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Neuroblastomas are the most common extracranial solid tumors
in children and have a unique feature of neuronal differentiation.
Peroxisome proliferator-activated receptor (PPAR)-y is reported to
have neuroprotective effects in addition to having antitumor
effects in various cancers. Thus, we aimed to clarify the role of
PPAR-y agonist and antagonist in malignant neuroblastomas,
which also possess neuronal features. In MYCN-amplified neuro-
blastoma CHP212 cells, treatment with the PPAR-y antagonist
GW9662 induced growth inhibition in a dose-dependent manner.
In addition, the PPAR-y antagonist treatment changed cell
morphology with increasing expression of the neuronal
differentiation marker tubulin beta 3 (TUBB3) and induced G1
phase arrest and apoptosis in MYCN-amplified neuroblastoma.
Notably, the PPAR-y antagonist treatment significantly decreased
expression of NMYC, B-cell lymphoma 2 (BCL2) and bromodomain-
containing protein 4 (BRDA4). It is implied that BRD4, NMYC, BCL2
suppression by the PPAR-y antagonist resulted in cell growth
inhibition, differentiation, and apoptosis induction. In our in vivo
study, the PPAR-y antagonist treatment induced CHP212 cells
differentiation and resultant tumor growth inhibition. Our results
provide a deeper understanding of the mechanisms of tumor cell
differentiation and suggest that PPAR-y antagonist is a new
therapeutic and prevention option for neuroblastomas.
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Neuroblastoma is the most common extracranial solid tumor
in children. This embryonal tumor, derived from the neural
crest tissue, arises in the sympathetic nervous system.!” Neuro-
blastoma has a higher frequency of spontaneous regression than
other tumors in infancy, and this is its unique feature.® Patients
with low- and intermediate-risk neuroblastoma have good 5-year
survival rates of >95% and >90%, respectively.®> Amplification
of the MYCN oncogene is closely correlated with advanced
stages of the disease and poor survival. However, about 20-30%
of patients with neuroblastoma show MYCN amplification, which
is a cause of concern.®* Despite recent chemotherapy advances,
5-year survival rates of high-risk groups, including patients with
MYCN amplification, have shown only modest improvement
(approximately 40-50%).( Moreover, 50-60% of patients with
high-risk neuroblastoma are said to be relapsed after completing
treatment.®) Therefore, novel treatment options whose purpose

doi: 10.3164/jcbn.23-28
©2023 JCBN

are not only remission but also recurrence inhibition are required
for children with high-risk neuroblastoma. We believe that induc-
tion of differentiation in neuroblastomas, which might be related
to tumor progression and regression, including spontaneous
regression, could be a strong therapeutic strategy for remission
and inhibition of recurrence.®

Peroxisome proliferator-activated receptor (PPAR)-y, a ligand-
dependent transcription factor of the nuclear hormone receptor,
has various effects on neuronal proliferation, differentiation, and
apoptosis during neuronal maturation.” Treatment with PPAR-y
agonists is reported to prevent neuronal cell death and apoptosis
in ischemic stroke, status epilepticus, and degenerative disorders
such as Alzheimer’s, Parkinson’s, and Huntington’s disease.(1*-12)
In addition to having anti-neuronal apoptotic effects, PPAR-y
agonists are known to induce apoptosis in various cancer cells,
including breast, thyroid, colon, and lung cancer cells.3-19

PPAR-y has contradictory effects in neuroblastoma. For
example, relatively high concentrations of PPAR-y agonists for
MYCN-amplified and -non-amplified neuroblastoma/high concen-
trations of antagonists for MYCN-non-amplified neuroblastoma
have been reported to exert antitumor effects.'®!” Therefore, the
role of PPAR-y in neuroblastoma, which is a malignant tumor
that also has neuronal features typified by neuronal differentia-
tion, remains unclear. Thus, we aimed to clarify the effects
of PPAR-y agonists and antagonists on MYCN-amplified and
-non-amplified neuroblastoma.

In the present study, we demonstrate that treatment with a
PPAR-y antagonist significantly induces the differentiation and
inhibits the growth of MYCN-amplified neuroblastoma. Further-
more, we demonstrate the underlying mechanisms and confirm
its differentiation in an in vivo subcutaneous tumor model.

Materials and Methods

Chemicals. GW9662 was obtained from Sigma-Aldrich
(M6191; St. Louis, MO). GW9662 is a selective PPAR-y
antagonist that inhibits adipogenesis of primary preadipocytes.
Rosiglitazone was obtained from Calbiochem (557366; San
Diego, CA). Rosiglitazone is a pure PPAR-y agonist and is used
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as a blood-glucose-lowering drug and a potent thiazolidinedione
insulin sensitizer. 13-cis-retinoic acid (RA) was obtained from
Tokyo Chemical Industry Co., Ltd. (R0088; Tokyo, Japan).

Cell culture. The human neuroblastoma cell lines CHP212
(CRL-2273, RPID: CVCL 1125), SK-N-AS (CRL-2137, RPID:
CVCL _1700), and BE(2)C (CRL-2268, RPID: CVCL_007) were
obtained from American Type Culture Collection (Manassas,
VA), and IMR32 (JCRB9050, RPID: CVCL 0346) cells were
obtained from Japanese Collection of Research Bioresources Cell
Bank (Osaka, Japan). The cells were cultured in RPMI 1640
medium supplemented with 5% heat-inactivated fetal bovine
serum and antibiotics (100 pg/ml streptomycin and 100 U/ml
penicillin) at 37°C in 5% CO,. For MYCN amplification or non-
amplification, cells were selected from a previous study.!®

Cell growth assay (colony formation assay). Cells were
seeded in six-well plates and incubated overnight. After treat-
ment, the cells were further incubated for 9 days. The culture
medium was not replaced. At endpoint, cells were fixed with 4%
formaldehyde and stained with 0.1% crystal violet. After
staining, the area of the stained colonies was calculated using the
Image] software (all cells in the plate were evaluated; the value
for untreated control cells was set to 1).

Cell cycle assay. CHP212 cells were seeded in six-well
plates and incubated overnight and then treated with GW9662.
Six days later, the cells were trypsinized, fixed with 70% ethanol,
and stored at —20°C overnight. The cells were then processed
using Tali™ Cell Cycle Kit (A10796; Invitrogen, Waltham, MA)
and incubated at room temperature in the dark for 30 min. Anal-
yses were performed using Tali™ Image-based Cytometer (Invit-
rogen).

Apoptosis assay (Annexin V assay). CHP212 cells were
seeded in 24-well plates, incubated overnight, and then treated
with GW9662. Seven days later, the cells were stained using
Tali™ Apoptosis Kit (A10788; Invitrogen) and analyzed using
Tali™ Image-based Cytometer.

Immunocytochemical staining. CHP212 cells were seeded
and incubated overnight and then treated with GW9662 or 13-
cis-RA in a 12-well plate. Seven days later, the cells were fixed
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with 4% paraformaldehyde and permeabilized with 0.2% Triton
X-100 in PBS at room temperature for 10 min. Protein block
buffer was applied to the cells (ab64226; Abcam, Cambridge,
UK); they were then incubated for 1 h and stained with a primary
antibody against tubulin beta 3 (TUBB3) (801213; Biolegend,
San Diego, CA) and MAP2 (ab32454; Abcam) in PBS solution
containing 1% bovine serum albumin (BSA) and 0.05% Triton
X-100 overnight at 4°C. The cells were then incubated with
Alexa Fluor® 488 goat anti-mouse IgG (50126A; Invitrogen) for
1 h at room temperature, followed by nuclear counterstaining
with Hoechst 33342 (346-07951; DOJINDO, Kumamoto, Japan).
Images were captured using a 40x objective. The circularity {4/
[area x (circumference)2]} of all cells was calculated using soft-
ware, ImagelJ.

Western blot analysis. CHP212 cells were seeded in 6-well
plate and incubated overnight and then treated with GW9662.
After indicated days, cells were lysed with sample buffer (pH 6.8
0.5 M Tris-HCI 1 ml, 10% SDS 2 ml, B-mercaptoethanol 0.6 ml,
glycerol 1 ml, distilled water 5.4 ml, several drops of 1% BPB).
Western blot was performed according to standard protocol. Cell
lysates were electrophoresed on Mini-PROTEAN TGX Stain-
Free gels (Bio-Rad Laboratories, Hercules, CA) and transferred
to PVDF membranes. Then, the membranes were incubated with
primary antibodies followed by the corresponding secondary
antibodies. NMYC mouse monoclonal (sc-53993; Santa Cruz
Biotechnology, Dallas, TX), B-cell lymphoma 2 (BCL2) rabbit
monoclonal (ab32124; Abcam), bromodomain-containing protein
4 (BRD4) mouse monoclonal (sc-518021; Santa Cruz Biotech-
nology), TUBB3 (801213; Biolegend), Neurofilament-L (NFL,
2837; Cell Signaling Technology, Beverly, MA), NeuroDl1
(ab60704; Abcam), and B-actin mouse monoclonal (A5441;
Sigma-Aldrich) antibodies were the primary antibodies used.
NMYC and BRD4 antibodies were applied at a 1:200 dilution,
TUBB3 antibody at 1:500, BCL2, NFL and NeuroD1 antibodies
at 1:1,000, and p-actin antibody at 1:2,000. Peroxidase-
conjugated anti-rabbit and anti-mouse IgG secondary antibodies
(NA934V, NA931V; GE Healthcare, Little Chalfont, UK) were
also used. Blots were developed using Immobilon™ Western
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Change in cell growth after treatment with the PPAR-y agonist rosiglitazone and the PPAR-y antagonist GW9662. Cells were seeded in six-

well plates at a density of 1 x 10* cells/well. After overnight incubation, the cells were treated with the indicated doses of rosiglitazone or GW9662
for 9 days. At the end of the experiment, microphotographs (x10) were obtained using a phase-contrast microscope (left row). The cells were
further stained with crystal violet and imaged (middle row). Moreover, the area of the stained colonies was quantified using ImageJ (right row).
(A) CHP212 cells were treated with rosiglitazone or untreated. (B) CHP212 cells were treated with GW9662 or untreated; (C) SK-N-AS cells were
treated with rosiglitazone or untreated. (D) SK-N-AS cells were treated with GW9662 or untreated. Data are presented as the mean = SE (n =3).
*p<0.05; **p<0.01, relative to non-treated control. P values were calculated using Tukey’s multiple comparison test. The scales of horizontal axes in

(A)-(D) are linear scale.
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Fig. 2. Effect of GW9662 treatment on cycle distribution and apoptosis in CHP212 cells. CHP212 cells were seeded in six-well plates at a density of
8 x 10* cells/well, incubated overnight, and then treated with the indicated doses of GW9662 for 6 days. At the end of the experiment, the distri-
bution of cells in the G1, S, and G2/M phases was analyzed using Tali™ Image-based Cytometer, as shown in (A). CHP212 cells were seeded in 24-
well plates at a density of 1 x 10% cells/well and treated with the indicated doses of GW9662 for 7 days. (B) Dead cells (Pl-positive cells) and (C)
apoptotic cells (annexin V-positive cells) were evaluated using Tali™ Image-based Cytometer. Data are presented as the mean =+ SE (n = 3). *p<0.05,
relative to untreated control. P values were calculated using Tukey’s multiple comparison test.
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Fig. 3. Protein expression changes in NMYC, BCL2, and BRD4 by

Kyoto, Japan). Results
Statistical analysis. Data are presented as the mean + SE of
three experiments. Statistical analyses were performed using PPAR-y antagonist GW9662 treatment induces growth

GraphPad Prism (ver. 8.4.3; GraphPad Software Inc, San Diego, inhibition in MYCN-amplified neuroblastoma cells. To
CA). The two different groups were analyzed using an unpaired ¢  clarify the effects of treatment with PPAR-y agonist and antago-
test. Differences among groups were evaluated using one-way  nist on the growth of neuroblastoma cells, we performed colony
analysis of variance (ANOVA). In vivo tumor volume graphs formation assay after a 9-day treatment with either 0, 1, and
were analyzed using two-way ANOVA. Multiple comparisons 10 uM rosiglitazone (PPAR-y agonist) or 0, 5, 10, 20 uM
were performed using Tukey’s multiple comparison test relative ~ GW9662 (PPAR-y antagonist). In the case of MYCN-amplified
to the untreated control. Statistical significance was set at p<0.05.  neuroblastoma CHP212 cells, cell growth was increased by
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Fig. 4. Upregulation of the neuronal marker TUBB3 by GW9662 treatment. (A) CHP212 cells were seeded in 12-well plates at a density of 5 x 10°
cell/well, incubated overnight, and then exposed to 0 uM or 10 yM GW9662. Seven days after the treatment with GW9662, the cells were stained
with an antibody directed against TUBB3 (green), and nuclei were stained with Hoechst 33342 (blue). The cells were examined using fluorescence
microscopy (x40, bar: 20 um). At the end of the experiment day, before immunostaining, microphotographs (x10) were taken using phase-contrast
microscopy (B). (C) CHP212 cells were seeded in six-well plates at a density of 8 x 10 cells/well, incubated overnight, and treated with the indicated
dose of GW9662 for 7 days. TUBB3, NFL, NeuroD1 were detected using western blot analysis. f-actin was loaded as an internal control. See color

figure in the on-line version.

treatment with low-to-moderate doses of rosiglitazone, whereas
it was decreased by GW9662 treatment in a dose-dependent
manner (Fig. 1A and B). Cell growth inhibition by GW9662
treatment was also observed in the other MYCN-amplified neuro-
blastoma cells [BE(2)C and IMR32] (Supplemental Fig. 1A and
B*). In contrast, in the case of MYCN-non-amplified neuro-
blastoma SK-N-AS cells, cell growth was decreased by rosiglita-
zone treatment and were not changed clearly excepting high
concentration of GW9662 (Fig. 1C and D). Furthermore, remark-
able morphological changes were observed in CHP212 cells
treated with GW9662 at concentrations >10 uM (Fig. 1B). Treat-
ment with 20 pM GW9662 resulted in almost complete cell
detachment (Fig. 1B and D).

GW9662 treatment induces G1 phase arrest and apoptosis
in MYCN-amplified neuroblastoma CHP212 cells. To further
examine the growth inhibitory effect of PPAR-y antagonist on
MYCN-amplified neuroblastoma, we performed cell cycle and
apoptosis assays. CHP212 cells treated with 5 and 10 uM
GW9662 showed increases in the number of G1 phase cells and
decreases in the number of S phase cells. This indicates that G1
arrest was induced by GW9662 treatment (Fig. 2A). Moreover,
increased numbers of dead and apoptotic cells were observed,
and the data indicated that the proportion of dead cells was
almost the same as that of apoptotic cells (Fig. 2B and C).

GW9662 treatment inhibits NMYC, BCL2, and BRD4
expression. NMYC plays an important role in the prognosis
of patients with neuroblastoma. To assess the effect of GW9662,
we evaluated NMYC expression in CHP212 cells after treatment
with 0, 5, and 10 uM GW9662 for 5 days. GW9662 treatment

*See online.
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significantly decreased NMYC protein expression in a dose-
dependent manner (Fig. 3A). Moreover, GW9662 treatment
decreased the expression of cell survival-related BCL2
(Fig. 3B). Interestingly, protein expression of BRD4 (Fig. 3C),
bromodomain and extraterminal domain (BET) family proteins,
and upstream regulators of NMYC (Fig. 3A) and BCL2 (Fig. 3B)
was also decreased by GW9662 treatment.

GW9662 treatment induces increased expression of
neuronal marker TUBB3. Interestingly, CHP212 cells treated
with GW9662 demonstrated remarkable morphological changes,
spindle-shaped changes (Fig. 4B). The spindle-shaped changes
were confirmed by measuring the circularity {4n/[area x (circum-
ference length)?]} (Supplemental Fig.2*). To further explore
whether the morphological changes induced by GW9662 treat-
ment reflected cell differentiation, CHP212 cells were stained for
the neuronal differentiation associated markers, TUBB3, NFL
and NeuroD1. CHP212 cells treated with 5 and 10 uM GW9662
for 7 days showed upregulated NFL, TUBB3 and MAP2 expres-
sion, respectively (Fig. 4A, C and Supplemental Fig. 3*). While,
NeuroD1, which expression is associated with increased tumori-
genensis of neuroblastoma and associated with a poor prognosis,
expression level was decreased in a dose dependent manner (Fig.
4C). The dose of GW9662 that induced the expression this
marker was almost the same as that which induced the remark-
able morphological changes. In contrast, 10 uM 13-cis-RA, a
differentiation inducer, was not enough to change CHP212 cell
morphology nor increased TUBB3 expression level (Supple-
mental Fig. 4%).
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Effects of GW9662 treatment on tumor histopathology of MYCN-amplified or MYCN-non-amplified neuroblastoma in vivo. CHP212 cells

(5 x 10%/100 pl matrix gel) or SK-N-AS cells (1.75 x 10%/100 pl matrix gel) with or without 10 yM GW9662 in matrix gel, were injected subcutaneously
into the back of each mouse. Tumor volume curves of CHP212 xenografts (A) and SK-N-AS xenografts (B) for 4 weeks are shown. Data are
presented as the mean +SE (n=4 or 5). *p<0.05; **p<0.01, relative to non-treated control. P values were calculated using Tukey's multiple
comparison test. (C) Representative macroscopic photograph of CHP212 xenograft tumors with (middle panel) or without (upper panel) GW9662
treatment at the end of the experiment. Lower panel shows a ruler, with one scale being 1 cm. (D) Representative histopathology of CHP212
xenograft tumors with (lower panel) or without (upper panel) GW9662 treatment. Note: Apoptotic tumor cells, vascular invasion of tumor cells,

and ganglion-like cell differentiation of tumor cells. H & E stain, bars: 20 um.

GW9662 treatment induced differentiation in MYCN-
amplified neuroblastoma xenograft mouse models. To
evaluate the effects of PPARy antagonist treatment on the tumor
cell differentiation of MYCN-amplified and non-amplified neuro-
blastoma in vivo, nude mice were transplanted with MYCN-
amplified or non-amplified neuroblastoma cells with or without
10 uM GW9662 treatment, and tumor size was measured 4
weeks later. No mice gained or lost more than 10% of their body
weight during the observation period.

In the case of MYCN-amplified neuroblastoma CHP212
xenografts, tumor growth was remarkably suppressed by 10 uM
GW9662 treatment throughout the experimental period (Fig. SA).
In contrast, 10 uM GW9662 treatment did not suppress
tumor growth of MYCN-non-amplified neuroblastoma SK-N-AS
xenografts, but rather increased it compared with the untreated
group (p = 0.0240) (Fig. 5B). The size of the harvested SK-N-AS
xenograft tumors did not show a significant difference between
the groups (Supplemental Fig. SA¥).

On the other hand, the size of harvested CHP212 xenograft
tumors with GW9662 treatment was remarkably decreased by

*See online. https://doi.org/10.3164/jcbn.23-28
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85.7% compared with that of DMSO control tumors (p<0.05)
(Fig. 5C and Supplemental Fig. SB*). We excluded the possi-
bility that GW9662 affects cell attachment in the xenograft
model. The effect of 10 uM GW9662 treatment on cell attach-
ment was also evaluated. GW9662 treatment did not affect
CHP212 cell attachment, as shown in Supplemental Fig. 6*.

Histopathologically, tumor tissues obtained from untreated
CHP212 xenograft mice showed a solid growth pattern with a
few stromal components (Fig.5D). Many mitotic cells and
vascular invasions were also observed (Fig.5D). In contrast,
many apoptotic tumor cells were observed in the tumor tissues
of all CHP212 xenograft mice treated with 10 uM GW9662
(Fig. 5D). Of note, cell differentiation into ganglion-like cells
was observed in the tumor tissue treated with 10 uyM GW9662
(Fig. 5D).

Discussion

In the present study, we suggested that effects of treatment
with a PPAR-y agonist or antagonist on cell growth in neuro-
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blastoma could be affected by the presence of MYCN-
amplification. In particular, in our used MYCN-amplified neuro-
blastoma cells, treatment with a PPAR-y antagonist induced cell
differentiation, apoptosis and resultant growth inhibition in a
dose-dependent manner, whereas that with a low-to-moderate
dose of a PPAR-y agonist stimulated cell growth.

Our findings that treatment with a PPAR-y agonist and antago-
nist affects cell growth of MYCN-amplified neuroblastoma
are similar to those observed in the previous findings in neural
stem/precursor cells treated with PPAR-y agonists and antago-
nists.819 We realized that one of the similarities between these
cells in the report could be explained by the high expression of
NMYC, which maintains cell immaturity and survival.?*??
This observation led to the new hypothesis that treatment with
PPAR-y antagonist may control NMYC expression. As expected,
in our study, treatment with a PPAR-y antagonist significantly
decreased NMYC expression in MYCN-amplified neuroblastoma.
Accordingly, treatment with a PPAR-y antagonist induced Gl
phase arrest, differentiation and apoptosis in MYCN-amplified
neuroblastoma. Increased ratio of G1 phases could be associated
with the differentiation of CHP212 cells in part, because it is
well-known that the determination of differentiation is made in
G1 phase, and induction of differentiation requires cell-cycle
arrest. 22 That treatment with a PPAR-y antagonist suppresses
NMYC expression and induces differentiation and apoptosis in
MYCN-amplified neuroblastoma has not been reported until date.
Moreover, the treatment with a PPAR-y antagonist effectively
induced differentiation of CHP212 cells, that is one of the 1p36~
neuroblastoma cells and resistant to RA treatment.?® However,
to show the MYCN-dependency of the effect of GW9662, we
need to use more MYCN-non-amplified neuroblastoma cell lines.
From clinical view, it is worth to say that we implied alternative
medicine for MYCN-amplified neuroblastoma, a high-risk tumor
of recurrence.®

A PPAR-y antagonist treatment also suppressed expression of
the anti-apoptotic protein BCL2. Inhibition of BCL2 effectively
suppresses the survival of MYCN-amplified neuroblastoma
cells.??  Furthermore, combination therapy using a BCL2
inhibitor and a drug that deregulates NMYC was reported to be
effective in killing MYCN-amplified tumor cells.®® Thus, treat-
ment with a PPAR-y antagonist might result in the induction of
differentiation and strong apoptosis in MYCN-amplified neuro-
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blastoma through the dual modification of NMYC and BCL2. In
addition, we found that expression of BRD4, an upstream
regulator of NMYC and BCL2,%-D is suppressed by a PPAR-y
antagonist treatment.

In conclusion, a PPAR-y antagonist suppresses BRD4 protein
expression in neuroblastoma and moreover effectively suppresses
NMYC and BCL2 expression; this induces differentiation and
apoptosis in, probably MYCN-amplified, neuroblastoma. Our
results suggest a new therapeutic approach focusing not only on
cancer features, but also on neuronal features of neuroblastoma,
in patients in the high-risk group. We also hope that this study
will be helpful for understanding the hitherto unclear mecha-
nisms underlying neuroblastoma.
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