-GM). We then examined the effect of CHK1 inhibi-
tion on the sensitization of 11 complex karyotypes AML patient
samples (see Tables 1 and S1) to ara-C treatment in clonogenic
assays. In light of our previous reports, we monitored constitutive
DNA damage level assessed by phospho-H2AX labeling (as well
as CHK1/CHKI1-P and ATM-ATR substrates data not shown).
We evaluated the IC, | for ara-C alone and in combination with
AZD7762, from the proliferation dose-response curves after clo-
nogenic assays. These results are presented in Figure 3, together
with the constitutive (untreated cells) phospho-H2AX levels and
the sensitization factor (SF), which is a ratio between the IC, | for
ara-C alone and in combination with AZD7762. These results
show that AZD7762 mediated enhancement of chemotherapy
treatment, ara-C, with a marked decrease of IC, in all tested
AML samples. As seen in Figure 3A, the highest sensitization
was observed in the samples harbouring the highest constitutive
DNA damage level. Indeed, Figure 3B reveals a strong correla-
tion between the SF and the DNA damage level for the 11 AML
samples screened (***p = 0.001). These findings suggest that
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Figure 2. Inhibition of CHK1 by AZD7762 allows apoptosis. KG1a cells were treated with VP-16 (70 M) for 1 h then released into fresh medium in the
absence or presence of 300 nM AZD7762 for 20 h. Cells were then fixed and stained using cytotoxicity 3 HCS Reagent Kit, and the following indicators
of cytotoxicity were measured by Cellomics Arrayscan instrument (Cellomics Inc.): mitochondrial membrane potential (A), mitochondrial cytochrome
crelease (B), membrane permeability (C). The arrayscan captures fluorescent images and performs automated image analysis using Compartmental
Analysis BioApplication. Statistical analyses were performed using a non-parametrical unpaired t-test (***p < 0.0001).

Table 1. Characteristics of AML patients

Pa:i:nt Age FAB Prognosis/karyotype abnn::j: ;Ii ty

1 52 2 HP/highly complex (7 ab), 5q-,-7
monosomal,

2 62 2 HP/complex (3 ab) 209-
3 62 2 Highly complex, monosomal 59-, 79-
4 82 1 HP/highly complex (6 ab) EVI1, 79-
5 71 1 Highly complex, monosomal 5g-, tri 8q
6 70 2 Highly complex, atypical rear mll, tri 8q
7 73 1 HP/complex (3 ab) 79-
8 79 5 Highly complex, monosomal Sq_’tZ?r; 187p_,
9 58 2 Highly complex, monosomal 1(9;22), 17p-
10 70 5 Highly complex, monosomal -5
1 65 2 Complex, monosomal 5q-, -7

WBC, FLT3 pATM/ATR
*109/L b::/s)t s ITD p-H2AX substrats bt el
(J
24 35 - 0.83 10.28 3.95 1.44
29.8 48 = 1.09 6.27 1.90 1.29
2.5 55 Nd 1.30 4.85 2.89 1.45
146.7 86 = 1.37 5.62 1.77 1.38
Nd 83 Nd 1.49 8.87 3.07 1.69
20.8 56 0 1.50 11.50 5.14 1.02
84.6 80 = 1.6 7.58 2.48 1.39
51.4 85 0 1.78 5.70 248 1.54
185 63 Nd 4.05 5.31 8.41 1.08
2.5 60 Nd 4.56 13.2 6.44 117
180 43 = 5.35 28.76 9.61 3.13

On the basis of cytogenetic analysis, the classification of Grimwade and Schlenk defines three prognosis groups: favorable (FP), intermediate (IP) and
high-risk (HP).2"22 FAB, French-American-British classification; WBC, white blood cell count; FLT3-ITD, FLT3-internal tandem duplication; ab, abnormali-

ties; nd, not done.

AZD7762-mediated checkpoint inhibition and may offer con-
siderable selective leukemic genotoxic sensitization. Considering
that AZD7762 did not exert appreciable cytotoxicity alone or in
combination with DNA damage agent on normal granulomono-
cyte progenitors (CD34* CFU-GM). As seen in Figure 3A (right
sample), no significative change in the number of colony-forming
CFU-GM was observed after ara-C treatment in combination
with AZD7762 inhibitor.

Checkpoint kinases inhibitor enhances ara-C-induced apop-
tosis including in CD34* CD38 CD123* primitive leukemia
progenitors compartment. To assess apoptosis in immature
hematopoietic subpopulations, AML samples were subjected to
2 uM ara-C treatment alone or in combination with 100 nM
AZD7762 for 48 h. After this period, AML samples were
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processed using four colors immunostaining (CD34-PE-Cy7,
CD38-APC, CD123-PE and CD45-V450H). Induction of apop-
tosis in AML samples was assessed using annexin-V-FITC and
7-AAD after gating on CD34*CD38-CD123" cells. AZD7762
alone did not induce significant apoptotic response. Interestingly,
the combination of ara-C and AZD7762 induced significant cell
death (20 to 30%) in CD34*CD38-CD123* primitive leukemic
progenitors from four AML primary samples (Fig. 4B). Apoptotic
response was also detected in the bulk (data not shown).

Discussion

In the present study, we have shown that CHK1/2 inhibition by
AZD7762 enhances genotoxic treatment efficacy in immature
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Figure 3. AZD7762 potentiated ara-C treatment on AML blast cells but not on normal granulomonocyte progenitors (CFU-GM). (A) AML blast cells
(no. 1-11) and normal CD34* HPC were grown in clonogenic assays in the presence of ara-C, alone or together with AZD7762 (10 nM). The clonogenic
survival was assessed after 7 d and the IC, for ara-C alone and in combination with AZD7762 was then calculated. The SF (sensitization factor) is the
ratio between the IC, for ara-C alone and in combination with AZD7762. (B) Correlation between SF and phospho-H2AX level (rMFI) (r = 0.85; ***p =
0.001). Statistical analyses were performed using a Pearson test.

KGla leukemic cell line and conventional chemotherapy in AML
patient samples, particularly those with a complex karyotype,
which display major genomic instability and chemoresistance.”
These data support the clinical investigation of CHKI inhibitors,
specifically with cytogenetic high-risk AML patients group, in com-
bination with standard therapy. Furthermore, these data suggest
that YH2AX and with less extent $317 CHKI and phosphorylated
ATM/ATR substrates (Fig. 3 and Table 1), might be useful mark-
ers to select AML patients susceptible to receive this type of com-
bination therapy. In addition, this study demonstrates for the first
time that AZD7762 inhibitor targets the CD34*CD38CD123*
primitive leukemic progenitors compartment, which is responsible
for the majority of AML patients’ relapse.'® Finally, CHK1 inhibi-
tion with this compound does not seem to affect clonogenic poten-
tial of normal hematopoietic progenitors.

In AML, recent studies have shown that patients with com-
plex aberrant karyotype display frequent p53 mutations or
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alterations (78%), compared with those without complex aber-
rant karyotype (14%)."” These complex aberrant karyotype
group’s characteristics may offer a therapeutic window for selec-
tive sensitization of complex karyotype leukemic cells to con-
ventional chemotherapy by CHKI inhibitor. Our work strongly
supports this attractive pharmacologic strategy. We reported that
complex karyotype samples are highly sensitive to CHK1 inhibi-
tion by UCN-01 or by RNA interference in combination with
ara-C treatment." Similar results were obtained when UCN-01
and VP-16 were used together on primary leukemic cells from
AML sample belonging to the M1 and M2 classes of the French-
American-British classification.'” Moreover, UCN-01 has been
evaluated in a pilot clinical trial in combination with ara-C in
eight patients with relapsed AML. Thus, use of this pharma-
cological combination decreases CHK1 phosphorylation, JNK
activation and inhibits the Akt survival pathway demonstrating
cytotoxic effect.” However, despite interesting effects, UCN-01
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Figure 4. AZD7762 potentiated ara-C treatment on CD34*CD38°CD123* stem cells compartments. (A) Primary leukemic cells from four patients were
incubated for 48 h with or without 100 nM AZD7762 and/or 2 WM and then processed for apoptosis studies using annexin-V/7AAD staining after gat-
ing on CD34+CD38°CD123". A representative AML sample is shown (B). Results are presented as percentage of survival cells.
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presents poor selectivity, unfavorable pharmacokinetics and
toxicity. In the present report, we demonstrate that AZD7762
activity enhances ara-c treatment on complex aberrant karyotype
samples.

A major function of CHKI is to monitor the integrity of the
replication fork during the replication fork during cell division
cycle even in the absence of exogenously introduced DNA dam-
age.”® Further studies specifically dedicated to the investigation
of long-term effects of CHKI inhibition in normal hematopoi-
etic progenitors will be necessary to evaluate precisely its impact.
Here we have demonstrated that combination of AZD7762 and
ara-C has no effect on the growth and clonogenic capacity of
normal hematopoietic cells. Nevertheless, a recent report has
demonstrated a role for CHKI in erythropoiesis by maintaining
the balance between erythroid progenitors and enucleated ery-
throid cells. These data indicate that disruptions in CHKI levels
can lead to anemia.”” Elucidation of exact CHK1’s role may lead
to a better understanding of its possible use in clinical trial (see
Fig. S1).

A critical next step will be to determine the molecular profile
of individual tumoral population (including stem cells popula-
tions) in order to select appropriate patient population that would
benefit of this combinative therapy. This approach will be the
key to the successful development and application of these new
generation potent and selective CHK1 inhibitors.?

Materials and Methods

Cells. Fresh and thawed samples from AML patients have been
obtained after informed consent and stored at the HIMIP collec-
tion. According to the French law, HIMIP collection has been
declared to the Ministry of Higher Education and Research
(DC 2008-307 collection 1) and obtained a transfer agreement
(AC 2008-129) after approbation by the “Comité de Protection
des Personnes Sud-Ouest et Outremer II” (ethical committee).
Clinical and biological annotations of the samples have been
declared to the CNIL (Comité National Informatique et Libertés
i.e., Data processing and Liberties National Committee). Frozen
cells were thawed in IMDM medium and immediately processed
for clonogenic assays.

Normal bone marrow CD34* hematopoietic progenitor cells
(HPCs) were obtained after informed consent from discarded
fragments from hematologically healthy patients who had under-
gone hip surgery. Mononuclear cells from bone marrow were
obtained by Ficoll-Hypaque density-gradient centrifugation,
after which isolation of HPCs was performed by positive selec-
tion of CD34-expressing cells using magnetic separation and
EasySep procedure (StemCell Technologies).

The human KGla, U937 and Jurkat leukemic cell lines were
cultured in Iscove modified Dulbecco medium containing 20%
fetal calf serum (FCS; KGla), RPMI/10% FCS (U937 and
Jurkat), Dulbeccos modified Eagles medium/10% FCS (UT7-
Epol) at 37°C with 5% CO,."

Human U20S osteosarcoma cells obtained from the American
Type Culture Collections were maintained at 37°C/5% CO, in
DMEM containing 10% FCS.
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Pharmacologic inhibitor and antibodies. AZD7762 was a
kind gift from AstraZeneca.® Stock solutions of AZD7762 is at
10 mM in DMSO.

Antibodies were monoclonal and polyclonal anti-phospho-
S139-H2AX (1:100 and 1:25 respectively) (Upstate Biotechnology
and Cell Signaling), anti-phospho-S317-CHKI1 (1:75) (Cell sig-
naling), anti-CHK1 (1:75) (Santa Cruz Biotechnology).

Flow cytometry. Immunostaining was performed according
to the previously described protocol." Samples were analyzed in
an FC500 flow cytometer (Beckman Coulter) and subsequently
processed using the CXP software. All flow cytometry results are
expressed as the ratio between mean fluorescence intensity of the
stained sample and that of its control isotypic antibody.

Clonogenic assays. The percentage of leukemic cells pres-
ent in patients’ bone marrow is reported in Table 1. Clonogenic
assays on AML cells and on fresh human bone marrow CD34*
HPC cells were made according to a method previously described
in reference 12.

Apoptosis assays. Apoptosis was assessed using cellomics mul-
tiparameter cytotoxicity 3 kit (Thermoscientific) in leukemic cell
lines. The acquisition of images was obtained on an ArrayScan
HCS reader with a 20x objective lens, and effective image anal-
ysis were done by Cellomics Technologies (Compartmental
Bioapplication-Thermo Scientific).

For AML patient samples and particularly leukemic subpopu-
lation, apoptosis was determined as follow. Leukemic blasts were
incubated with or without 2 or 5 wM ara-C for 48 h in the pres-
ence or absence of 100 nM AZD7762. After incubation, 300,000
cells were washed in PBS-1% BSA and then incubated for 15
min at room temperature with annexin-V-FITC (Biolegend)/7-
AAD (Sigma). Apoptosis was quantified by LSRII flow cytom-
eter (Beckman Coulter). To identify the CD34*CD38-CD123*
primitive leukemia progenitors, AML samples were stained with
CD34-PE-Cy7, CD38-APC, CDI23-PE and CD45-V450H
antibodies (BD Biosciences).

Statistics. Results are expressed as means + SEM. Statistical
analyses were performed by the unpaired Student’s t-test and
Pearson correlation test with Prism4 software (Graph Pad
Software). Differences were considered as significant for p values
less than or equal to 0.05.
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