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Abstract

MYCN gene amplification is consistently associated with poor prognosis in patients
with neuroblastoma, a pediatric tumor arising from the sympathetic nervous sys-
tem. Conventional anticancer drugs, such as alkylating agents and platinum com-
pounds, have been used for the treatment of high-risk patients with MYCN-amplified
neuroblastoma, whereas molecule-targeting drugs have not yet been approved.
Therefore, the development of a safe and effective therapeutic approach is highly
desired. Although thymidylate synthase inhibitors are widely used for colorectal and
gastric cancers, their usefulness in neuroblastoma has not been well studied. Here,
we investigated the efficacies of approved antifolates, methotrexate, pemetrexed,
and raltitrexed (RTX), on MYCN-amplified and nonamplified neuroblastoma cell lines.
Cell growth-inhibitory assay revealed that RTX showed a superior inhibitory activity
against MYCN-amplified cell lines. We found no significant differences in the protein
expression levels of the antifolate transporter or thymidylate synthase, a primary
target of RTX, among the cell lines. Because thymidine supplementation could rescue
the RTX-induced cell growth suppression, the effect of RTX was mainly due to the
reduction in dTTP synthesis. Interestingly, RTX treatments induced single-stranded
DNA damage response in MYCN-amplified cells to a greater extent than in the non-
amplified cells. We propose that the high DNA replication stress and elevated levels
of DNA damage, which are a result of deregulated expression of MYCN target genes,

could be the cause of increased sensitivity to RTX.
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1 | INTRODUCTION

Neuroblastoma is a neuroendocrine tumor originating from the neu-
ral crest cells and is the most common extracranial solid tumor of
childhood.>? It is a rare disease with approximately 200 cases per
year reported in Japan.® To date, several clinical staging systems
have been proposed for this disease. Among them, the International
Neuroblastoma Staging System is widely used as a postsurgical stag-
ing system.?* Recently, the International Neuroblastoma Risk Group
Staging System was proposed as a new staging system for pretreat-
ment risk classification.” By combining these staging systems with
other prognostic factors (eg age at diagnosis, tumor histology, and
genetic aberrations), neuroblastoma patients can be classified into
4 groups: very-low-risk, low-risk, intermediate-risk, and high-risk.
Although driver gene mutations are rare in neuroblastoma at di-
agnosis, gene amplification of MYCN, a member of the MYC gene
family, is consistently associated with poor prognosis.® N-Myc, the
gene product of MYCN, forms a transcriptional complex with MAX
and regulates the expression of multiple target genes.7'8 It has been
reported that MYCN amplification is a characteristic feature of the
high-risk group and that the 5-year event-free survival rate in a large
patient cohort was 29%.°

For the treatment for high-risk neuroblastoma patients, combi-
nation chemotherapies are used as induction therapy.z*3 The treat-
ment regimens include alkylating agents (cyclophosphamide and
ifosfamide), platinum compounds (cisplatin and carboplatin), the
topoisomerase-ll inhibitor etoposide, and the anthracycline THP-
adriamycin. However, in addition to the low cure rates, the incidence
of nephrotoxicity and bone marrow suppression associated with
high-dose chemotherapy have raised serious concerns. Therefore,
new therapeutic approaches for high-risk neuroblastoma patients
are the need of the hour.

Although anticancer drugs targeting thymidylate ({TMP) biosyn-
thesis pathways are widely used for cancer therapy over the past
60 years,” their clinical usefulness for neuroblastoma patients have
not been well examined. Thymidylate synthase, a central enzyme in
the “de novo” dTMP synthesis pathway, catalyzes the conversion of
dUMP to dTMP, which is further phosphorylated to a triphosphate
form (dTTP) by dTMP kinase (TMPK) and nucleotide diphosphate
kinase (Figure $1).1° Therefore, the inhibition of the enzymatic activ-
ity of TS by a small chemical compound leads to a dTTP deficiency,
which in turn inhibits DNA synthesis in the cancer cells. At pres-
ent, 5-fluorouracil, a fluorinated pyrimidine, and its prodrugs are
most widely used as TS inhibitors for the treatment of colorectal
and gastric cancers.” The second class of TS inhibitors is antifolates
that are structurally similar to folates. To date, 4 antifolate drugs,
MTX, PTX, RTX, and pralatrexate are approved as anticancer drugs.’
Antifolates are incorporated into cancer cells primarily through a
membrane transporter named RFC encoded by the SLC19A1 gene
(Figure S1). After entering the cell, they are polyglutamated by the
FPGS and are retained within the cell. The polyglutamated forms
of antifolates can inhibit the enzymatic activities of TS, DHFR, and

GAREFT, resulting in dTMP deficiency and subsequent imbalance in

the nucleotide pool.9 Interestingly, a recent study reported that the
MYCN-amplified neuroblastoma cells show an enhanced folate de-
pendence and high MTX sensitivity.!! Because the SLC19A1 gene is
adirect transcriptional target of N-Myc, the levels of RFC protein are
high in the MYCN-amplified cells, and therefore, the incorporation
of MTX is thought to be enhanced. However, there was no direct
experimental evidence that shows higher MTX uptake in the MYCN-
amplified cell lines than in MYCN nonamplified cell lines. Moreover,
SLC19A1 knockdown experiments to account for the importance of
RFC in their observation were not carried out. Thus, the molecular
mechanisms underlying high MTX sensitivity observed in MYCN-
amplified neuroblastoma cell lines are still unclear.

In this study, we examined the efficacies of the antifolate drugs
MTX, PTX, and RTX, in MYCN-amplified and nonamplified neuro-
blastoma cell lines. We found that RTX was the most potent antifo-
late against the MYCN-amplified neuroblastoma cells. The molecular
mechanisms underlying the MYCN-amplified cell-specific growth
suppression and its clinical potential as a new treatment for high-risk

neuroblastoma were discussed.

2 | MATERIALS AND METHODS
2.1 | Cell culture and reagents

SK-N-BE(2), SK-N-AS, and SH-SY5Y cells were obtained from the
ATCC (USA). LAN-5 and SK-N-FI cells were obtained from the
Childhood Cancer Repository (USA). NB-39, LAN-1, and SK-N-SH
cells were obtained from the RIKEN BRC Cell Bank (Japan). IMR-32
cells were obtained from the JCRB Cell Bank (Japan). KELLY cells were
kindly provided by Dr N. Hattori (National Cancer Center Research
Institute, Tokyo, Japan). The neuroblastoma cells were cultured
in a standard medium with 10% heat-inactivated FBS in a humidi-
fied atmosphere containing 5% CO, at 37°C. The following culture
medium were used: MEM (M4655; Sigma-Aldrich) for IMR-32, SK-
N-BE(2), SK-N-SH, and SH-SY5Y; RPMI-1640 (R8758, Sigma-Aldrich)
for KELLY, LAN-1, LAN-5, NB-39, and SK-N-Fl; and DMEM (D5796;
Sigma-Aldrich) for SK-N-AS. Carboplatin (C2043) and cisplatin
(D3371) were purchased from Tokyo Chemical Industry. Etoposide
(E1383), RTX (R9156), methotrexate (M6770), PTX (SML1490), and
thymidine (T1895) were purchased from Sigma-Aldrich.

2.2 | Cellviability assay and IC calculation

The cell growth-inhibitory activities of antifolate drugs on MYCN-
amplified neuroblastoma cell lines (IMR-32, SK-N-BE(2), KELLY,
LAN-1, LAN-5, and NB-39) and nonamplified cell lines (SK-N-AS, SK-
N-FI, SK-N-SH, and SH-SY5Y) were compared. Cells were cultured in
a 96-well microplate (3860-096; IWAKI) for 24 hours to permit ad-
herence, and then treated with 0.01 nmol/L-100 pmol/L MTX, PTX,
and RTX for 72 hours. At the end of the incubation time, 200 pmol/L

alamarBlue solution (resazurin sodium salt, R7017; Sigma-Aldrich)
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was added to each well and the plates were incubated again for
2 hours. The fluorescence was measured with excitation wavelength
at 560 nm and emission wavelength at 590 nm using PoweScan4
plate reader (BioTek). The absolute IC. values were calculated using
GraphPad Prism 8.3.0 (GraphPad Software). The absolute IC,, val-
ues of etoposide, cisplatin, and carboplatin were also determined
based on their growth inhibitory activity against IMR-32 and SH-
SY5Y cells. These 2 well-studied cell lines were used owing to their

doubling times being reportedly almost the same.*

2.3 | Western blot analysis and Abs

The cells were lysed with NET-N buffer? (20 mmol/L Tris-HCI [pH
8.0], 150 mmol/L NaCl, 1 mmol/L EDTA, and 0.5% NP-40) containing
protease and phosphatase inhibitor cocktail (25955-24 and 07574-
61; Nacalai Tesque). Protein concentrations were measured by using
the BCA protein assay reagent (23225; Thermo Fisher Scientific).
For western blotting, 5 or 10 pg total protein was subjected to SDS-
PAGE and separated proteins were then transferred to the PVDF
membrane (IPVH00010; Merck). The following Abs were used:
N-Myc (D4B2Y) rabbit mAb (#51705; Cell Signaling Technology), re-
duced folate carrier/SLC19A1 Ab (NBP1-59904; Novus Biologicals),
thymidylate synthase (D5B3) XP rabbit mAb (#9045; Cell Signaling
Technology), DHFR rabbit polyclonal Ab (15194-1-AP; Proteintech),
monoclonal anti-p-actin clone AC-15 (A5441; Sigma-Aldrich), cleaved
PARP (Asp214) (D64E10) XP rabbit mAb (#5625; Cell Signaling
Technology), cleaved caspase-3 (Asp175) (5A1E) rabbit mAb (#9664;
Cell Signaling Technology), anti-phospho-histone H2A.X (Ser139)
clone JBW301 (#05-636; Merck), phospho-Chk1/2 Ab sampler kit
(#9931; Cell Signaling Technology), RPA32/RPA2 (4E4) rat mAb
(#2208; Cell Signaling Technology), monoclonal mouse anti-Human
p53 protein clone DO-7 (M7001; Agilent), p21 Waf1/Cip1 (12D1)
rabbit mAb (#2947; Cell Signaling Technology), anti-rabbit IgG, HRP-
linked antibody (#7074; Cell Signaling Technology), anti-mouse IgG,
HRP-linked antibody (#7076; Cell Signaling Technology), and anti-
rat 1gG, HRP-linked antibody (#7077; Cell Signaling Technology).
Chemiluminescent signals were detected on the Amersham Imager

TABLE 1 Status of MYCN and absolute
IC;, values for methotrexate (MTX),
pemetrexed (PTX), and raltitrexed (RTX) in
10 neuroblastoma cell lines

Cell line

IMR-32
SK-N-BE(2)
KELLY
NB-39
LAN-5
LAN-1
SK-N-AS
SK-N-FI
SK-N-SH
SH-SY5Y

Cancer Science NuIia aaa

680 (GE Healthcare Life Sciences). Signal intensities were quantified
using the Amersham Imager 680 analysis software version 2.0.0.

2.4 | Fluorescein methotrexate assay

The fluorescein methotrexate assay was undertaken as described
previously.'*** Briefly, MYCN-amplified cells (IMR-32 and KELLY)
and nonamplified cells (SH-SY5Y and SK-N-FI) were seeded in a
60-mm dish (1.0 x 10° cells per dish) and cultured for 24 hours at
37°C. The culture medium was then replaced with fresh MEM con-
taining 1-10 pmol/L F-MTX (M1198MP; Thermo Fisher Scientific),
and the cells were cultured again for 2 hours. The medium was then
replaced with fresh culture medium without F-MTX and incubated
for 30 min at 37°C. The cells were collected, and 20 000 cells were
analyzed by the Gallios flow cytometer (Beckman Coulter) with exci-

tation at 488 nm and emission at 525 nm.

2.5 | Statistical analysis

Two-tailed Student’s t test was used for statistical analysis. P < .05

was considered significant.

3 | RESULTS

To investigate drug efficacies, we determined IC,, values of anti-
folate drugs MTX, PTX, and RTX, against a series of MYCN-amplified
and nonamplified neuroblastoma cell lines. Absolute IC, values are
presented in Table 1. The viabilities of the most MYCN nonamplified
cell lines were above 50% at maximum concentration (Figure 1A).
The determined IC,, values of MTX against neuroblastoma cell
lines were comparable with those reported in a previous study.!!
Interestingly, the potencies of RTX were the highest among the an-
tifolate drugs we tested. Furthermore, the high-level RTX resistance
was observed in the MYCN nonamplified cell lines. This prompted
us to compare the efficacy of RTX with those of anticancer drugs

MTXIC,, PTXIC,, RTXIC,,
MYCN status (nmol/L) (nmol/L) (nmol/L)
Amplified 34+26 88+1.8 57+18
Amplified 100 + 6.7 120+ 21 61+21
Amplified 53+17 99 +6.4 8.9 +0.64
Amplified 72+6.7 130 + 40 16 £3.2
Amplified 100 £ 4.0 290+ 95 25+78
Amplified 97 +£1.8 > 100 000 54 +11
Nonamplified 210+ 48 >100 000 >100 000
Nonamplified >100 000 >100 000 >100 000
Nonamplified >100 000 >100 000 >100 000
Nonamplified >100 000 >100 000 >100 000
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FIGURE 1 High sensitivity of MYCN-amplified neuroblastoma cell lines to raltitrexed (RTX). A, Dose-response curves to methotrexate
(MTX), pemetrexed (PTX), and RTX at 72 hours of incubation for a panel of 6 MYCN-amplified (MNA) and 4 MYCN nonamplified
neuroblastoma cell lines (mean + SE, n = 3). The regions corresponding to IC,, values against MNA cell lines are marked by a light gray
shading. B, IC;, values of RTX, MTX, etoposide, cisplatin, and carboplatin against IMR-32 (MYCN-amplified) and SH-SY5Y (nonamplified) cell

lines (mean + SE, n = 3). 1 I1C,, > 100 pmol/L. *P<.01

used in induction therapy for high-risk neuroblastoma. As shown in
Figure 1B, the efficacy of etoposide was comparable between the
2 cell lines and the calculated IC, values of the 2 platinum com-
pounds were approximately 10 times lower in the IMR-32 cells.
Compared with these conventional drugs, RTX showed the highest
cell growth-inhibitory activity and selectivity against the IMR-32
cells, a MYCN-amplified cell line. These results suggested that RTX
would be one of the most beneficial compounds for the treatment of
MYCN-amplified neuroblastoma from the viewpoints of efficacy and
selectivity to MYCN-amplified cells.

Consistent with a previous report, our study identified that MTX
was effective against a wide variety of MYCN-amplified neuroblas-
toma cell lines; however, the molecular mechanisms that enhance the

efficacies of antifolates are still unclear. One possible explanation

for this observation was that the N-Myc directly upregulates the ex-
pression of the RFC, the gene product of SLC19A1, and therefore,
antifolates can be incorporated into the MYCN-amplified cells effec-
tively. !t Although the authors examined the relationship between
MYCN and SLC19A1 gene expression by quantitative PCR assay, the
SLC19A1 gene expression levels were almost similar among most of
the cell lines tested. Moreover, the expression levels of RFC protein
were not determined by western blotting. We, therefore, examined
the correlation between N-Myc and RFC protein expression. The
protein levels were found to be varied in different cell lines and there
was no significant difference between the 2 groups (Figure 2A,B).
It has been reported that the low expression of TS or DHFR is a
predictive factor for a good response to antifolates.'® As a result, in

our study, high TS protein expression was observed in LAN-1 cells,
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FIGURE 2 Protein expression levels of reduced folate carrier
(RFC), thymidylate synthase (TS), and dihydrofolate reductase
(DHFR) and their correlation with N-Myc expression. A, Cell
lysates were subjected to western blot analysis with anti-N-Myc,
anti-RFC, anti-TS, anti-DHFR, and anti-p-actin Abs. B, Protein
expression levels of RFC, TS, and DHFR (normalized against
B-actin) in 6 MYCN-amplified and 4 MYCN nonamplified (Nonamp)
neuroblastoma cell lines. C, Flow cytometric analysis of fluorescein
methotrexate (F-MTX) incorporation in 2 MYCN-amplified (IMR-32
and KELLY) and 2 MYCN nonamplified (SH-SY5Y and SK-N-FI) cells.
Cells were incubated with 0O, 1, 3, and 10 pmol/L F-MTX for 2 h and
washed with fresh culture medium without F-MTX for 30 min. A
total of 20 000 cells were analyzed by flow cytometer

a MYCN-amplified cell line; however, the protein levels of TS were
almost similar among the other neuroblastoma cell lines (Figure 2B).
These analyses showed that the protein levels of two key mole-
cules, RFC and TS, were not the cause of the high selective inhibi-
tory activity of RTX against MYCN-amplified cell lines. Interestingly,
significantly high DHFR protein expression was observed in MYCN-
amplified cell lines (Figure 2B).

As a next step, we sought to directly examine whether the ef-
ficiency of RTX incorporation can be affected by the MYCN status.
Unfortunately, isotope-labeled RTX or fluorescein-labeled RTX is
not commercially available; thus, we utilized F-MTX.**** Because
both MTX and RTX are incorporated by RFC on the cell membrane
(Figure S1), it is possible to evaluate the efficiency of RTX incorpora-
tion by using F-MTX. As a result, all the cells were effectively labeled
by F-MTX in a dose-dependent manner (Figure 2C). In general, the
efficient excretion of MTX from the cell can be a molecular mecha-
nism for drug resistance. We confirmed that longer washout time up
to 2 hours did not affect the fluorescence intensity of SH-SY5Y cells
(data not shown). As described above, MTX is polyglutamated by
FPGS in the cytosol, and thus, the incorporated MTX will be retained
for long periods of time. In summary, our analyses showed that MTX
can be incorporated into both MYCN-amplified and nonamplified
neuroblastoma cells to similar extent, suggesting that drug incorpo-
ration is not critical for differences in sensitivity to the antifolates.

It has been postulated that lowered cellular dTTP level arising
from TS inhibition is the molecular mechanism underlying RTX activ-
ity.” To exclude the possibility that RTX or its metabolite can inter-
fere with other biological pathways, particularly in MYCN-amplified
cells, we tested whether the growth arrest was canceled by dTMP
supplementation. In addition to the “de novo” synthesis of dTMP,
the cells are capable of producing dTMP by the salvage pathway
that is mediated by thymidine kinase (Figure 3A).}° Because most
cell culture media (exceptions include Ham’s F12 and Alpha-MEM)
do not contain thymidine, the salvage pathway cannot be used in
cultured cells. IMR-32 cells were treated with MEM containing vari-
ous concentrations of RTX in the presence of 1-10 pmol/L thymidine.
As shown in Figure 3B, the growth inhibition of IMR-32 cells was
rescued by thymidine supplementation (more than 3 pmol/L). This
indicated that the thymidine salvage pathway was active in IMR-32
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cells and that dTMP shortage after TS inhibition by RTX was the sole
cause of the cell growth arrest.

As the next step toward understanding the mechanism of RTX-
induced cell growth inhibition, we compared 2 neuroblastoma cell
lines, IMR-32 and SH-SY5Y, for their cell growth rate and DNA
damage response during RTX treatment. IMR-32 cells were treated
with near-IC;, of RTX (10 nmol/L) for 72 hours. Because of their
extraordinary resistance to RTX, SH-SY5Y cells were treated with an
additional concentration of 10 pmol/L RTX. As shown in Figure 4A,
RTX treatment affected the cell growth rate of IMR-32 cells but had
a modest effect on SH-SY5Y cells. A clear suppression effect on the
IMR-32 cells was observed after 48 hours of treatment, which was
consistent with the increased levels of apoptotic cell death deter-
mined by western blotting for cleaved PARP and cleaved caspase-3
(Figure 4B). In addition, the accumulation of y-H2AX, a DNA dam-
age marker, was observed in IMR-32 cells after 48 hours of RTX
treatment. A relatively low amount of y-H2AX was detected in the
SH-SY5Y cells at 72 hours. To gain further insight into the different
DNA damage response to RTX, we examined the phosphorylation
status of DNA damage checkpoint kinases, Chk1 and Chk2, by west-
ern blotting. As shown in Figure 4C, the peak phosphorylation of
Chk1 at Ser345, which was phosphorylated by ATR kinase after the
formation of single-stranded DNA,* was observed at 48 hours. It
is widely known that RPA, a single-stranded DNA binding protein,
is hyperphosphorylated by PI3K-related protein kinases (ATR, ATM,
and DNA-dependent protein kinase) in response to DNA damage.'’
Consistent with this, phosphorylation of RPA2 at Ser4 and Ser8

pathway to produce dTMP. Exogenous
thymidine is phosphorylated by thymidine
kinase (TK). dTMP is then phosphorylated
to triphosphate form (dTTP) by

dTMP kinase (TMPK) and nucleotide
diphosphate kinase (NDPK). B, IMR-32
cells were treated with minimum essential
medium containing various concentrations
of RTX (in the presence of 0, 1, 3, and

10 pmol/L thymidine)

+ 10 pmol/L Thymidine

+ 3 umol/L Thymidine

+ 1 pumol/L Thymidine
Control

was clearly detected after 48 hours of treatment. This was also
confirmed by the high-molecular-mass smear bands of total RPA2
(Figure 4C, arrowhead). The phosphorylation of Chk2 at Thré8,
which was phosphorylated by ATM kinase after DNA double-strand

break,

was detected at 48 hours, and the phosphorylation peaked
at 72 hours. Although a similar DNA damage response was ob-
served in the SH-SY5Y cells after 72 hours of RTX treatment even
at 10 nmol/L, the phosphorylation levels of Chk1l and RPA2 were
relatively low. Stabilization of p53 and subsequent accumulation of
p21, a potent cyclin-dependent kinase inhibitor, were observed in
both cell lines at similar levels. However, the induction of apoptosis
in IMR-32 cells was preceded by the p21 accumulation. These results
suggest that exposure of single-stranded DNA after dTTP depletion
and subsequent DNA double-strand break formation were the main

causes of IMR-32 cell growth suppression by RTX.

4 | DISCUSSION

Although antifolates are widely used as anticancer drugs, their
usefulness in the treatment of neuroblastoma patients has not
been fully investigated. We found, for the first time, that RTX is
the most potent antifolate drug to treat MYCN-amplified neuro-
blastoma cells. In contrast to the molecular mechanism proposed
in a previous study,’* MTX can be incorporated into both MYCN-
amplified and nonamplified neuroblastoma cells with similar effi-

ciencies, and therefore, we focused on the DNA damage response
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FIGURE 4 Differences in cellular response to raltitrexed

(RTX) treatment. A, IMR-32 (MYCN-amplified) and SH-SY5Y
(nonamplified) cells were treated with 10 nmol/L or 10 pmol/L RTX
for 72 h. Cell numbers were determined by alamarBlue assay every
24 h. Data represent the mean of triplicate and bars show SEs.

B, Detection of apoptotic cell death markers (cleaved poly(ADP-
ribose) polymerase [PARP] and cleaved caspase-3) and DNA
damage marker (y-H2AX). Cells were collected every 24 h after

10 nmol/L of RTX treatment and subjected to western blotting. C,
Detection of DNA damage response makers. Cells were collected
every 24 h after 10 nmol/L of RTX treatment and subjected to
western blotting. Arrowhead shows high-molecular-mass smear
bands of total replication protein A2 (RPA2). Chk, checkpoint kinase

induced by RTX treatment. We observed apoptotic cell death in
IMR-32 cells 48 hours after RTX treatment, which was coupled with
y-H2AX formation. A detailed time-course analysis revealed that
single-stranded DNA formation, which was determined by Chk1
and RPA2 phosphorylation, was higher in IMR-32 cells than in SH-
SY5Y cells. Subsequent dsDNA damage formation was confirmed
by phosphorylated Chk2. These differences in the DNA damage
response might explain the molecular mechanisms underlying RTX
sensitivity observed in our experiments. It is widely known that the
high levels of DNA replication stress are induced by aberrant MYC
or MYCN expression.'® Therefore, basal DNA damage levels are
thought to be high in MYCN-amplified neuroblastoma cells. To cope
with this, several DNA repair genes (eg APEX1, MRE11, and PARP1)

“MYCN amplification”
>
|
1

DNA replication

}

DNA replication

/ stress [\

-@

Low dTTP DNA
concentration repair
DNA damage
Cell death

FIGURE 5 Schematic representation of the molecular
mechanism of raltitrexed (RTX)-induced DNA damage and cell
death. Overexpression of N-Myc promotes DNA replication,

which in turn causes high levels of DNA replication stress and

DNA damage. DNA replication stress is further enhanced by
reduced dTTP concentration after RTX treatment, which leads to
apoptotic cell death in the MYCN-amplified neuroblastoma cells. TS,
thymidylate synthase
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are upregulated by N-Myc.s’w’20 It has generally been thought that
MYCN-amplified neuroblastoma cells can survive by balancing accel-
erated DNA replication stress and enhanced DNA repair.’’ In such
a condition, the cellular dTTP deficiency because of TS inhibition
can induce high levels of DNA replication stress and DNA damage
in MYCN-amplified cells. In addition, reduced levels of dTTP would
inhibit the DNA repair process. For example, an adequate amount of
dNTP will be required for gap-filling DNA synthesis during the DNA
repair process. Accordingly, we suggest that TS inhibition induces
apoptotic cell death specifically in MYCN-amplified neuroblastoma
cells by increasing DNA damage (Figure 5).

New therapeutic approaches for high-risk neuroblastoma pa-
tients have been developed. For example, immunotherapies using
anti-GD2 chimeric mAb or CAR-T are currently being evaluated.®
To identify new therapeutic target molecules for treating MYCN-
amplified neuroblastoma, we have undertaken a genome-wide
shRNA library screening by using a commercial library comprising
over 80 000 shRNA constructs targeting approximately 16 000
human genes (S. Kiyonari, unpublished data). Briefly, IMR-32 (MYCN-
amplified) and SH-SY5Y (MYCN nonamplified) cells were transduced
with lentiviruses carrying the shRNA sequences. The relative abun-
dance of shRNA constructs in each cell line were then quantified by
next-generation sequencing. Interestingly, the dUTPase and TMPK
were identified as important molecules, especially for the IMR-32
cells. As shown in Figure S1, they play important roles in de novo
dTMP biosynthesis. This finding also indicates the importance of the
pathway for MYCN-amplified neuroblastoma cells. Thus, the devel-
opment of new small molecule inhibitors against these enzymes is
desirable. In fact, inhibitors against dUTPase?! and DTYMK?22 are
under investigation as therapeutic agents for certain types of cancer.

Our experiments cannot explain why RTX shows superior growth
inhibition in MYCN-amplified cells. The most plausible explanation
for this is that the intrinsic TS inhibitory activity of RTX is the highest
among the approved antifolates. In general, the inhibition constants
differ among previously reported studies because of differences in
factors such as enzyme activities of purified protein, reaction condi-
tions, and calculation methods. Therefore, we summarized inhibition
constant values of the antifolates toward the recombinant TS, DHFR,
and GARFT, based on the reports from the same group (Table §1).242°
Both MTX and RTX have weak inhibitory activity against GARFT, and
their primary target is DHFR and TS, respectively. Considering that
RTX showed the strongest cell growth-inhibitory activity, specific in-
hibition of TS would be more effective in the MYCN-amplified cells.
In contrast, PTX has broad inhibitory activities, and therefore, it is
called a “multitargeted drug”.?% In addition to these 3 enzymes, am-
inoimidazole-carboxamide ribonucleotide formyltransferase is also
known as a molecular target of PTX. Although the inhibitory activity
of RTX on the recombinant TS protein is similar to that of PTX, the
cell growth-inhibitory activity of RTX is more potent than PTX. We
consider that the broad spectrum of the target enzymes lowers the
effective concentration of PTX against TS.

As discussed above, antifolates could have the potential to be

used as an anticancer drug in MYCN-amplified neuroblastoma. As

an important clinical application, infusion of high-dose MTX is used
for treating pediatric patients with acute lymphoblastic leukemia or
CNS tumors.?”%8 Basically, MTX cannot cross the BBB at low con-
centrations, similar to other anticancer drugs; however, the rapid i.v.
infusion of high-dose MTX enables the molecule to penetrate the
BBB. Because of the structural similarity of RTX to MTX,?’ it can
be postulated that RTX has the potential to cross the BBB. In rela-
tion to this notion, MTX and RTX are delivered successfully to the
brain by intranasal delivery.3® Although the rate of CNS metastasis in
neuroblastoma is relatively low, recent studies have suggested that
the incidence of CNS recurrence is increasing.®* Thus, elucidating
the RTX treatment protocol that is well tolerated and effective for
the treatment of metastatic MYCN-amplified neuroblastoma will be
valuable to improve prognosis.

The efficacies of antifolates in human neuroblastoma xenograft
models have not been reported, including the previous study that
reported the usefulness of MTX.!!? As the antifolates used in this
study are clinically approved drugs for the treatment of various
types of cancer, they have favorable pharmacokinetic properties
in nude mice. For example, the efficacies of RTX against colorec-
tal cancer xenograft models have been reported.®?34 The reported
IC,, values of RTX against colorectal cancer cell lines (ranging
from 5.3 to 59 nmol/L)® were comparable with those of MYCN-
amplified neuroblastoma cell lines (Table 1); therefore, RTX might
be effective in neuroblastoma xenograft models. Recent stud-
ies have shown that PDX models are more reliable and valuable
for predicting response to cancer therapy.2®®” Therefore, we are
currently trying to establish neuroblastoma PDX models. Future
research should validate the efficacy of antifolates on the PDX
models and the feasibility of developing antifolate-based therapies
for high-risk neuroblastoma.
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