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1 | INTRODUCTION

Abstract

Checkpoint kinase 1 (CHK1) plays a key role in genome surveillance and integrity
throughout the cell cycle. Selective inhibitors of CHK1 (CHK1i) are undergoing clinical
evaluation for various human malignancies, including neuroblastoma. In this study,
one CHK1i-sensitive neuroblastoma cell line, CHP134, was investigated, which char-
acteristically carries MYCN amplification and a chromosome deletion within the 10q
region. Among several cancer-related genes in the chromosome 10q region, mRNA
expression of fibroblast growth factor receptor 2 (FGFR2) was altered in CHP134
cells and associated with an unfavorable prognosis of patients with neuroblastoma.
Induced expression of FGFR2 in CHP134 cells reactivated downstream MEK/ERK
signaling and resulted in cells resistant to CHK1i-mediated cell growth inhibition.
Consistently, the MEK1/2 inhibitor, trametinib, potentiated CHK1 inhibitor-mediated
cell death in these cells. These results suggested that FGFR2 loss might be prone to
highly effective CHK1i treatment. In conclusion, extreme cellular dependency of ERK
activation may imply a possible application for the MEK1/2 inhibitor, either as a single

inhibitor or in combination with CHK1i in MYCN-amplified neuroblastomas.
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stratification, the International Neuroblastoma Risk Group (INRG)

Clinical heterogeneity in neuroblastoma has long been a subject of
intense research because of an urgent need for improvement in the
cure rate in high- and intermediate-risk groups, as well as mitiga-
tion of adverse effects by intensive multimodal therapy. Hence, sev-
eral comprehensive analyses have been conducted to develop risk

classification system, for heterogeneity of neuroblastoma biology.1
The optimal treatment for patients with neuroblastoma has achieved
consensus in the INRG Staging System.? Although amplified MYCN
proto-oncogene (MYCN) and aberration of the long arm of chromo-
some 11 (11qg aberration) are included in seven optimized prognostic
risk factors in this system,? a series of altered gene expression and

Abbreviations: ATM, ataxia-telangiectasia mutated serine/threonine kinase; ATR, ataxia-telangiectasia mutated and Rad3-related serine/threonine kinase; CHK1, checkpoint kinase 1;
CHK1i, CHK1 inhibitor; DDR, DNA damage response; MEK1/2i, MEK1/2 inhibitor; RS, replication stress; SD, standard deviation.
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chromosome aberration contributes to the clinical heterogeneity
of neuroblastoma. Other chromosome copy number aberrations in
neuroblastomas, deletions of a distal part of the short arm of chro-
mosome 1 (1p loss) and a gain of the long arm of chromosome 17 (17q
gain), are recognized as hallmarks of worse outcomes in patients.*
Additionally, recurrent losses within the distal 10q region have been
observed in hereditary neuroblastoma, suggesting that a responsible
gene preventing or predisposing to neuroblastoma may be harbored
in this region.5 It has been proposed that glioblastoma-related gene
in 10g encoding deleted in malignant brain tumors 1 (DMBT1), fibro-
blast growth factor receptor 2 (FGFR2),% O-6-methylguanine-DNA
methyltransferase (MGMT),” MAX-interacting protein 1 (MX11),87
and phosphatase and tensin homolog (PTEN) may also be respon-
sible for the development of a small subset of neuroblastomas.'*?
Silencing MGMT expression may sensitize neuroblastoma cells to the
DNA methylating agent temozolomide®®; however, other possible
associations of 10q loss with neuroblastoma therapy are elusive.

FGFR2 is a tyrosine kinase receptor family member, and its al-
terations caused by gene amplification or mutations have been
identified in various human cancers, including gastric, lung, breast,
ovarian, endometrial, and cholangiocarcinoma.l“’15 There is no mu-
tation in the FGFR2 gene in neuroblastomas.*® The increased expres-
sion of FGFR2 confers cisplatin resistance on neuroblastoma cells
by sequential activation of protein kinase C (PKC)-5 and inducing
expression of antiapoptotic BCL2 and is associated with advanced
stages of neuroblastoma.”

Checkpoint kinase 1 (CHK1) is responsible for the endogenous or
exogenous DNA damage response (DDR), including replication fork
licensing and cell cycle checkpoints, identifying it as a potential target
for cancer therapy over the last decade.*®*’ As the observed efficacy
of CHK1i in clinical trials of multiple human malignancies has been
inadequate,zo'22
of a CHK1 inhibitor (CHK1i) for cancer therapy is which biomarker
should be used to predict patients who would benefit from CHK1i

a key question with regard to the future application

treatment. Several studies have highlighted at least two remarkable
factors that can influence the possible application of CHK1i therapy
in various cancer preclinical models: (a) oncogene-induced replica-
tion stress (RS), as some cancer cells owe their oncogene-mediated
hyperproliferation state to the so-called DNA replication checkpoint
orchestrated by the ataxia-telangiectasia mutated and Rad3 related
(ATR)-CHK1 axis,?® and (b) the deficiency of homologous recombi-
nation repair (HRR), loss-of-function gene alterations in HRR genes,
which enforces CHK1 dependency for cancer survival. Therefore,
the cancer cells that possess these characteristic features may be
vulnerable to CHK1i.?? In line with this, we have recently reported
that ataxia-telangiectasia mutated serine/threonine kinase (ATM)
and DNA-PK inhibitors can overcome a low sensitivity to CHK1i
in neuroblastoma cell lines with MYCN amplification, whereas the
neuroblastoma CHP134 cell line is remarkably sensitive to CHK1i.%*

In the present study, the CHP134 cell line was used to deter-
mine the factors contributing to CHK1i sensitivity. Our results
revealed that decreased expression of FGFR2 along with a loss
of chromosome 10q was a key candidate feature contributing to

CHK1i sensitivity in CHP134 cells. Furthermore, reintroduction of
FGFR2 activated MEK/ERK signaling and contributed to reduced
CHK1i sensitivity while increasing sensitivity to MEK1/2 inhibitor
(MEK1/2i). Therefore, a CHK1i and/or MEK1/2i may be a valuable
therapeutic strategy to effectively treat certain types of MYCN-
amplified neuroblastomas.

2 | MATERIALS AND METHODS

2.1 | Cell culture and inhibitors

The human neuroblastoma cell lines CHP134, NBLS, SKN-BE, SK-
N-AS, IMR32, and SMS-SAN were purchased from the American
Type Culture Collection and the RIKEN Bioresource Cell Bank, Tohoku
University Cell Resource Center.?*?° Cells were cultured in RPMI
1640 medium supplemented with 10% heat-inactivated FBS, 50 pg/
mL penicillin, and 50 pg/mL streptomycin (Thermo Fisher Scientific).
PF-477736 (a selective inhibitor of CHK1) and gemcitabine (GEM) or
trametinib (GSK1120212, a selective inhibitor of MEK1/2) were pur-

chased from Sigma Aldrich or Chemitek, respectively.

2.2 | Cellviability assays

Cells (20 000) were seeded into each well of a 96-well plate with 100 uL
medium and incubated as described for the indicated times and condi-
tions. Ten microliters of alamarBlue™ Cell Viability Regent (Invitrogen)
were added to the cells for 1 hour, and immunofluorescence was meas-
ured using a SpectraMax M5e plate reader (Molecular Devices).

2.3 | Comparative genomic hybridization
microarray (CGH-array)

For array-CGH (aCGH) analysis, 500 ng DNA from neuroblastoma cell
lines or human placenta as a reference was fragmented and chemically
labeled with Cy3- and Cy5-dyes, respectively. High-resolution aCGH
was performed using the Agilent Human Genome CGH Microarray
Kit 244K (Agilent Technologies) according to the manufacturer's pro-
tocol (Agilent Oligonucleotide Array-Based CGH for Genomic DNA
Analysis, version 3.1 August 2009). Data was extracted from scanned
microarray images using the Feature Extraction Software v11.0.1.1
(Agilent Technologies). Raw data were subsequently analyzed using
Agilent Genomic Workbench Software (Agilent Technologies) and the
ADM-2 algorithm with a threshold of 5.5.

2.4 | Quantitative reverse-transcription PCR of
gene expression

Total RNA was isolated from the cells using an RNeasy mini kit
(Qiagen) according to the manufacturer's procedure. Total RNA
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was reverse-transcribed using random primers and Superscript I
(Invitrogen) and then amplified on a StepOnePlus Real-Time PCR
System with TagMan Fast Universal PCR Master Mix to quantify ex-
pression of FGFR2 and ACTB mRNA. FGFR2 and ACTB TagMan probes
(TagMan Gene Expression Assay, Hs01552926_m1 and Hs01060665 _
g1, respectively) were purchased from Applied Biosystems.

2.5 | RNA-sequencing analysis

RNA sequencing (RNA-seq) data from human neuroblastoma
CHP134 cell line (DRR062887), publicly available from the NCBI
Sequence Read Archive, were downloaded. RNA-seq reads were
aligned to the human genome (GRCh38.p12 downloaded from
Ensembl Genome Browser) using HISAT2 (version 2.0.8) and then
converted to bam files. MRNA expression of each gene was assessed
using Broad's Integrated Genome Viewer (IGV 2.4).

2.6 | Construction of expression vectors and stable
cell lines

The full-length ¢cDNA for FGFR2 was purchased from RIKEN
(IRAKO48H18). PCR amplification was performed using the cDNA tem-
plate, and the product was subcloned into pENTR/D-TOPO (Invitrogen)
to generate an entry clone. The forward and reverse primers used for
PCR amplification were 5- CACCATGGGATTAACGTCCACATG -3’
and 5'- TGTTTTAACACTGCCGTTTATGTGTG -3'. Generation of a sta-
ble cell line transduced with a lentiviral-mediated expression system
was performed using the ViraPower Lentiviral Gateway Expression Kit

(Invitrogen), as described previously.?

2.7 | CRISPR/Cas9-mediated gene editing

To ablate the FGFR2 gene, TrueCut Cas9 Protein v2 (Invitrogen)
and TrueGuide Synthetic gRNA targeting FGFR2 gene locus
(CRISPR1089779_SGM, Invitrogen) were cotransfected into cells
using Lipofectamine CRISPRMAX (Invitrogen) according to the man-
ufacturer's instructions. Control cells were transfected with TrueCut
Cas?9 Protein v2 alone. The cells were incubated for 72 hours prior
to analyses.

2.8 | Western blot analysis

Western blot analysis was performed as described previously.?*
Whole-cell extracts (50-100 ug protein) were separated using SDS-
PAGE and were transferred to nitrocellulose membranes (Bio-Rad).
Membranes were blocked and incubated with primary antibodies.
Sixteen hours after incubation, the membranes were washed and
incubated with HRP-coupled secondary antibodies. The proteins
were developed using the ECL Western Blotting Detection Reagent

(GE Healthcare). Signal intensities were detected by a ChemiDoc
XRS+imaging system (GE Healthcare). The antibodies are listed in
Appendix S1.

2.9 | Statistical analysis

Statistical analysis was performed using Microsoft Excel (Microsoft)
and Statcel 4 (OMS Publishing). Statistical differences were analyzed
using ANOVA followed by Scheffé's F test. The results are presented
as the mean + standard deviation (SD).

3 | RESULTS

3.1 | Genomic and genetic alteration of FGFR2 was
identified in CHK1 inhibitor-sensitive CHP134 cells

Recently, we investigated differential sensitivity to the CHK1 inhibi-
tor (CHK1i), PF-477736, in four MYCN-amplified neuroblastoma cell
lines and found that CHP134 cells are highly sensitive to CHK1i.?*
This prompted the investigation of CHP134 genomic and genetic
features to identify a potential characteristic associated with the
sensitivity to CHK1i. For this purpose, a CGH-array was performed
to address genomic aberrations of CHP134 cell lines to compare
these cells with other neuroblastoma cell lines. CHP134 cells possess
1p abnormality and chromosome gain of the MYCN locus (Figure 1A,
purple and blue arrow, respectively)‘”'28 Notably, among the disper-
sive chromosome aberrations, chromosome loss of the distal part
of 10q (Figure 1A, red arrow) was discernable in CHP134 cells, as
compared with the other neuroblastoma cell lines (Figure 1A,B).
Next, it was determined if a genetic alteration was caused by the
genomic aberration of 10q in CHP134 cells. The public RNA-seq da-
tabase (DRR062887) was utilized to explore the alteration of mRNA
expression of known cancer-related genes located in close vicinity
to FGFR2 (10g26.13): MGMT (10q.26.3), MKI167 (10g26.2), and PTEN
(10g23.31). As shown in Figure 1C, FGFR2 mRNA expression was
undetectable compared with other genes in the RNA-seq analysis.
Furthermore, microarray analysis also failed to detect the expres-
sion of two of three probes designed within the coding sequences of
FGFR2 (chr10:123297866-123297807 and 123243276-123243217),
and only feeble expression was captured using the other probe
(chr10:123237843-123237830) (data not shown). These results indi-
cated that FGFR2 gene expression was silenced in CHP134 cells. The
CGH analysis (Figure 1B) suggested that the CHP134 cells are not
likely to be homozygous for the 10q deletion and may carry one copy
of the 10q region, as previously shown in primary tumors and several
neuroblastoma cell lines.!® Therefore, it is plausible that epigenetic
gene silencing, such as promoter hypermethylation of FGFR2, along
with the loss of genomic regions, the so-called loss of heterozygosity
(LOH), within 10g might downregulate FGFR2 transcript levels, but
not those of adjacent genes, MGMT, MKI67, and PTEN. Consistently,
a recent comprehensive analysis showed that the expression levels
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FIGURE 1 Partial loss of chromosome 10q results in alteration of FGFR2 expression in CHP134 cells. A, Genomic signatures of six
neuroblastoma cell lines using comparative genomic hybridization (CGH)-array. The colored histogram represents the rates of gains and
losses for each clone, where the superior areas on the baseline correspond to gain and the inferior areas under the baseline correspond

to loss. A red arrow indicates the partial loss of chromosome 10q. Purple and blue arrows indicate the 1p loss and gain of MYCN locus,
respectively. B, Large image of partial chromosome loss of 10q. The FGFR2 locus in 10g26.13 is depicted in the chromosome deletion (filled
blue area). C, Expression signature of four cancer-associated genes located in chromosome 10q using RNA-sequencing analysis of the
CHP134 cell line. Color images show detectable short-read RNA coverage of each gene locus

of FGFR2 and downstream genes were negatively correlated with
methylation in 32 cancer types.?’

3.2 | FGFR2 expression was associated with poor
outcome in patients and cell growth in neuroblastoma

FGFR2 expression is significantly upregulated in stage 4 neuroblas-
tomas, as well as MYCN-amplified neuroblastomas.’” Consistently,
the database analysis (R2, a Genomics Analysis and Visualization
Platform) revealed that increased FGFR2 expression was correlated
with unfavorable prognosis in 88 neuroblastoma datasets (Versteeg-
88-MAS5.0-u133p2, raw P = .023 and Bonferroni corrected P = 1,
Figure 2A). To study the possible impact of FGFR2 expression on
neuroblastoma cell growth, a CHP134 cell line was introduced by
lentiviral-mediated stable expression of the V5-tag-conjugated
FGFR2 (hereafter referred to as FGFR2 cells) along with V5-tag-
conjugated LACZ-transduced cells as a control (hereafter referred
to as LACZ cells), and then cell viability assays were performed
(Figure 2B). As expected, FGFR2 cells significantly promoted cell
growth compared with LACZ cells, suggesting that FGFR2 had on-
cogenic potential in neuroblastoma. Interestingly, only a modest en-
dogenous expression of FGFR2 protein was detected in CHP134,
SK-N-BE, NBLS, and SMS-SAN cells, while it was clearly detectable
in IMR32 cells and SK-N-AS (Figure 2C). In addition, induced expres-
sion of FGFR2 seemed to decrease the expression of both TP53

and MYCN, suggesting that transcriptional regulation by TP53 and/
or MYCN might affect FGFR2 expression in neuroblastoma. At the
transcriptional levels, FGFR2 mRNA was detected to various levels
among cell lines (Figure 2D). Although FGFR2 protein was clearly
detectable in SK-N-AS cells, the mRNA expression levels of FGFR2
in SK-N-AS cells was relatively downregulated compared with that
in other cell lines, suggesting that the FGFR2 protein might be highly
stable. These results indicated that the expression of FGFR2 might
be caused not only by transcriptional regulation but also possibly by

regulation at the post-transcriptional level.

3.3 | FGFR2 protected against CHK1i-mediated
cell growth inhibition in CHP134 cells through the
activation of MEK/ERK signaling

To further investigate the functional role of FGFR2 in response to
CHK1i, the cell viability of FGFR2 cells and LACZ cells with or with-
out treatment with CHK1i, was assessed. In the present study, we
utilized PF-477736 as a selective CHK1i.2* Intriguingly, increased
concentration of CHK1i remarkably inhibited cell viability in LACZ
cells, whereas FGFR2 cells potently attenuated CHK1i-mediated
cell growth inhibition (Figure 3A). The FGFR family has common key
downstream pathways, such as the RAS-rapidly accelerated fibro-
sarcoma (RAF)-MAPK and the PI3K-AKT axis.*® Next, the respon-
sible pathway that was activated by the reintroduced expression
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FIGURE 2 FGFR2 expression is associated with an unfavorable prognosis and cell growth in neuroblastoma. A, Kaplan-Meier survival
curves of a cohort of 88 patients with neuroblastoma stratified by high or low FGFR2 mRNA expression. bonf P, Bonferroni-corrected
P-value. B, Immunoblot analysis and cell viability assays for indicated cells. CHP134 cells are stably integrated with the V5-tag-conjugated
LACZ gene (LACZ ctrl), the V5-tag-conjugated FGFR2 gene (FGFR2), or are not lentivirally transduced (CHP134). Data are presented as

the mean + standard deviation (SD) of triplicates. *P < .01. C, Immunoblot analysis of various neuroblastoma cell lines using the indicated
antibodies. FGFR2, FGFR2-overexpressing CHP134 cells. D, quantitative RT-PCR analysis of FGFR2 mRNA levels in neuroblastoma cell lines

of FGFR2 was investigated. As indicated in Figure 3B, FGFR2 cells
show increased ERK1/2 phosphorylation levels compared with
those in LACZ cells, but there was no effect on AKT phospho-
rylation levels, suggesting the activation of the RAS-RAF-MAPK
pathway. Consistently, as shown in Figure 3C, treatment with the
MEK1/2i, trametinib, in FGFR2 cells restricts cell growth to certain
levels (40%-50%) but has a limited effect in LACZ cells (10%-20%).
In addition, ERK phosphorylation was elevated in CHK1i-insensitive
SK-N-BE cells compared with that in CHP134 cells and SMS-SAN
cells, both of which were categorized as CHK1i-sensitive cell lines
(Figure 2C).%*

To investigate the role of FGFR2 in CHK1i sensitivity, we genet-
ically engineered FGFR2-ablated SK-N-AS and IMR32 cells using the
CRISPR/Cas-9 system and assessed their sensitivity to CHK1i. As
expected, FGFR2-ablated SK-N-AS cells decreased ERK phosphory-
lation and increased sensitivity to CHK1i (Figure 3D,E). In contrast,

FGFR2-ablated IMR32 cells did not affect ERK phosphorylation or
CHK1i sensitivity (Figure 3D,E). The FGFR2-independent activation
of ERK in IMR32 cells may be causally related to multiple genetic
alterations, such as ALK amplification and PKC activation, because
the corresponding inhibitors moderately abrogated ERK activation
(Figure S5A).Y3132 Taken together, these results suggest a crucial
role of ERK activation in decreasing the sensitivity to CHK1i in neu-

roblastoma cells, regardless of FGFR2 expression.

3.4 | Combined blockade of CHK1 and ERK1/2
potentiated growth inhibition and apoptosis of
neuroblastoma cells

Next, combination treatment with CHK1li and MEK1/2i was
evaluated as a possible strategy for neuroblastoma therapy.
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FGFR2-expressing or FGFR2-ablated neuroblastoma cells were
treated with MEK1/2i in the presence or absence of CHK1i, and
the cellular responses were assessed. As seen in Figure 4A, the ef-
ficacy of the combination treatment for cell growth inhibition was
comparable to that of the single treatment with CHK1i in LACZ
cells (see Figure 3A), whereas a synergistic effect between CHK1i
and MEK1/2i was observed in FGFR2 cells (combination index,3®
0.37). In detail, the combination treatment with 0.5 pmol/L CHK1i
and 5 nmol/L MEK1/2i resulted in 55.0% inhibition of FGFR2 cell
growth (Figure 4A), whereas the same levels of growth inhibition
were achieved with 1.8 pmol/L CHK1i or 36.1 nmol/L MEK1/2i
(Figure S1). Consistent with a previous report about tumor de-
pendency on MEK activity,34 PARP cleavage induced by the single-
agent treatment with MEK1/2i was more notable in FGFR2 cells
than in LACZ cells (Figure 4B, lanes 3 and 7). Thus, MEK1/2i might
be a potential candidate for combination treatment with CHK1i to
restore decreased sensitivity.

To further assess the mechanistic insights, levels of DNA damage
and apoptotic induction in LACZ cells and FGFR2 cells treated with
CHKZ1i and/or MEK1/2i were investigated. As shown in Figure 4B,
MEK1/2i efficiently blocked ERK1/2 phosphorylation (lanes 3, 4, 7,

and 8). As expected, treatment with CHK1i alone or the combina-
tion treatment with MEK1/2i induced DNA damage accumulation,
as judged by the levels of histone variant phospho-histone H2A.X
at Ser139 (yH2AX, lanes 2, 4, 6 and 8). The levels of DNA damage
were lower in LACZ cells than in FGFR2 cells, suggesting the pres-
ence of more frequent massive apoptotic cell death with exhaustion
of DDR in LACZ cells than in FGFR2 cells. Consistently, apoptotic
induction detected by cleaved caspase-3 and cleaved PARP was
slightly increased in LACZ cells compared with that in FGFR2 cells.
Similarly, clonogenic survival at 6 days after combination treat-
ment with MEK1/2i, the cells showed significant growth inhibition
(Figure S2A) with apoptotic induction (Figure S2B) compared with
that after single-agent treatment with CHK1i, whereas the levels of
H2AX phosphorylation were comparably weak in both treatment
conditions, suggesting exhaustion of DDR.

As previous findings showed that CHK1i strongly induced DDR
in cells,?* we determined whether the combined effect could be re-
producible with a conventional DNA damage agent, GEM, instead
of CHK1i. Combination treatment with 0.1 nmol/L GEM and 1 nmo-
I/L MEK1/2i resulted in 51.3% inhibition of cell growth in FGFR2
cells (Figure S3A), whereas the same levels of growth inhibition were
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achieved with the single agents at 0.94 nmol/L GEM or 21.4 nmol/L
MEK1/2i (Figures S1 and S3B), indicating synergistic effect between
GEM and MEK1/2i (combination index, 0.15). Further investigation
is needed to discriminate the therapeutic advantage of CHK1i from
conventional cytotoxic agents for specific killing cancer cells and to
reduce adverse side effects in patients.

To determine whether the combined effect applied to neuro-
blastoma cell lines other than CHP134 cells, we generated SMS-SAN
cells, which overexpressed FGFR2 or LACZ using a lentiviral-mediated
stable expression system (Figure S4A). FGFR2-overexpressing SMS-
SAN cells showed attenuated CHK1i sensitivity compared with
the control LACZ cells (Figure S4B), whereas little or no increased
sensitivity to MEKi or the combination treatment of CHK1i and
MEKIi, respectively, compared with the control cells (Figure S4C and
Figure 4C). Interestingly, a slight apoptotic response was detected
in both stable cells; yH2AX expression was attenuated only in
FGFR2-overexpressing SMS-SAN cells (Figure 4D), suggesting that

induced FGFR2 expression may contribute to activating survival
signaling other than MEK-ERK in SMS-SAN cells. To elucidate the
possible contribution of other survival signaling pathways in distin-
guishing the responses of FGFR2-overexpressing CHP134 cells and
SMS-SAN cells, we assessed the expression of antiapoptotic BCL2
in response to the single or combination treatment.!” Interestingly,
FGFR2-overexpressing CHP134 cells, which are sensitive to
MEK1/2i showed reduced expression of BCL2 in response to the
singular treatment of MEK1/2i and its combination treatment with
CHK1i (Figure 4B, lanes 7 and 8), whereas FGFR2-overexpressing
SMS-SAN cells, which are relatively insensitive to MEK1/2i, did not
alter BCL2 expression in response to either the singular or the com-
bination treatment (Figure 4D, lanes 7 and 8). We further evaluated
the combined effect of these inhibitors in IMR32 cells, which ex-
hibit continuous activation of ERK in an FGFR2-independent man-
ner, and in FGFR2-ablated SK-N-AS cells, in which ERK activation is
abrogated. As expected, CHK1i-mediated cell growth inhibition was
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further potentiated by MEK1/2i in IMR32 cells but not in FGFR2-
ablated SK-N-AS cells (Figure 5A,B). We confirmed that BCL2 ex-
pression is abrogated in response to either MEK1/2i treatment alone
or its combined treatment with CHK1i along with inducing apoptosis
in IMR32 cells (Figure S5B).

Collectively, these results suggested that combination therapy
of CHK1i and MEK1/2i might be effective in treating neuroblasto-
mas. However, the efficacy of this therapeutic strategy could be
profoundly affected by the cellular dependency of a cell survival sig-

naling such as BCL2-mediated antiapoptotic signaling.

4 | DISCUSSION

The phase | study of PF-477736, a first generation of CHK1i,
with GEM in adult patients with advanced solid malignancies
(NCT00437203) was terminated due to business reasons, and
therefore, the potential clinical benefits of this drug were not
conclusively addressed. To date, several selective CHK1is, as well
as inhibitors of its upstream DNA damage sensor kinase, ATR,
have been developed in clinical trials.®® Prexasertib (LY2606368),
a second generation of CHK1i, has been evaluated in adult and
pediatric patients with cancer.®® Prexasertib exerts potent anti-
proliferative effects on cell lines and in xenograft mouse models
of neuroblastoma.?”*® Results from a phase | trial of prexasertib

on pediatric patients with recurrent or refractory solid tumors
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(A),
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(NCT02808650) were recently reported, but the therapeutic ben-
efit in neuroblastoma patients remains inconclusive.>’ Notably,
a phase Il study (NCT02873975) evaluating the effects of prex-
asertib in adult patients with advanced solid tumors with RS or
HRR deficiency is ongoing and will provide insight into the im-
portance of those deficiencies for CHK1i sensitivity. It has been
suggested that MYCN amplification be recognized as potentiating
oncogene-induced RS, because c-MYC, the most noted MYC fam-
ily member dysregulated in various cancers, plays essential roles
in DNA replication.*®*! The 11q loss, the other predictive marker
for poor prognosis of neuroblastomas,*? harbors four prominent
genes responsible for faithful DNA replication and repairing
double-strand breaks, ATM, CHK1, MRE11, and H2AFX, implicat-
ing genetic vulnerability of neuroblastomas to DDR-targeting
agents, such as PARP inhibitors.*%%4 Remarkably, CHP134 cells
have impaired ATM downstream signal activation by structural
maintenance of chromosomes protein 1 (SMC1) phosphorylation,
indicating partial deficiency of DDR.** Therefore, it is conceiv-
able that CHP134 cells exhibiting MYCN amplification and ATM
pathway deficiency are highly sensitive to CHK1i (Figure 5C).
Importantly, FGFR2-overexpressing CHP134 cells showed de-
creasing sensitivity to CHK1i with ERK activation, suggesting the
FGFR2-MEK-ERK axis may overcome the vulnerability attributed
to either RS or HRR deficiency. Recent genomic deep-sequencing
studies in relapsed neuroblastomas have revealed a clonally en-

riched somatic mutation converging on the RAS-MAPK pathway in
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FIGURE 5 Differential effect of CHK1 inhibitor (CHK1i) and MEK1/2 inhibitor (MEK1/2i) in neuroblastoma cells with or without FGFR2
expression. A and B, Cell viability assays in IMR32 cells and SK-N-AS cells, in which FGFR2 is ablated or not (FGFR2 KO or Ctrl, respectively)
after treatment with CHK1i (PF-477736) and MEK1/2i (trametinib) at the indicated combination of each concentration for 48 h. Relative
viable cell numbers are normalized by those of untreated IMR32 cells or the corresponding untreated SK-NAS cells. Statistical significance is
presented as the mean + standard deviation (SD) of triplicates. *P < .01. NS, not significant. C, Schematic representation of the differential
response to CHK1i and MEK1/2i in CHP134 cells or FGFR2-overexpressing cells. DDR impaired “4, in 5C is described in Takagi et al.** DDR,

DNA damage response
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an activating manner,*>4¢

and MEK inhibitors efficiently decrease
tumor growth of mouse xenografts formed by neuroblastoma cell
lines with RAS-MAPK mutations, SK-N-AS cells and NBL-S cells,
suggesting clinical benefit for relapsed neuroblastomas.*

The idea of using CHK1i and MEK1/2i drug combination as a ther-
apeutic strategy originally arose from in vitro studies on hematologic
malignancies and prostate cancer, which demonstrated that CHK1i
treatment induces ERK1/2 phosphorylation*’; the present results
are consistent with these observations (Figure 4B, lane 2). Further,
1 nmol/L MEK1/2i inhibited cell growth by 40%-50% in FGFR2 cells
(Figure 3C), whereas this efficacy was reduced to 30% in combina-
tion treatment with 0.1 pmol/L CHK1i (Figure 4A). Therefore, it is
emphasized that neuroblastomas with aberrant activation of the RAS-
MAPK pathway may not be recommended for single-agent therapy
of CHK1i, but combination therapy with adequate concentrations of
MEK1/2i should be preferred. Moreover, we observed that the sensi-
tivity to either MEK1/2i alone or its combined treatment with CHK1i
in FGFR2-overexpressing cells was associated to BCL2 expression.
Taken together with the role of the FGFR2-PKC-BCL2 axis for cisplatin
resistance in neuroblastomas,!’ PKC inhibitor may warrant consider-
ation for neuroblastoma therapy.

In summary, the present study revealed that loss of FGFR2 in
neuroblastoma CHP134 cells, which have MYCN amplification and
somewhat defective DDR, is responsible for CHK1i sensitivity, in-
dicating the beneficial therapeutic role of CHK1i in neuroblastoma.
Induced expression of FGFR2 in CHP134 cells activated ERK1/2 and
might protect cells from CHK1i-induced excessive DNA damage,
but sensitized cells to MEK1/2i. However, sensitivity to MEK1/2i is
more likely to be restricted by the cellular dependency of the sur-
vival pathways, such as antiapoptotic BCL2 signaling (Figure 5C);
therefore, further studies are required to unveil the therapeutic
implication of targeting the FGFR2-mediated signaling pathway in
unfavorable neuroblastomas.
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