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Abstract

Purpose: Checkpoint kinase 1 (CHK1) inhibitors potenti-
ate the DNA-damaging effects of cytotoxic therapies and/or
promote elevated levels of replication stress, leading to tumor
cell death. Prexasertib (LY2606368) is a CHK1 small-molecule
inhibitor under clinical evaluation in multiple adult and
pediatric cancers. In this study, prexasertib was tested in a
large panel of preclinical models of pediatric solid malignan-
cies alone or in combination with chemotherapy.

Experimental Design: DNA damage and changes in cell
signaling following in vitro prexasertib treatment in pediatric
sarcoma cell lines were analyzed by Western blot and high
content imaging. Antitumor activity of prexasertib as a single
agent or in combination with different chemotherapies was
explored in cell line-derived (CDX) and patient-derived xeno-
graft (PDX) mouse models representing nine different pedi-
atric cancer histologies.

Introduction

Cancer is the leading cause of death from disease in children
and adolescents, with approximately 20% of patients dying
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Results: Pediatric sarcoma cell lines were highly sensitive to
prexasertib treatment in vitro, resulting in activation of the
DNA damage response. Two PDX models of desmoplastic
small round cell tumor and one malignant rhabdoid tumor
CDX model responded to prexasertib with complete regres-
sion. Prexasertib monotherapy also elicited robust responses
in mouse models of rhabdomyosarcoma. Concurrent admin-
istration with chemotherapy was sufficient to overcome innate
resistance or prevent acquired resistance to prexasertib in
preclinical models of neuroblastoma, osteosarcoma, and
Ewing sarcoma, or alveolar thabdomyosarcoma, respectively.

Conclusions: Prexasertib has significant antitumor effects
as a monotherapy or in combination with chemotherapy in
multiple preclinical models of pediatric cancer. These findings
support further investigation of prexasertib in pediatric
malignancies.

within 5 years of diagnosis (1). Despite substantial research which
has uncovered molecular mechanisms driving the development
and progression of pediatric cancers, standard of care generally
consists of systemic cytotoxic chemotherapy, radiation, and/or
surgery and prognosis of patients with recurrent, refractory, or
advanced disease remains poor (2-4). In addition, these aggres-
sive multimodal regimens often result in debilitating chronicand/
or late treatment effects and even secondary cancers for pediatric
cancer survivors (5). It is therefore essential to identify and
evaluate novel targeted therapies across pediatric cancer types to
improve patient outcome and potentially limit treatment-associ-
ated conditions.

Checkpoint kinase 1 (CHK1) is a serine/threonine kinase
with critical roles in the DNA damage response and the regu-
lation of replication initiation (6). Full activation of CHK1
following DNA damage (single-strand breaks) or replication
fork stalling (leading to long stretches of exposed single-
strand DNA) requires phosphorylation at serines 317 and
345 by ataxia telangiectasia and Rad3-related protein (ATR)
and autophosphorylation at serine 296 (7). Activated CHK1
promotes an S or G,-M phase cell-cycle arrest through down-
regulation of the CDC25A and CDC25C phosphatases, which
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Translational Relevance

Prexasertib (LY2606368) is a small-molecule inhibitor of
checkpoint kinase 1 (CHK1) currently in phase I and II clinical
trials as a single agent and in combination with chemotherapy
in adult patients with advanced cancers. For patients with
pediatric cancer, there are limited therapeutic options avail-
able and survivors often suffer from debilitating chronic con-
ditions related to intensive therapeutic intervention. In this
study, we demonstrate preclinically that prexasertib is active as
a single agent in specific subtypes of pediatric sarcoma and
neuroblastoma and can also act as a chemopotentiator when
combined with cytotoxic chemotherapy. These data further
support the ongoing clinical investigation of prexasertib in
pediatric patients with recurrent or refractory solid tumors
(NCT02808650) and nominates future combinatorial thera-
peutic strategies.

are responsible for removing inhibitory phosphates on cyclin-
dependent kinase 1 and 2 (CDK1 and CDK2) and thus facilitate
cell-cycle progression. Loss of CHK1 through genetic manipu-
lation or pharmacologic inhibition results in abrogation of the
S and G,-M cell-cycle checkpoints and diminished DNA dam-
age response, leading to double-strand DNA breaks, increased
replication stress (RS), and cancer cell death due to replication
catastrophe (6, 8-10).

Inhibitors of CHK1 have historically been used to potentiate
the DNA-damaging effects of chemotherapy or radiation (6);
however, recent clinical and nonclinical studies have demonstrat-
ed single-agent activity of newer CHK1 inhibitors in both adult
and pediatric cancers (6, 8, 10-14). Prexasertib (LY2606368) is a
small-molecule inhibitor of CHK1 shown previously to reduce
cell viability at nanomolar concentrations across a panel of well-
characterized human cancer cell lines representing a wide range of
adultand pediatric malignancies (10, 15). A focused evaluation in
preclinical models of adult cancers revealed that prexasertib
caused extensive DNA damage leading to cell death via replication
catastrophe (8). Furthermore, preclinical models of neuroblasto-
ma, a relatively common pediatric tumor, were found to be highly
sensitive to prexasertib monotherapy (10). In this study, we
expand upon our previous findings in neuroblastoma and dem-
onstrate broad prexasertib activity, either as monotherapy or in
combination with chemotherapy, across a wide array of preclin-
ical pediatric cancer models.

Materials and Methods

Cell culture conditions

Human pediatric sarcoma cell lines A673 (Ewing sarcoma,
cat#CRL-1598), MG-63  (osteosarcoma,  cat#CRL-1427),
SJCRH30 [alveolar rhabdomyosarcoma (aRMS), cat# CRL-
2061], and RD [embryonal RMS (eRMS), cat#CCL-136] were
purchased from ATCC. The alveolar RMS cell line Rh41 was
obtained from St. Jude's Children Research Hospital (Memphis,
TN). Cells were grown in the media recommended by the respec-
tive vendor or institution and tested negative for Mycoplasma prior
to freezing down working stocks. Additional cell lines were
generated and maintained by the Pediatric Preclinical Testing
Consortium (PPTC; ref. 16). Cell lines were authenticated by
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STR-based DNA profiling and multiplex PCR. Cells were main-
tained at 37°C and 5% CO, in tissue-culture treated flasks.

Test compound

Preclinical studies use LY2940930, which is the mesylate
monohydrate salt of LY2606368 (prexasertib, Eli Lilly and Com-
pany), and will be referred to as prexasertib for the purposes of this
study. Prexasertib was dissolved in DMSO to a stock concentra-
tion of 10 mmol/L for in vitro use and prepared in 20% Captisol
for in vivo experiments.

Cell proliferation assay

Evaluation of cell proliferation 72-hour posttreatment with
prexasertib over a range of concentrations (starting at 1 umol/L
with 3-fold dilutions) was performed using the CellTiter Glo
Luminescent Cell Viability Assay (Promega, cat#G7571). For
each cell line, luminescence was normalized to the average of
the DMSO-treated control. Analysis of cell proliferation fol-
lowing 96 hours of prexasertib treatment was conducted as
previously described using digital image fluorescence micros-
copy to quantify live cells (16). Relative ECs, values were
calculated from triplicate experiments using GraphPad Prism
7 (GraphPad Software, Inc., Version 7.00). An estimate of the
relationship between of input cell number (0 hours) and the
number of cells at 96 hours (in/out%) was made based on the
doubling time of each cell line using the 96-hour fluorescence
values for the control and treated lines. In/out% values range
between —100% (complete cytotoxicity) and +100% (no treat-
ment effect), with 0% indicating no change in cell number
between 0 and 96 hours.

Western blot analysis

Cell lysis, SDS-PAGE, and immunoblotting were performed as
described previously (10). Cells or tumor pieces were lysed in 1%
SDS (Fisher BioReagents, cat#BP2436-200) supplemented
with 1x HALT protease and phosphatase inhibitor (Thermo-
Fisher, cat#78441). The following antibodies were purchased
from Cell Signaling Technology: CHK1 (cat#2360), CHK1
$296 (cat#90178), CHK1 S345 (cat#2341), WEE1 (cat#4936),
WEE1 S$642 (cat#4910), PARP (cat#9542), AKT (cat#9272), AKT
S473 (cat#4060), ERK1/2 (cat#4695), ERK1/2 T202/Y204
(cat#4370), MEK1/2 (cat#4694), MEK1/2 $217/221 (cat#9154),
and BCL-xL (cat#2764). Additional antibodies included CHK2
(StressGen, cat#KAM-CC112), RPA32/2 (AbCam, cat#ab61184),
RPA32/2 S4/8 (Bethyl, cat#A300-245), YH2AX (Millipore,
cat#05-636), and GAPDH (Millipore, cat#MAB374).

Immunofluorescence

High content cell imaging and subsequent analysis were con-
ducted as described previously (10, 17, 18). Antibodies were as
follows: YH2AX (Millipore, cat#05-636), cleaved caspase-3 (Cell
Signaling Technology, cat#9661), ATM S1981 (Millipore, cat# 05-
740), and DNA-PKcs S2056 (AbCam, cat#ab18192). AlexaFluor
secondary antibodies were purchased from ThermoFisher. All
antibodies were used at a 1:200 dilution. DNA was stained with
Hoescht 33342 diluted 1:5000. Cells were imaged using a CellIn-
sight NXT platform and analyzed by the TargetActivation V.4
Bioapplication (Thermo Scientific). Percent responders (percent
positive for desired marker) were gated based on the DMSO-
treated group for each cell line.
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In vivo evaluation of prexasertib

In vivo studies were performed in accordance with American
Association for Laboratory Animal Care institutional guidelines.
Cell line-derived xenograft (CDX) in vivo experiments were
approved by the Eli Lilly and Company Animal Care and Use
Committee. In vivo experiments utilizing patient-derived xeno-
graft (PDX) models designated by codes starting with 'CTG'
were conducted at Champions Oncology (Hackensack, NJ). PDX
models with names starting with "ST" were conducted at START
Discovery (San Antonio, TX). The CCSARC005 osteosarcoma
PDX model was generated through a collaboration with the
Cleveland Clinic and evaluated at Covance, Inc. For in vivo studies
run by the PPTC, full methodology is available in the Supple-
mentary Methods.

To evaluate prexasertib on CDX growth, cells were harvested
during log phase growth and resuspended in Hank's Balanced Salt
Solution (HBSS). Suspended cells were diluted 1:1 with BD
Matrigel Matrix (cat#356234; only used for Rh41 and RD-ES)
and 5 x 10° cells (A673,Rh41, or JCRH30) or 10 x 10° cells (RD-
ES) were injected subcutaneously into the right flank of female
CB-17 SCID beige mice. When tumor volumes averaged approx-
imately 200 mm?>, mice were randomized into treatment groups.
Animals were given vehicle (20% Captisol in water, pH 4),
prexasertib, chemotherapy (doxorubicin, cisplatin, cyclophos-
phamide, irinotecan, or irinotecan + temozolomide), or a
combination of prexasertib and chemotherapy. Combination
partners were dependent on the tumor model. Prexasertib
(10 mg/kg) was administered by subcutaneous injection
twice daily for 3 days followed by 4 days rest for 3 or 4 weeks.
Chemotherapy was given as follows: doxorubicin, 5 mg/kg
once weekly (intravenously); cisplatin, 4 mg/kg once weekly
(intraperitoneally); cyclophosphamide, 100 mg/kg once week-
ly (intraperitoneally); irinotecan, 2.5 mg/kg daily for 5 days,
rest for 14 days (intraperitoneally); TMZ, 66 mg/kg, once
daily for 5 days then rested for 16 days (orally) for as many
weeks as prexasertib was administered. Prexasertib was given at
a reduced dose of 8 mg/kg when coadministered with the
following small molecule inhibitors: pan-RAF inhibitor
(LY3074753; 25 mg/kg, orally), ERK inhibitor (LY3214996;
50 mg/kg, orally), or PI3K/mTOR inhibitor (LY3023414;
7.5 mg/kg, orally). Modifications in dose or schedule are
mentioned in the summary table and/or figure legend where
appropriate. All combinations were considered tolerable, as
body weight loss did not exceed 10% (data not shown).

Tumor volume was transformed to a log scale to equalize
variance across time and treatment groups. Log volume data was
analyzed with a two-way repeated measures analysis of variance
by time and treatment using the MIXED procedures in SAS
software (Version 9.3). The correlation model for the repeated
measures was spatial power. Treated groups were compared to the
control group at each time point. The MIXED procedure was also
used separately for each treatment group to calculate adjusted
means and standard errors at each time point. The BLISS inde-
pendence method was used to define a statistically significant
effect in combination studies. Combinations were defined as
additive if the combination arm was statistically different from
both of the single agent arms. Procedures for in vivo testing by the
PPTC are as described by Houghton and colleagues (19). Addi-
tional details for PPTC in vivo data analysis are provided in the
Supplementary Methods.
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Results

Pediatric cancer cell lines are highly sensitive to prexasertib
in vitro

The broad antiproliferative activity of prexasertib was demon-
strated previously across a range of adult and pediatric tumor
types at clinically achievable concentrations, while proliferation
of normal cell types (melanocytes and endothelial colony-form-
ing cells) was largely unaffected (10). Consistent with these
findings, prexasertib potently reduced proliferation in 25 pediat-
ric cancer cell lines corresponding to 12 different histologies
at low nanomolar concentrations (relative ECso range: 0.9-22
nmol/L; Table 1; Supplementary Fig. S1). Response was not
influenced by histology or p53 status and most cell lines showed
evidence of cytotoxicity according to the median in/out% value
[i.e., the relationship between the cell number at time 0 (in) to
thatat 96 hours post-prexasertib treatment (out); ref. 16] of —91%
(Supplementary Table S1). However, RD, BT-12, and CHLA-266
cells had positive in/out% values between 0 and 25%, indicating
limited effects of prexasertib treatment in these cell lines.

Five pediatric cancer cell lines representing different childhood
sarcomas, A673 (Ewing sarcoma); MG-63 (osteosarcoma); RD
(eRMS); and Rh41 and SJCRH30 (aRMS), were analyzed for
changes in cell signaling following in vitro treatment with pre-
xasertib. Reduction in CHK1 autophosphorylation at $296 indi-
cated that kinase activity was diminished following 24 hours of
treatment in all cell lines evaluated (Fig. 1A). Interestingly, WEE1,
a downstream effector of CHK1 and a key modulator of the G,-M
checkpoint following DNA damage, was readily detected by
immunoblot in SJCRH30 and Rh41 but not in the other 3 cell
lines evaluated; decreased phosphorylation of WEE1 in both
aRMS cell lines further demonstrated prexasertib-mediated CHK1
inhibition (Fig. 1A). Furthermore, CDK1, CDK2, and CDC25A/C
protein levels were relatively unchanged following prexasertib
treatment in all cell lines evaluated with the exception of
SJCRH30, in which an increase in both CDK2 and CDC25A total
protein was noted (Supplementary Fig. S2).

Elevated total and phosphorylated replication protein A 32/2
(RPA32/2) protein levels pointed to an increase in exposed single-
strand DNA following CHK1 inhibition (Fig. 1A). The appearance
of yYH2AX-immunopositive nuclei of treated cells was noted as
early as 2 h post-treatment and was markedly increased after 24 h,
indicating the accumulation of double-strand DNA breaks
(Fig. 1B left; Supplementary Fig. S3A bottom; Supplementary
Table S2). Prexasertib also led to the activation of DNA damage
response machinery responsible for double-strand break repair as
measured by phosphorylation of CHK1 at $345 and of DNA
damage sensors ataxia telangiectasia mutated (ATM) and DNA
protein kinase (DNA-PK) at serine 1981 (S1981) and serine 2056
(S2056), respectively (Fig. 1A and B right; Supplementary Table
S2). In contrast to previous observations in neuroblastoma cell
lines (10), cleaved caspase 3 following prexasertib treatment was
low in all five cell lines (approximately 20% of cells with 1 pmol/L
prexasertib; Fig. 1B left; Supplementary Table S2) and a strong
cleaved PARP signal was only detected in Rh41 and SJCRH30
aRMS cell lines (Fig. 1A). However, a marked reduction in both
nuclei count and DNA synthesis (as marked by EAU positivity)
and a dose-dependent increase in cell death (as evidenced by
TUNEL staining) were observed at 24 and 48 hours post-treatment
in 4 of the 5 cell lines evaluated (A673 being the exception;
Supplementary Fig. S3).
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Table 1. Relative ECsq values of prexasertib in a panel of pediatric cancer cell lines.

Cell line Histology p53 status® ECso (nmol/L) Max. inhibition®
Karpas-299 Anaplastic large-cell lymphoma Mutant 0.9 100 + 0.01
COG-LL-317 Acute lymphoblastic leukemia Wild type 2.6 100 4+ 0.01
CCRF-CEM Acute lymphoblastic leukemia Mutant 3.0 100 4+ 0.00
MOLT-4 Acute lymphoblastic leukemia Wild type 34 100 + 0.01
RS4;11 Acute lymphoblastic leukemia Wild type 45 100 + 0.00
NALM-6 Acute lymphoblastic leukemia Wild type 5.1 100 4+ 0.00
Kasumi-1 Acute myeloid leukemia Mutant 35 97.6 &+ 0.10
SJCRH30 Alveolar rhabdomyosarcoma Mutant 1.4 99.3 + 0.04
SJCRH30°¢ Alveolar rhabdomyosarcoma Mutant 2.9 96.8 + 0.37
Rh41 Alveolar rhabdomyosarcoma Mutant 8.8 96.6 + 0.51
Rh41¢ Alveolar rhabdomyosarcoma Mutant 55 922 +1.22
RD Embryonal rhabdomyosarcoma Mutant 22 87.0 £ 0.57
RD¢ Embryonal rhabdomyosarcoma Mutant 9.1 74.0 £ 2.27
Rh18 Embryonal rhabdomyosarcoma Wild type 2.9 88.6 - 1.70
A673° Ewing sarcoma Mutant® 52 75.9 £ 2.80
CHLA-9 Ewing sarcoma Wild type 1.6 98.7 +£ 0.20
TC-71 Ewing sarcoma Mutant® 1.6 100 4+ 0.00
CHLA-10 Ewing sarcoma Mutant 1.7 99.3 + 0.20
CHLA-258 Ewing sarcoma Wild type 24 89.8 4+ 0.30
SJ-GBM2 Glioblastoma Mutant 2.6 98.5 + 0.13
BT-12 Atypical teratoid/rhabdoid tumor Wild type 6.6 80.2 £ 0.70
CHLA-266 Malignant rhabdoid tumor Wild type 15 55.5 + 1.69
CHLA-136 Neuroblastoma Wild type 09 87.2 +1.02
NB-EBc1 Neuroblastoma Wild type 1.7 98.7 +£ 0.12
CHLA-90 Neuroblastoma Mutant 3.7 91.9 + 0.19
NB-1643 Neuroblastoma Wild type 4.8 97.6 & 0.07
Ramos-RA1 Non-Hodgkin lymphoma Mutant 6.5 99.5 + 0.01
MG-63¢ Osteosarcoma Mutant® 8.1 97.7 £ 0.18

@p53 status previously reported in Carol H et al. Initial testing of the MDM2 inhibitor RG7112 by the Pediatric Preclinical Testing Program. Pediatr Blood Cancer 2013;60

(4):633-41.

PInhibition achieved at 1 umol/L prexasertib, calculated as (1-(treated/control)*100%) and reported as %Max Inhibition 4+ SEM; complete curves shown in

Supplementary Fig. S1.
Calculated from 72-hour time point.

9953 status previously reported in Ottaviano L et al. Molecular characterization of commonly used cell lines for bone tumor research: a trans-European EuroBoNet

effort. Genes Chromosomes Cancer 2010;49(1):40-51.

Prexasertib has significant single-agent activity in pediatric NB,
DSRCT, and RMS xenografts

Prexasertib monotherapy was tested across 38 cell line-derived
(CDX) and patient-derived xenograft (PDX) mouse models cor-
responding to 9 different pediatric solid tumor types (Fig. 2).
Clinically relevant plasma concentrations for prexasertib mono-
therapy were achieved using a dosing schedule of 10 mg/kg
prexasertib twice daily for 3 days followed by 4 days of rest for
3 to 4 cycles (8, 20). As observed previously (10), neuroblastoma
PDX models were sensitive to prexasertib, with 50% of the models
responding with stable disease (COG-N-421x, NB-1643x, and
NB-SDx) and the other three models demonstrating partial regres-
sion (COG-N-453x, COG-N-Felix-x, and NB-EBc1-x; Fig. 2). In
addition, prexasertib was highly active in several soft tissue tumor
models, many of which were refractory to doxorubicin or other
standard-of-care chemotherapy (Fig. 3; Supplementary Table S3).
Interestingly, prexasertib induced tumor regression in two PDX
models of desmoplastic small round cell tumor (DSRCT; Fig. 3A
and B; Supplementary Tables S3 and S4; Supplementary Fig. S4A
and S4B). While durable responses were achieved in CTG-1458
following prexasertib monotherapy, tumor regrowth was
observed in CTG-0926 approximately 2 months posttreatment.
Re-treatment with prexasertib resulted in durable tumor regres-
sion indicating the xenografts remained sensitive to therapy
(Fig. 3B). Similarly, two aRMS models (SJCRH30 CDX and ST162
PDX) responded to single-agent prexasertib with rapid tumor
regression (Fig. 3C and D; Supplementary Table S3; Supplemen-

www.aacrjournals.org

tary Fig. S4C and S4D). However, unlike the retained prexasertib
sensitivity observed in the CTG-0926 DSRCT model, reemergent
aRMS tumors appeared to develop acquired resistance to pre-
xasertib. Indeed, SJCRH30 tumors continued to grow during the
rechallenge with prexasertib and ST162 xenografts only
responded with tumor stasis while on treatment. Posttreatment
Western blot analysis of SJCRH30 xenografts revealed elevated
levels of the antiapoptotic protein BCL-xL in tumors, which
acquired resistance when compared to vehicle-treated tumors
(Supplementary Fig. S5A); furthermore, activated PI3K and MAPK
signaling was also detected in resistant tumors as measured by
increased phosphorylation of AKT, MEK1/2, and ERK1/2. How-
ever, prexasertib cotreatment with an inhibitor of RAF
(LY3074753), ERK (LY3214996), or PI3K/mTOR (LY3023414)
did not prevent the emergence of resistance to prexasertib in the
SJCRH30 model (Supplementary Fig. S5B).

Additional pediatric soft tissue tumor models responded to
single-agent prexasertib during treatment, and their behavior
posttreatment was highly model-dependent. Stable disease was
achieved in two eRMS PDX models, CTG-1213 and CTG-1116,
with a durable response observed in CTG-1213 (Fig. 3E and F;
Supplementary Table S3; Supplementary Fig. S4E and S4F).
Furthermore, different responses to prexasertib were observed in
MRT in vivo models (Fig. 2; Supplementary Table S3) with com-
plete regression of RBD-1 xenografts, stable disease in KT-12 and
KT-13, and progressive disease observed in the A-204 model.
Interestingly, evaluation of prexasertib in "n of 1" studies across

Clin Cancer Res; 25(7) April 1, 2019
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Figure 1.

Prexasertib-mediated CHK1 inhibition promotes DNA double-strand breaks resulting in activation of the DNA damage response in vitro. A, Whole-cell lysates of
pediatric sarcoma cell lines treated with increasing concentrations of prexasertib over 24 hours were probed for the indicated total and phosphorylated proteins.
B, Cells were treated with prexasertib over a range of concentrations for 24 hours prior to fixation and immunostaining. Representative images show cells
treated with DMSO or 111 nmol/L prexasertib and were taken at x20 magnification using the appropriate filters for each channel. Experiments were conducted
twice. Left, red: YH2AX; green: cleaved caspase-3; blue: DNA. Right, red: ATM phosphorylated at serine 1981; green: DNA-PKcs phosphorylated at serine 2056;

blue: DNA.

11 PDX models of leiomyosarcoma and liposarcoma, the most
common adult STS subtypes, revealed that the majority of these
PDXs responded with delayed tumor growth (albeit still progres-
sive disease); furthermore, two leiomyosarcoma models achieved
stable disease (Supplementary Fig. S6). Taken together, these data
suggest that soft tissue histologies generally exhibit sensitivity to
prexasertib preclinically, although the overall response is highly
variable and likely model dependent.

Most Ewing sarcoma and osteosarcoma preclinical models are
resistant to prexasertib monotherapy

There was a trend of pediatric soft tissue and neuroblastoma
tumor models being more sensitive to prexasertib than models of
pediatric tumors involving bone (i.e, Ewing sarcoma and
osteosarcoma; Fig. 2). Only one of 14 Ewing sarcoma xenograft
models responded to single-agent prexasertib (Fig. 4A; Supple-
mentary Tables S3-S5; Supplementary Fig. S4G); of the 7 oste-
osarcoma models tested, stable disease was only achieved with
prexasertib monotherapy in the CTG-0242 model (Fig. 4B; Sup-

2282 Clin Cancer Res; 25(7) April 1, 2019

plementary Table S3; Supplementary Fig. S4H). The remaining
Ewing sarcoma and osteosarcoma xenograft models progressed
during treatment with prexasertib or chemotherapy as single
agents (Fig. 4C-F; Supplementary Tables S3-S6; Supplementary
Figs. S4I-S4L and S7) with the exception of partial regressions
achieved with single-agent cyclophosphamide in the RD-ES CDX
model (Fig. 4F; Supplementary Fig. S4L), suggesting that the
majority of Ewing sarcoma and osteosarcoma models tested may
be intrinsically resistant to prexasertib and DNA-damaging drugs
as single agents.

Combination with chemotherapy abrogates acquired
resistance to prexasertib and promotes durable responses in
pediatric tumor models

As CHK1 inhibitors are often used as chemopotentiators,
prexasertib was also evaluated in combination with chemothera-
pies that are typically administered as pediatric cancer therapy.
Mice bearing SJCRH30 aRMS xenografts were treated with pre-
xasertib, doxorubicin, cyclophosphamide, irinotecan, or the
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Prexasertib is active as a single agent in preclinical models of pediatric soft tissue tumors. The best response achieved with prexasertib monotherapy was
determined by averaging the responses of individual mice in each model (n > 4 mice/arm) and is indicated above (%AT/C) or below (%regression) each bar.
Gray shading indicates stable disease. aRMS: alveolar rhabdomyosarcoma; eRMS: embryonal rhabdomyosarcoma; DSRCT: desmoplastic small round cell tumor;
MRT: malignant rhabdoid tumor; NB: neuroblastoma; Other: hepatoblastoma (CTG-1072), retinoblastoma (Y79). * denotes neuroblastoma models that were

previously published in (10) Lowery CD, et al. Clin Cancer Res 2017;23(15):4354-63.

combination of prexasertib plus each agent. Consistent with prior
experiments, SJCRH30 tumors initially regressed and acquired
resistance occurred towards the end of prexasertib monotherapy
(Fig. 5A and B), while a slight tumor growth delay was observed
with each of the individual chemotherapies. While tumor
regrowth was observed in animals given prexasertib alone, com-
bination of prexasertib plus individual cytotoxics was strongly
additive and regressions were maintained in all animals (Fig. 5A
and B; Supplementary Table S4; Supplementary Fig. S4M). Sim-
ilarly, combination of prexasertib with chemotherapy was super-
ior to monotherapy in Rh41 aRMS xenografts and prevented
tumor regrowth following cessation of treatment (Fig. 5C; Sup-
plementary Table S4; Supplementary Fig. S4N). Previously, our
group reported that mouse models of neuroblastoma initially
regressed in response to prexasertib; however, tumor regrowth
was observed post-treatment in 2 models and was not prevented
by combination with doxorubicin (10). To better understand
whether this response is model-dependent, prexasertib was eval-
uated in combination with irinotecan in 2 additional neuroblas-
toma models (Supplementary Table S4, Supplementary Fig. S8).
While prexasertib or irinotecan alone significantly impaired NB-
Felix-x tumor growth, this effect was more pronounced when the
two agents were combined (Supplementary Fig. S8A). In addition,
prexasertib plus irinotecan resulted in complete regression of NB-
EBc1-x xenografts and no regrowth was observed following the
cessation of treatment (Supplementary Fig. S8B). When prexa-
sertib was tested at a lower dose (4 mg/kg twice daily, days 1, 3, 5)
in combination with irinotecan, significant prolongation in time
to event was observed for only 1 out of 6 neuroblastoma xeno-
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grafts and 1 of 2 rhabdoid tumor models but no combination
effect was noted for the alveolar thabdomyosarcoma models
evaluated (Supplementary Table S6).

Prexasertib plus chemotherapyyields additive antitumor effects
in osteosarcoma and Ewing sarcoma tumor models

Combination treatment was assessed in osteosarcoma and
Ewing sarcoma tumor models that displayed intrinsic resistance
to prexasertib (including models responding with delayed but
progressive tumor growth). Treatment with prexasertib or cisplat-
in alone had a minor effect on CCSARC005 osteosarcoma xeno-
graft growth when compared with the vehicle-treated arm; how-
ever, the combination was greater than additive and resulted in
stable disease (Fig. 5D; Supplementary Table S4; Supplementary
Fig. S40). In the A673 Ewing sarcoma CDX model, tumor growth
delay was observed with prexasertib or irinotecan monotherapy.
Again, combination effects were greater than additive in this
model, with 40% of the animals achieving stable disease and
60% partial regression (Fig. 5E; Supplementary Table S4; Sup-
plementary Fig. S4P). When prexasertib was tested at a lower dose
(4 mg/kg twice daily, days 1, 3, 5) in combination with irinotecan,
significant prolongation in time to event was observed for 2
osteosarcoma xenografts, but not for the evaluated Ewing sarcoma
model (Supplementary Fig. S7; Supplementary Table S6).

For combination studies, dosing of prexasertib and chemo-
therapy were given concurrently and began on day 1 of each cycle
(Fig. 5; Supplementary Tables S4 and S5; Supplementary Figs. S7
and S8). However, sequential administration of each agent could
potentially improve response to therapy through the generation
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Prexasertib monotherapy elicits superior antitumor responses to chemotherapy in pediatric mouse models of soft tissue sarcoma. All animals were treated with
vehicle (@), chemotherapy (I, doxorubicin unless otherwise indicated), or prexasertib (A). Dosing began at day 0, and treatment end is indicated by

dotted lines. Additional treatment periods are indicated by darker dashed lines. A, CTG-1458 desmoplastic small round cell tumor (DSRCT) PDX,

W = cyclophosphamide; W = combination of prexasertib and cyclophosphamide, n = 5/arm. Prexasertib single-agent and combination arms overlap for the
entirety of the study. B, CTG-0926 DSRCT PDX, n = 5/arm. C, SJCRH30 alveolar RMS CDX, n = 6/arm. D, ST162 alveolar RMS PDX, n = 4/arm. E, CTG-1213
embryonal RMS PDX, n = 5/arm, ll = actinomycin D. F, CTG-1116 embryonal RMS PDX, n = 4/arm. Error bars: SEM. Waterfall plots for each model are shown in
Supplementary Fig. S4 and statistical analyses are summarized in Supplementary Table S2.

and/or exacerbation of DNA damage and inhibition of repair. To
test whether a DNA-damaging agent plus prexasertib would give a
superior anti-tumor response if dosing was staggered, mice bear-
ing A673 Ewing sarcoma CDXs were treated with cyclophospha-
mide and prexasertib concurrently, with cyclophosphamide on
day 1 (D1) and prexasertib on D2-4 of each cycle, or with
prexasertib on D1-3 and cyclophosphamide on D4 of each cycle
(Supplementary Fig. S9, left). Interestingly, concurrent treatment
resulted in a significant tumor regression while the best response
achieved in either staggered therapy arm was stable disease.
Additional study arms evaluating the combination of prexasertib
and the microtubule-destabilizer vincristine determined that
there was no difference in response between concurrent or stag-
gered administration of these drugs (Supplementary Fig. S9,
right).

Discussion

In response to DNA damage or disruptions to DNA replication,
including stalled replication forks or difficult-to-navigate second-
ary structures, CHK1 promotes S or G,—M phase cell cycle arrest,
stabilizes stalled forks, and inhibits late replication origin firing,
thus mitigating replication stress (RS) and promoting cell surviv-
al (21). Loss of CHK1 function can lead to cell death via repli-
cation catastrophe due to uncontrolled replication origin firing
and depletion of the nucleotide pool, persistent DNA damage via
increased double-strand DNA breaks, loss of DNA damage check-
points, and a delayed or inhibited DNA damage response (6).
Pharmacologic inhibition of CHK1 has historically been used as a
tool to potentiate the DNA-damaging effects of chemotherapy or
radiation (6). Recently, single agent CHK1 inhibitor activity has

2284 Clin Cancer Res; 25(7) April 1, 2019

been reported in preclinical cancer models (8, 10, 13, 14) and in
phase I and II clinical trials (11, 20, 22), indicating that in some
tumor types CHKI is critical for cell survival beyond its integral
role in the DNA damage response. In this study, we report that
prexasertib (LY2606368), a second-generation CHK1 inhibitor, is
active as a monotherapy or in combination with chemotherapy
across a range of preclinical pediatric cancer models.

Consistent with data generated using a large panel of cancer
cell lines (10, 15), prexasertib was universally anti-proliferative at
clinically relevant concentrations for monotherapy across 25
pediatric cancer cell lines representing 12 different histologies;
however, in vivo evaluation revealed differential model-depen-
dent responses to prexasertib. In addition to the previously
reported neuroblastoma sensitivity (10), most soft tissue sarcoma
(STS) in vivo models evaluated in this study (including two DSRCT
PDXs and several RMS models) were sensitive to prexasertib
monotherapy while both Ewing's and osteosarcoma models were
generally resistant, suggesting that STS subtypes may rely more
heavily on CHK1 for cancer progression than bony tumors.
However, as the majority of adult leiomyosarcoma and liposar-
coma models tested continued to grow despite prexasertib-medi-
ated CHK1 inhibition, it is clear that not all STS models exhibit
sensitivity to monotherapy and that histology alone is insufficient
to predict both the type and degree of in vivo response to
prexasertib.

RS, a cellular state of dysregulated DNA replication due to
oncogene activation, genomic instability, and persistent DNA
damage (21), is as a potential indicator of sensitivity to CHK1
blockade. CHK1 inhibition exacerbates RS by allowing increased
and/or unscheduled replication origin firing as well as a delay or
loss of DNA repair. Though most pediatric cancers have a lower
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Day

Majority of Ewing sarcoma and osteosarcoma mouse models exhibit intrinsic resistance to prexasertib. All animals were treated with vehicle (@), doxorubicin
(W), or prexasertib (A). The dosing interval is bracketed by dotted lines; if treatment began at day 0, the single dotted line marks end of treatment. Additional
treatment periods are indicated by darker dashed lines. A, CTG-0994 Ewing's sarcoma PDX, n = 5/arm. B, CTG-0242 osteosarcoma PDX, n = 5/arm. C, CTG-
0816 Ewing's sarcoma PDX, n = 5/arm. D, CTG-0241 osteosarcoma PDX, n = 5/arm. E, CTG-0243 osteosarcoma PDX, n = 5/arm. F, RD-ES Ewing's sarcoma CDX,
W = cyclophosphamide, n = 8/arm. Error bars: SEM. Waterfall plots for each model are shown in Supplementary Fig. S4 and statistical analyses are summarized

in Supplementary Table S2.

mutational burden (and therefore fewer targets available for
therapeutic intervention) than adult malignancies (23), known
drivers of some childhood tumors, such as chimeric transcription
factors (24), can trigger RS (25) and may promote tumor cell
sensitivity to CHK1 inhibition. At first glance, using fusion protein
expression as a surrogate for an elevated state of RS in order to
predict response to prexasertib monotherapy is supported by our
extensive in vivo data. DSRCT, a malignancy of adolescence and
young adulthood that carries a 5-year survival rate of only 15%,
and for which therapeutic options are extremely limited (26), is
characterized by the EWS-WT1 fusion protein. Both DSRCT PDX
models responded to prexasertib with tumor regression; further-
more, sensitivity was retained in CI'G-0926 tumors that regrew
following initial prexasertib treatment. Robust partial regressions
occurred in aRMS models expressing the PAX3-FOXO1 fusion
protein, while fusion-negative models of eRMS only achieved
stable disease. However, the ability to exclusively link the expres-
sion of any oncogenic fusion protein to prexasertib activity was
thwarted by the intrinsic resistance to prexasertib displayed by the
majority of EWS-FLI fusion-positive Ewing's sarcoma mouse
models, although the possibility remains that the degree of
chimeric transcription factor-driven RS depends on additional
histology-dependent aberrations, that is, not all fusion proteins
drive RS equally.

Oncogene-induced RS (such as that caused by overexpres-
sion and/or amplification of MYC proteins) can force tumor
cells to rely more heavily on the ATR/CHK1 axis for suppres-
sion of RS (27, 28) and allow for a synthetic lethal approach to
selectively target this cell population with prexasertib. MYCN
amplification, observed in approximately 20% of neuroblas-
toma (and 50% of high-risk cases), is associated with poor

www.aacrjournals.org

patient prognosis (29); in addition, MYCN-amplified/high-risk
primary tumors expressed higher levels of CHK1 mRNA than
non-MYCN-amplified/low-risk tumors (9). siRNA-mediated
CHK1 knockdown was cytotoxic in a panel of neuroblastoma
cell lines (9) and preclinical neuroblastoma mouse models
were highly sensitive to single agent prexasertib (10); however,
these results were not dependent on MYCN status. Similarly,
while many of the prexasertib-sensitive neuroblastoma models
evaluated in this study harbored MYCN amplification (NB-
SDx, COG-NB-453%x, COG-NB-421x) (30), stable disease and
partial regressions were achieved in mice bearing non-MYCN-
amplified neuroblastoma (NB-Felix-x and NB-EBc1-x); more-
over, NB-1643x was the least responsive model despite the
presence of the MYCN amplicon. Therefore, it is likely that an
additional RS-promoting genetic insult is necessary for an anti-
tumor response to prexasertib monotherapy in neuroblastoma
and other highly sensitive pediatric cancer models.

Acquired prexasertib resistance observed in two aRMS mouse
models following the initial dosing period may have resulted
from either a new mutation or other novel alterations which
rendered tumor cells resistant to subsequent CHK1 inhibition, or
the selection of a pre-existing resistant population. The relatively
short time to tumor regrowth combined with the activation of
pro-survival PI3K/mTOR and MAPK signaling pathways in resis-
tant tumors, as well as the observation that upfront combination
with cytotoxic chemotherapy prevents acquired resistance (pre-
sumably through elimination of intrinsically prexasertib-resistant
tumor cells), supports the latter hypothesis. Increased ERK1/2
phosphorylation in response to CHKI1 inhibition has been
reported in several cancer cell lines (31-34); furthermore, con-
current administration of the CHK1 inhibitor AZD7762 and

Clin Cancer Res; 25(7) April 1, 2019
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Concurrent administration of chemotherapy prevents acquired resistance and overcomes intrinsic resistance to prexasertib monotherapy. Animals
bearing xenografts of pediatric bone or soft tissue sarcoma were treated with vehicle, prexasertib, chemotherapy, or the combination of prexasertib
plus chemotherapy. The specific chemotherapy used is indicated in the key in each panel. A and B, SICRH30 alveolar RMS CDX, n = 5/arm for each
experiment. C, Rh41 alveolar RMS CDX, n = 4/arm. D, CCSARCOO5 osteosarcoma PDX, n = 5/arm, prexa* = dose reduced from 10 mg/kg to 8 mg/
kg only in the combination due to use of SCID animals (this model only). E, A673 Ewing sarcoma CDX, n = 5/arm. B and C, Single experiments are
displayed in two different graphs with the same vehicle and prexasertib arms but different chemotherapy and combination arms for clearer
visualization. Dotted vertical lines: dosing interval; error bars: SEM. Waterfall plots for each model are displayed in Supplementary Fig. S4 and

statistical analyses are summarized in Supplementary Table S3.

selumetinib (AZD6244, a MEK1/2 inhibitor) in vitro promoted
apoptosis in multiple myeloma cells, but not normal bone
marrow cells (31). However, upfront combination of a MAPK
or PI3K/mTOR pathway inhibitor with prexasertib was insuffi-
cient to prevent SJCRH30 xenograft regrowth in this study, poten-
tially reflective of the low baseline signaling in treatment-naive
tumors; therefore, targeted inhibition of RAF, ERK, or PI3K/mTOR
may have better anti-tumor activity in re-emergent tumors that
reacted to prexasertib with activated pro-survival signaling.

2286 Clin Cancer Res; 25(7) April 1, 2019

Combining prexasertib with chemotherapy commonly used in
the pediatric cancer setting produced superior anti-tumor effects
in models of Ewing's sarcoma and osteosarcoma and increased
response durability in neuroblastoma and aRMS xenografts,
demonstrating its chemopotentiation capability. The reduced
chemopotentiation at a lower prexasertib dose highlights the
importance of optimizing prexasertib dose when it is used in
combinations. Other studies have demonstrated that CHK1 inhi-
bitors sensitize pediatric tumor cells and xenograft models
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(including Ewing's sarcoma and neuroblastoma) to gemcitabine,
aribonucleotide reductase inhibitor (35, 36). Another preclinical
study described the synergistic interaction between prexasertib
and the purine nucleoside antimetabolite clofarabine in pediatric
acute lymphocytic leukemia (ALL) cell lines or the multi-tyrosine
kinase inhibitors imatinib and dasatinib in adult ALL cells (37).
These data indicate that prexasertib can not only be effectively
combined with traditional cytotoxics, but also with targeted
inhibitors to elicit superior anti-tumor activity. In addition, co-
targeting CHK1 and its downstream effector WEE1 in cell lines
and xenografts from genetically engineered mouse models of
neuroblastoma resulted in increased double-strand DNA breaks
and cell death through mitotic catastrophe and significant tumor
growth delay, respectively (38). Additional studies have also
reported synergism between inhibitors of CHK1 and WEE1, ATR,
or PARP in preclinical models of different tumor types (14, 39—
43). Targeting multiple nodes within the same signaling pathway
(i.e., a "vertical blockade") to achieve a greater therapeutic benefit
is not without precedent as evidenced by the combination of RAF
and MEK inhibitors in metastatic melanoma (44). Taken together,
these reports suggest that prexasertib may combine well with
cytotoxic drugs currently used in pediatric cancer patient care or
with other targeted agents.

Schedule-based administration of prexasertib and chemo-
therapy may boost the anti-tumor activity of the combination.
If chemotherapy is given first, the resultant DNA damage could
persist with the subsequent administration of a CHK1 inhib-
itor. In either case, the possibility remains that RS resulting
from significant DNA damage would lead to cell death via
replication catastrophe. Treatment with gemcitabine prior to
CHK1 inhibition (and thus promoting RS through depletion of
the nucleotide pool) resulted in greater antitumor activity when
compared to concurrent administration in a panel of carcinoma
cell lines and xenografts (45-47). Similarly, gemcitabine given
approximately 24 hours prior to administration of the first-
generation CHK1 inhibitor LY2603618 promoted superior
combination effects in several xenografts of adult carcino-
mas (48). In contrast, our data support concurrent adminis-
tration of prexasertib and cyclophosphamide, as greater than
additive combination effects were observed with this schedule,
but not with either staggered dosing schedule, in mice bearing
A673 Ewing sarcoma xenografts; however, treatment schedules
may be influenced by the mechanism of action of the chemo-
therapy or other agents used in combination with prexasertib
and/or by tumor model. Therefore, further preclinical evalua-
tion in additional pediatric models is necessary to optimize
dosing schedules when combining prexasertib with different
chemotherapies or targeted agents.

Although overall survival of patients with pediatric cancer
has improved dramatically over recent decades, the prognosis
of children with certain tumor types, including those with high-
risk and relapsed disease, remains poor; moreover, the devel-
opment of targeted therapies for pediatric indications is lim-
ited (49). Identification and evaluation of novel targeted agents
is essential to improve prognosis while reducing long-term
treatment-associated toxicities, an endeavor complicated by
low incidence of pediatric cancer, a wide variety of histological
types, and a general paucity of actionable genetic aberrations at
initial diagnosis (23, 49). As this study demonstrates through
our finding of profound single agent activity in mouse models
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of DSRCT, continued preclinical exploration of prexasertib in
childhood cancer may yield new therapeutic indications for this
vulnerable patient population. Moreover, two phase II clinical
trials are focused on evaluating prexasertib monotherapy in
adult tumors that exhibit increased levels of RS or deficiencies
in DNA repair (NCT02873975, NCT02203513), demonstrating
the potential clinical utility of identifying and validating drivers
of RS for pediatric cancers. Recently published clinical studies
have focused on identification and evaluation of potential
genetic determinants of prexasertib response in adult squa-
mous cell carcinoma and high grade serous ovarian cancer
patient samples collected from ongoing phase I and II
trials (11, 22), and we are compiling genomic characterization
data from all preclinical models included in this study to
interrogate putative predictive biomarkers of prexasertib
response. The results of the ongoing phase I clinical study of
prexasertib in pediatric patients (NCT02808650) combined
with nonclinical data provide direction for translating our
results to clinical evaluation of prexasertib in high-risk pediatric
patients with soft tissue tumors.
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