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Abstract

Background Enhancer of Zeste Homolog 2 (EZH2) is highly expressed in various cancers and is thought to
contribute to cancer malignancy through the methylation of lysine 27 on histone H3 (H3K27). Therefore, EZH2 is an
H3K27 methylase and a target of cancer epigenetic treatments. Here, we investigated the effects and functions of a
small-molecule EZH2 inhibitor (EZH2i) in aggressive neuroblastoma (NB).

Methods To identify genes associated with the sensitivity to EZH2i, we classified NB cell lines into sensitive and
resistant groups. EZH2i suppressed proliferation and induced cell cycle arrest in EZH2-sensitive NB cells. Transcriptome
analysis revealed the de-repression of gene sets related to differentiation and cell cycle arrest. To investigate whether
the gene repression in resistant cells is mediated by mechanisms other than H3K27 methylation, methylome analysis
was conducted to evaluate the significance of DNA methylation. The effect of combined treatment with an EZH2
inhibitor and a DNA methylation inhibitor (DNMTi) on the growth of resistant NB cells was subsequently assessed
both in vitro and in vivo, even in cells resistant to EZH2 inhibition.

Results Genes such as TRIM63, VSTM2L, GPNMB, and TIMP3, which are de-repressed by EZH2is in sensitive cells.
Furthermore, the promoters of some of these genes are hypermethylated in EZH2i-resistant cells and NB tissues.
Additionally, the combined treatment with EZH2i and 5-aza-dC significantly inhibited cell proliferation with MYCN
destabilization at protein level, c-MYC suppression at RNA and protein level and induced a robust differentiation
phenotype.

Conclusions Our study identified gene expression profiles that can distinguish the responsiveness to EZH2i

in neuroblastoma, and demonstrated that DNMTi not only de-repression in gene expression but also suppress
neuroblastoma growth through inhibition of MYC. These results confirm the importance of epigenetic regulation in
NB biology and provide information for developing epigenetic therapies for patients with advanced NB.
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Introduction

Neuroblastoma (NB) is a sympathetic nervous system-
derived pediatric solid malignant tumor. High-risk NB
is refractory. In contrast to that in adult cancers, somatic
mutations are rare in NB and other childhood tumors
[1-3]. Nevertheless, intensive genetic analyses have iden-
tified diverse genetic variations in NB, including MYCN
amplifications, aberrant copy number alterations (includ-
ing 1p loss, 11q loss, and 17q gain), single nucleotide
variants (such as ATRX and ALK), chromothripsis, and
TERT rearrangements [1, 4—6]. As epigenetic modifica-
tions involved in NB malignancy, there are changes in
the DNA methylation patterns of multiple genes, includ-
ing CIMP [7]. Therapeutic efficacy has been observed in
several studies by suppressing epigenetic factors, such as
HDAC10 and DNA methyltransferases, for the treatment
of malignant NB [8, 9].

The polycomb repressor complex 2 (PRC2) molecule
EZH2 plays a role in essential cellular processes, such
as cell fate decision, cell cycle regulation, senescence,
cell differentiation, and cancer development/progres-
sion through the epigenomic regulation of gene expres-
sion [10-13]. PRC2-mediated transcriptional control
during embryogenesis is critical in the development and
clinical outcomes of MYCN-driven NB [14]. Wang et al.
found that EZH?2 represses multiple tumor suppressors,
including CASZI1, CLU, RUNX3, and NGFR, in NB cells
through histone H3 methylation [15, 16]. Chen et al
reported CRISPR-Cas9 screening revealed MYCN-ampli-
fied NB dependency on EZH2 [17]. This study also indi-
cate that MYCN binds to the EZH2 promoter, thereby
directly driving its expression, and EZH2 directly targets
IGFBP3. Recently, we demonstrated the functional role of
EZH2 in neuroblastoma (NB) tumorigenesis and aggres-
siveness, showing that NTRK1 (TRKA) is a suppression
target of EZH2, with its P1 and P2 promoter regions
being differentially regulated by DNA methylation and
EZH2-associated histone modifications [18]. Collec-
tively, these results indicate that EZH2 plays important
roles in preventing NB cell differentiation and may be a
desirable target for developing novel NB therapies [17].
EZH2 inhibitors (EZH2i), such as 3-Deazaneplanocin A
(DZNep), GSK-126, and Tazemetostat (EPZ-6438), have
recently been developed. EPZ-6438 has been examined in
detail in several preclinical studies because it is a potent,
selective, and orally bioavailable small-molecule inhibi-
tor of EZH2 enzymatic activity [19-21]. EZH2-targeting
inhibitors (Tazemetostat, GSK2816126, and CPI-1205)
have entered clinical trials for malignant lymphomas and
advanced solid tumors [22]. Although Tazemestat is now
used for treating follicular lymphoma, its effectiveness
and underlying molecular mechanisms in many malig-
nancies, particularly NB, have not yet been elucidated in
detail [23].
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In this study, we investigated the molecular mecha-
nisms of action of the EZH2i EPZ-6438 by transcriptome
and methylome analyses using NB cell lines and tumor
samples. EZH2i-sensitive NB cells exhibit the de-repres-
sion of genes associated with terminal differentiation in
various tissues. These genes are frequently silenced in
EZH2i-resistant cells and NB tissues because of promoter
hypermethylation. Taken together, our data demonstrate
that combined treatment with EZH2 and DNMT inhibi-
tors synergistically inhibits tumor growth both in vitro
and in vivo, likely through suppressing the MYC-related
proliferation pathway. Thus, combinatorial epigenetic
inhibition is a novel therapeutic strategy for NB.

Materials and methods

Cell culture and reagents

Human NB cell lines were obtained from American Type
Culture Collection (Manassas, VA, USA), RIKEN BRC
CELL BANK (Tsukuba, Japan) and Takara Bio (Shiga,
Japan). Cells were cultured in RPMI1640 or D-MEM
medium (Wako, Osaka, Japan) supplemented with 10%
heat-inactivated FBS and 50 pg/ml penicillin/streptomy-
cin (Sigma-Aldrich, St. Louis, MO, USA). All cell lines
were confirmed to be mycoplasma-free using a myco-
plasma detection Kit (Takara Bio). EPZ-6438, GSK-126,
and DZNep were purchased from Funakoshi (Tokyo,
Japan). 5-aza-2’'-deoxycytidine (5-aza-dC) was purchased
from Tokyo Chemical Industry Company (Tokyo, Japan).

Cell proliferation assay

Cells were seeded on 96-well plates (500 per well) in 100
ul final volume. The medium was changed every 3 days.
The culture was maintained under 5% CO,, 10 pul WST-8
labeling solution (Cell counting Kit-8; DOJINDO, Kuma-
moto, Japan) was added, and the cells were further incu-
bated for 1 h. The absorbance of the formazan product
was measured at 450 nm using a 96-well spectrophoto-
metric plate reader (Sunrise, TECAN, Japan) according
to the manufacturer’s protocol.

Half-maximal inhibitory concentration 50 calculation

The half-maximal inhibitory concentration (ICs,) was
calculated based on the results of the WST-8 assays on
day 9 using Image]J software (Rasband, W.S., Image], U. S.
National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/). The cells with ICy,<500 nM
and >=500 nM were defined as EPZ-6438-sensitive and
-resistant cells, respectively.

Colony formation assay

Cells were seeded in 6-well plates (500 cells/well) at 3
ml final volume. The medium was changed every 3 days.
Colonies were stained with May—Griinwald—Giemsa and
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 EZH2 inhibitor sensitivity differences in neuroblastoma (NB) cell lines a GSK-126 and EPZ-6438 are selective EZH2 inhibitors (EZH2i). Nine NB cells
with <500 nM and >500 nM half-maximal inhibitory concentration (ICy) for selective EZH2i were defined as sensitive and resistant cells, respectively.
NB cell proliferation was assessed using the WST assay b, ¢ Proliferation was analyzed using WST and colony formation assays. The cells were seeded in
96- and 6-well plates for the WST and colony formation assays (500 cells per well), respectively. EPZ-6438 concentrations were 0, 1, and 5 uM. The results
obtained are presented as the mean+SD of at least three independent experiments. P-values were calculated using t-test with Bonferroni correction d
Cell cycle analysis using FACS. NB cells were treated with 0.1% DMSO or 1 pM EPZ-6438. The cells were collected and analyzed on day 8 after treatment.
The results obtained are presented as the mean=+SD of at least three independent experiments. P-values were calculated using Student’s t-tests e, f Ef-
fects of EPZ-6438 were assessed by western blot analysis. The (e) upper panel shows the time-dependent effects of 1T uM EPZ-6438. (f) Lower panel shows

the dose-dependent effects of EPZ-6438 on day 4 of treatment

counted using Colony Counter 1.0 software (MICRO-
TEC CO., Japan).

Fluorescence activated cell sorting (FACS) analysis

The cell pellet was mixed with PBS containing 0.1% Tri-
ton, vortexed, and incubated at room temperature for
15 min. Propidium iodide (PI) with 2 pg/ml RNase was
added to the tubes. After incubation at 37 °C for 1 h,
the PI signal was measured using flow cytometry (FACS
Canto II flow cytometer; BD Biosciences, San Jose, CA,
USA) and cell cycle analysis was performed with FlowJo
Software (BD Biosciences).

Western blotting analysis

Cells were lysed in buffer containing 5 mM EDTA, 2
mM Tris—HCl (pH 7.5), 10 mM p-glycerophosphate,
5 mg/mL aprotinin, 2 mM phenylmethylsulfonyl fluo-
ride, 1 mM Na;VO,, protease inhibitor cocktail (Naca-
lai Tesque, Kyoto, Japan), and 1% SDS. Western blotting
was performed as previously reported [18]. After being
transferred to an Immobilon-P membrane (Millipore,
Billerica, MA, USA), proteins were reacted with an anti-
EZH2 rabbit polyclonal (Millipore Upstate 07-689), anti-
trimethyl-Histone H3K27 rabbit polyclonal (Millipore
07-449), anti-dimethyl-Histone H3K27 rabbit monoclo-
nal (Cell Signaling Technology D18C8, Danvers, MA),
anti-monomethyl-Histone H3K27 mouse monoclonal
(Active Motif MABI0321, Carlsbad, CA) anti-Histone
H3 rabbit polyclonal (Abcam ab1791, Cambridge, United
Kingdom), anti-a-Actin rabbit monoclonal (Sigma-
Aldrich, 20-33, St. Louis, Missouri, USA), anti-3-Tubulin
mouse monoclonal (Boehringer Ingelheim, Ingelheim am
Rhein, Germany), or anti-Dnmt1 rabbit monoclonal anti-
body (Abcam ab188453).

Semi-quantitative RT-PCR

Total cellular RNA was extracted using ISOGEN II
(Nippon Gene KK, Toyama, Japan). RNA samples were
treated with 1 unit/ug DNase (RQ1; Promega, Madison,
Wisconsin, USA) prior to RT-PCR. cDNA was synthe-
sized from 2 pg RNA template according to the manufac-
turer’s protocol (ReverTra-Ace-a RT-PCR kit; TOYOBO,
Osaka, Japan). The expression level of each gene was
normalized to that of GAPDH. The primer sequences are
listed in Supplementary Table S1.

Transcriptome analysis

Transcriptome analysis was performed as previously
described [18, 24]. Using the extracted total RNAs,
microarray analysis was performed using an Agilent
platform with 8 x60 K design ID G4851B (Agilent Single
Color. 39494, Agilent Technologies, Santa Clara, CA,
USA). Subsequent gene annotation was conducted using
GeneSpring software. Differentially expressed genes were
defined by p-values of <0.05 in the moderate ¢-tests after
Benjamini-Hochberg corrections and fold change of >2
or <0.5. Gene set enrichment analysis (GSEA) was per-
formed on the NB cells (SK-N-BE, SK-N-SH, NGP, and
IMR32; Fig. 2). The a priori defined set of genes showed
significant differences between the EPZ-6438 and 0.1%
DMSO groups. KEGG Pathway analysis was performed
on the IMR32 cells (Fig. 6¢). Genes up- or down-regu-
lated by more than +2 or -2 fold (p <0.05) in EPZ-6438-
and 5-aza-dC-treated IMR32 cells were analyzed using
DAVID Bioinformatics Resources 6.8 (Laboratory of
Human Retrovirology and Immunoinformatics Applied/
Developmental Research Directorate Frederick National
Laboratory for Cancer Research Frederick, MD, USA).

Overexpression experiments in NB cells

The gene cDNAs were cloned into the pcDNA3-neo
vector (Thermo Fisher Scientific, USA). The plasmids
were transfected into EPZ-6438-sensitive SK-N-BE cells
in 6-cm-diameter culture dishes using the Fugene HD
transfection reagent (Promega, Madison, WI, USA).
After transfection, gene expression was confirmed by
semi-quantitative RT-PCR. DNase treatment (Sigma-
Aldrich) was performed to prevent plasmid contamina-
tion. Ten thousand cells were re-seeded into new 6-cm
dishes and selected with 40 pg/mL of G418 (Sigma-
Aldrich) for 3 weeks.

Chromatin immunoprecipitation (ChIP).

ChIP assays were performed as previously described
[18]. Cross-linked chromatin prepared from the indi-
cated cells was precipitated using normal rabbit IgG
(Wako 148-09551), H3K27me3 rabbit pAb (Millipore).

Methylome analysis

DNA methylation analysis of the clinical data was per-
formed using the Infinium HumanMethylation450
BeadChip Kit (Illumina, San Diego, CA, USA). The data
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Fig. 2 Transcriptome analyses of EPZ-6438-treated neuroblastoma (NB) cells. NB cells were treated with 0.1% DMSO or 1 uM EPZ-6438. Total RNAs were
extracted 3 days (SK-N-BE, SK-N-SH, NGP) or 4 days (IMR32) after the treatment. Data are representative of three independent experiments. We compared
average gene expression levels between mock and EZH2 inhibitor (EZH2i)-treated cells and selected genes up- or down-regulated by more than 2-fold
(p<0.05) in EZH2i-treated cells a Results of a gene set enrichment analysis (GSEA) in sensitive (SK-N-BE and SK-N-SH) and resistant (NGP and IMR32) NB
cells. FDR g-value <0.25 and normalized p-value < 0.05 were used as criteria for significant enrichment b Heatmaps generated from microarray data show-
ing genes included in KONDO_EZH2_TARGETS in sensitive and resistant cells ¢, d Heatmaps generated from microarray data showing genes included in
KEGG_CELL_CYCLE (c) and GO_NEURAL_CREST_CELL_MIGRATION (d) in sensitive cells @ A Venn diagram of differentially expressed genes more strongly
upregulated by 1 uM EPZ-6438 in 4 NB cells than by 0.19% DMSO (Fold change > 2.0, p < 0.05). P-values were calculated using unpaired t-tests

were obtained from databases and patient samples we
collected [1-3, 17, 25, 26]. DNA methylation analysis
of IMR32 cells (Figs. 5 and 6) was performed using the
Infinium MethylationEPIC Kit according to the manu-
facturer’s protocol (Illumina, San Diego, CA, USA).
Genomic DNA was extracted four days after inhibi-
tor treatment. Data were adjusted using MACON at
the Division of Epigenomics, National Cancer Center
Research Institute (Tokyo, Japan) [27].

Combination index

Cells were seeded on 96-well plates (2000 per well) in 100
ul final volume. The medium was changed on days 0 and
2. The WST-8 assay was performed on days 3 or 4 and
the effect was calculated (Effect=1-Sample/Control).
Data were analyzed using CompuSyn software (Combo-
Syn, Inc., Paramus, NJ, USA).

Tumor formation in nude mice

All animal experiments were approved by the Saitama
Cancer Center Animal Experiment Committee (Approval
Number: 2024-5). Four-week-old female athymic BALB/c
AJcl nu/nu mice (CLEA Japan, Shizuoka, Japan) were
subcutaneously injected with 2x 10® IMR32 cells in the
presence of 50% Corning Matrigel, as described previ-
ously [18]. Each drug was dissolved in 100 pl of distilled
water (Otsuka Pharmaceutical, Tokyo, Japan) containing
10% (2-hydroxypropyl)-B-cyclodextrin (Sigma-Aldrich,
St. Louis, MO, USA). The drugs were administered intra-
peritoneally twice weekly (Control, 50 mg/kg EPZ-6438,
and/or 0.25 mg/kg 5-aza-dC).

The tumor volumes were determined by measurements
every day and the median tumor volume (V) was calcu-
lated as V = (W? x L)/2 (V: Volume, W: Short diameter, L:
Long diameter). The experimental endpoints were set at
a tumor’s longest diameter of 20 mm (L >20 mm) or one
month after injection. Animals reaching these endpoints
were euthanized by cervical dislocation, and their tumors
were surgically removed and collected. Data are shown as
the mean + SD of four xenografts twice weekly.

Pathological analysis

Pathological analysis was performed on formalin-fixed,
paraffin-embedded tumor tissue sections. Ki-67 immu-
nostaining was performed using a rabbit monoclonal
anti-Ki-67 antibody (Dako, Denmark, 1:100 dilution) in a

Bond-Max autostainer (Leica Biosystems, Buffalo Grove,
IL, USA). The antigens were retrieved using a Bond Epit-
ope Retrieval Solution 2 (Leica Biosystems) at 100 °C for
10 min.

Statistical analysis

For comparisons between two groups, we used either
unpaired Student’s ¢-tests. For multiple group compari-
sons, we applied Bonferroni correction, with a corrected
p-value of <0.05 considered statistically significant. All
statistical analyses were performed using at least three
independent biological replicates. All graphs present
data as mean+standard error of the mean (SEM). In
gene expression analysis, we defined a significant differ-
ence as a fold change>+2 and a p-value <0.05. For Gene
Set Enrichment Analysis (GSEA), an FDR g-value<0.25
and a normalized p-value <0.05 were used as criteria for
significant enrichment. Pathway analysis also consid-
ered a p-value<0.05 as statistically significant for func-
tional classification. For DNA methylation analysis, we
obtained and normalized database and patient-derived
data using the Illumina EPIC array. We identified signifi-
cant methylation changes with a threshold of p <0.0001.

Primer sequences for PCR experiments
These are indicated in Supplementary Table S1.

Results

The efficiency of EPZ-6438 against NB cell lines

Nine NB cell lines, SK-N-DZ, NB-69, SMS-SAN, NB-
39-nu, IMR32, NGP, SH-SY5Y, SK-N-SH, and SK-N-
BE, were used to examine EZH2i sensitivity using the
WST-8 assay. The ICy, of DZNep, a nonselective EZH2i,
was <500 nM in the seven cell lines (Supplementary Fig.
S1a). In addition, three cell lines, SH-SY5Y, SK-N-SH,
and SK-N-BE, exhibited<500 nM ICy, when treated
with selective EZH2is, GSK126, or EPZ-6438 (Fig. 1a).
Therefore, we selected SK-N-SH and SK-N-BE as sensi-
tive NB cells and NGP and IMR32 as resistant NB cells
against selective EZH2is. We examined the effects of
different EPZ-6438 doses on sensitive and resistant NB
cells using the WST-8 assay (Fig. 1b). We confirmed
the EPZ-6438 sensitivity of the four NB cell lines using
a colony formation assay (Fig. 1c). PI staining indicated
that the number of cells in the GO/G1 phase increased
and that in the S phase decreased in sensitive NB cells,
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Fig. 3 Biological analysis of EZH2 inhibitor (EZH2i)-induced genes in EZH2i-sensitive neuroblastoma (NB) cells a Semi-quantitative RT-PCR analyses of
EZH2i-sensitive SK-N-BE and SK-N-SH cells treated with DMSO (=) or 1 uM EPZ —6438 (+) for 3 days. Semi-quantitative RT-PCR was performed to analyze
EZH2i-induced genes in EZH2i-sensitive cells selected based on the microarray results b Colony formation assay of VSTM2L-, GPNMB- and TIMP3- express-
ing NB cells. EZH2i-sensitive SK-N-BE cells were seeded in 6-cm dishes (5%10° cells per dish) after transfection with pcDNA3 (empty, VSTM2L, GPNMB,
TIMP3, or TRIM63). The results obtained are presented as the mean +SD of at least three independent experiments. The lower panels show semi-quanti-
tative RT-PCR analyses of SK-N-BE cells after transfection. The results obtained are presented as the mean + SD of at least three independent experiments.

P-values were calculated using Student’s t-tests

but not resistant NB cells (Fig. 1d). EZH2 is a histone
methyltransferase that catalyzes histone H3 lysine 27
(H3K27) methylation. Therefore, we investigated the
effects of EPZ-6438 on H3K27me3. Briefly, 1 uM EPZ-
6438 almost completely inhibited H3K27 methylation
within 4 days in both EZH2i-sensitive and -resistant cell
lines (Fig. 1e). Furthermore, 1 uM EPZ-6438 effectively
inhibited H3K27me3, H3K27me2, and H3K27mel in a
dose-dependent manner (Fig. 1f); however, no significant
differences were observed between sensitive and resistant
NB cells. EPZ-6438 reduced EZH2 mRNA levels in sensi-
tive NB cells, but not resistant cells (Supplementary Fig.
S1b, ¢, and d). In addition, EZH2 protein levels decreased
only in sensitive NB cells.

EPZ-6438 sensitivity to transcriptome

To elucidate the effects of EPZ-6438 on genome-wide
gene expression profiles, we performed a transcriptome
analysis using expression microarrays. GSEA showed
that KONDO_EZH2_TARGETS (M5301) was signifi-
cantly upregulated in both sensitive and resistant NB
cells, suggesting that the EPZ-6438 treatment effectively
derepressed EZH2 targets in NB cells (Fig. 2a and b) [28].
Several cell cycle progression-related pathways, such
as WHITFIELD_CELL_CYCLE_G1_S (M2074, NES
-2.2753); KEGG_CELL_CYCLE (M7963, NES -2.0455),
were significantly downregulated in sensitive NB cells
(Fig. 2c), but not resistant NB cells (data not shown).
Neural crest migration/differentiation-related pathways
were upregulated in sensitive NB cells (Fig. 2d), which
was consistent with the results of our previous EZH2
knockdown experiments [18]. Since EZH2 functions as
a H3K27me3 modification-mediated transcription sup-
pressor, EZH2 inhibition may upregulate the expression
of its target genes. Fifty-seven upregulated genes in sensi-
tive NB cells [fold change (FC)>2, p<0.05] (Supplemen-
tary Table S2), but not resistant NB cells, were defined
(moderate t-test p < 0.05, FC > 2.0; Fig. 2e).

We then identified 25 genes from the 57 genes upreg-
ulated by EZH2i in the sensitive cells, which were asso-
ciated with good prognosis in NB patients according to
the R2 database (Genomics Analysis and Visualization
Platform, https://hgserverl.amc.nl/). Based on these
results, we further examined the expression of 11 genes
identified by ChIP-seq as H3K27me3-regulated in the
EZH2i-sensitive cell line SK-N-BE (BE2C), and possess-
ing CpG islands near their transcription start sites (TSS),

using semi-quantitative RT-PCR. (Fig. 3a, Supplementary
Table S3). We then identified three potential tumor sup-
pressor genes strongly associated with a favorable prog-
nosis in patients with NB (Supplementary Fig. S2a-S2d).
Among these genes, we focused on VSTM2L, GPNMB,
and TIMP3, further confirming their functions as tumor
suppressors using a colony formation assay. While over-
expression of TRIM63 inhibited colony formation, simi-
lar to other genes. However transcription of TRIM63
was not only regulated by EZH2-dependent H3K27me3
(Supplementary Figure S4). The overexpression of these
genes effectively suppressed colony formation in EZH2i-
sensitive SK-N-BE cells (Fig. 3b).

Synergistic NB cell growth suppression by EZH2i and
DNMTi combination

Although single DNMTi treatments suppressed prolif-
eration, additional EZH2i treatments suppressed pro-
liferation significantly more than the single treatments
(Fig. 4a). These inhibitors synergistically suppressed
IMR32 proliferation because the combination index (CI)
was < 1.0; these synergistic effects were also observed in
the three other resistant NB cell lines (Fig. 4b; Supple-
mentary Fig. S5). We also examined the in vivo effects of
EZH2i and DNMTi on resistant IMR32-derived tumors
treated with 50 mg/kg EPZ-6438 or 0.25 mg/kg 5-aza-dC.
Combined treatment with EZH2i and DNMTi in xeno-
graft experiments also significantly suppressed tumor
growth (Fig. 4c), and Ki-67-positive cells decreased in
combination-treated NB tumors (Fig. 4d).

DNA methylation of EZH2i sensitivity-related genes

Epigenetically regulated genes can be controlled not only
by histone modifications but also by DNA methylation.
Particularly, genes involved in cell differentiation and
lineage commitment are often silenced in differentiated
cells within tissues by more robust DNA methylation,
rather than by reversible histone modifications. Then, we
hypothesized that DNA methylation, another epigenetic
regulatory mechanism, is responsible for maintaining
EZH2i sensitivity. Previous studies have shown that DNA
methylation plays a role in determining the character-
istics of NB and influences patient prognosis [1-3, 25].
Therefore, we examined genomic DNA methylation sta-
tus using Infinium HumanMethylation450 BeadChip Kit-
produced data. We confirmed the presence or absence of
CpG islands in these regions (Fig. 5a) and detected the
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Fig. 4 Synergistic effects of EPZ-6438 and 5-aza-dC on EPZ-6438-resistant neuroblastoma (NB) cells a Proliferation assay was performed using the WST
assay. Cells were seeded in 96-well plates (2000 per well). Results were obtained four days after treatment and indicated as the mean+SD of at least
three independent experiments. P-values were calculated using Student’s t-tests with Bonferroni correction b The combination index (Cl) showing the
synergistic effects of EPZ-6438 and 5-aza-dC on IMR32 cells. CI was calculated from WST assay results (Effect=1-Sample/Control), and analyzed with
CompuSyn software (CompuSyn.) ¢ Xenograft formation in BALB/c AJcl nu/nu mice following the injection of IMR32 under intraperitoneal drug admin-
istration (Control, 50 mg/kg EPZ-6438, and/or 0.25 mg/kg 5-aza-dC) twice per week. The tumors were measured twice a week after injection. Data were
presented as the mean+SD of four xenografts. P-values were calculated using Student’s t-tests with Bonferroni correction d Immunohistochemical

analysis by Hematoxylin-Eosin staining and Ki-67

DNA methylation of these CpG islands in 8 out of 25
gene regions. Among the eight genes, VSTM2L, GPNMB,
and TIMP3 promoter CpG islands were methylated in
some patients with NB (Supplementary Fig. S3), and the
methylation status was inversely related to gene expres-
sion (Fig. 5b). Furthermore, VSTM2L and GPNMB CpG
high beta values were related to advanced stages of NB
and MYCN amplification (Fig. 5b and c). The beta val-
ues of the CpG probe in the TIMP3 region (cg05470389
and ¢g20500237) were high in MYCN non-amplified NB
(Fig. 5d). Most patients with high beta values at TIMP3
regions (=0.5) had a poor prognosis (death or relapse/
progression: 34/57=0.60), advanced clinical stages
(INSS3 or 4:45/57 =0.79), and onsets at older ages (onset
ages>18 months: 47/57=0.82) (Supplementary Table
S4). DNA hypomethylation of CpG islands is correlated
with high expression of these genes (Fig. 5e and g).

Transcriptome analysis by EZH2i and DNMTi combination
in NBs

Since DNA methylation represents another gene expres-
sion repression mechanism to EZH2, we investigated
the anti-tumor effects of the combined treatment with
EZH2i (EPZ-6438) and DNMTi (5-aza-dC) in EZH2i-
resistant IMR32 cells. Mock-, 1 uM EPZ-6438-, 1 uM
5-aza-dC-, and combination-treated IMR32 cells were
subjected to expression and DNA methylation microar-
ray analyses (Fig. 6).

We first examined the expression of 25 EZH2i sensi-
tivity-related genes in IMR32 cells treated with a com-
bination of EZH2i and DNMTi (Fig. 6a, Supplementary
Fig. S6a). The combination treatment significantly
upregulated VSTM2L, GPNMB, and TIMP3 which was
accompanied with promoter CpG region demethylation.
H3K27me3 levels upstream of the TSS for these genes
decreased in both EZH2i sensitive and resistant cells
upon EZH?2i treatment. This reduction in H3K27me3
was more pronounced in EZH2i sensitive cells, sug-
gesting that in resistant cells, gene repression by DNA
methylation and H3K27me3 near the TSS might be
mutually exclusive (Supplementary Fig. S6b-g). Some
EZHi sensitivity-related expressed genes, such as AATK,
RSPO4, and TRIM63, were downregulated in EZH2i- and
DNMTi-treated EZH2i-resistant IMR32 cells. These find-
ings suggest that only epigenetic unlocking is insufficient
to commit all cells to an adrenergic neuronal lineage.

We characterized 1469 upregulated genes (FC>2.0,
»<0.05) in the combination treatment (Supplementary
Table S5) using pathway analysis (DAVID Bioinformatics
Resources 6.8). The pathway analysis against the KEGG
Pathway showed several neuronal differentiation-associ-
ated pathways, such as “Serotogenic synapse (hsa04726)”
and “Axon guidance (hsa04360)” were enriched (Fig. 6b,
Supplementary Fig. S7a and S7b). Furthermore, tumor
suppression-related pathways, including “TNF-signaling
pathway (hsa04668),” were significantly enriched (Fig.
6b). In addition, neuronal functions-associated path-
ways such as “Amphetamine addiction,” “Glutamatergic
synapse,” and “Nicotine addiction” indicated the clear
de-repression of the genes of these pathways and some
promoter CpG island demethylation by DNMTi treat-
ment, suggesting a role for demethylation effects on pro-
moter regions in de-repression (Fig. 6b).

DNMTi-induced MYCN downregulation suppresses cell
cycle in NB cells

To elucidate the combined effects on the cell cycle, we
performed transcriptome analysis. Pathway analysis of
downregulated genes in IMR32 cells showed that the
“DNA replication” and “cell cycle” pathways were signifi-
cantly suppressed after combined treatment with EZH2i
and DNMTi (Fig. 6¢ and d). The genes involved in these
pathways were downregulated by DNMTi treatment, and
their expression was further suppressed by combination
treatment with EZH2i (Fig. 6d, Supplementary Fig. S7c).
POLE, MCM6, PCNA, RFC4, SKP2, CDC20, CDK2, and
PRKDC, which are well-established MYC target genes,
were identified in multiple gene sets, including “HALL-
MARK_MYC_TARGETS_V1” [29]. We thus assessed
MYCN expression in the EZH2i- and DNMTi-treated
NB cells. MYCN was clearly downregulated at the pro-
tein level in DNMTi-treated IMR32, SK-N-DZ and NGP
cells (Fig. 6e) The mRNA levels of MYCN did not corre-
late with the protein levels in IMR32 and SK-N-DZ. (Sup-
plementary Fig. S7d). Furthermore, a similar decrease
was observed in NGP cells with MYCN amplification. In
NB-69 cells without MYCN amplification, a decrease in
¢-MYC, rather than MYCN, was observed. This decrease
of c-MYC was also observed in 293 T cells, a human cell
line that highly expresses c-MYC (Fig. 5f). ¢-MYC tran-
scription was reduced by treatment with EZH2i and
DNMTi both in NB-69 and 293 T cells (Supplementary
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Fig. 5 Epigenetic analysis of EZH2i-induced genes in neuroblastoma (NB) a Track views of several sensitive cell-specific genes identified in Fig. 2. Visu-
alization was generated using the UCSC Genome Browser (https://genome.ucsc.edu/cgi-bin/hgTracks), based on the Human (GRCh37/hg19) reference
genome b Comparison of DNA methylation levels of VSTM2L (b), GPNMB (c), and TIMP3 (d) promoters in the (1) INSS1-3, 4 S/INSS4; (2) MYCN-amplified
(MA)/not-amplified (MNA) samples. Data are from Ref. 2. The expression of VSTM2L (e), GPNMB (f), and TIMP3 (g). Data are from Ref. 2 and are presented as
bar graphs according to the CGl status (hypomethylated: beta value < 0.5; hypermethylated: beta value >0.5). *: p <0.05. P-values were calculated using

unpaired t-tests

Fig. S7e). These results suggested that the mechanisms of
¢-MYC and MYCN reduction by DNMTi treatment were
quite different, with c-MYC being initially reduced at the
mRNA level. These findings suggest that DNMTi may
affect some factors involved in MYCN protein stabiliza-
tion, leading to MYC destabilization (Supplementary Fig.
S5). These results suggest that EZH2i mainly derepresses
cellular differentiation pathways, and DNMTi suppresses
MYC-related pathways. Consequently, combined treat-
ment with EZH2i and DNMTi is anticipated to enhance
the ability to inhibit NB cell growth through multiple
mechanisms.

Discussion

EZH2, a component of PRC2, is overexpressed in various
types of cancer. In NB, EZH2 mRNA overexpression cor-
relate with poor prognosis [22]. However, targeted ther-
apies against EZH2 in malignant NB have been limited,
and mutations in ARIDIA, a gene relevant for selecting
EZH2is, are rare [23, 30]. Moreover, in NB, 7q36, where
EZH2 is located, is frequently observed, and quantita-
tive abnormalities in EZH2 are involved in H3K27me3
methylation-independent cancer malignancy [16]. In
this study, we identified multiple genes derepressed in
EZH2i-sensitive NB cells in an EZH2i-dependent man-
ner. The combination of EZH2i and DNMTi was effective
against EZH2i-resistant cells. When EZH2is were admin-
istered to multiple NB cell lines, effective anti-tumor
concentrations varied among the cell lines. Consequently,
numerous studies have explored the novel genomic
mutations associated with responsiveness [17, 20, 21].
Despite extensive research, a robust correlation between
specific genetic mutations and the response to EZH2i in
NB remains elusive.

Based on our findings, we hypothesized that distinct
gene expression profiles underlie the differential sensi-
tivity of NB cells to EZH2i. Microarray analysis revealed
several differentially expressed genes in EZH2i-sensitive
and -resistant cells. While most NB cells exhibit modest
morphological changes upon EZH2 inhibition, accom-
panied by the induction of genes associated with neu-
ronal differentiation, EZH2i-sensitive cells demonstrate
a marked induction of tissue-specific gene expression
programs typically associated with non-neuronal tissues.
VSTM2L encodes a secreted protein with a transmem-
brane domain. It is downregulated in nerve and adre-
nal gland tissues, but upregulated in brain tissue [31].

GPNMB also encodes a membrane glycoprotein that
is expressed in mature microglia and liver cells [32, 33].
TIMP3 codes an extracellular protein that suppresses
the metalloprotease activity of MMPs [34]. TRIM63
encodes a transcription factor involved in muscle devel-
opment [35]. While these genes may not directly regu-
late cell cycle suppression, four seem to influence nerve,
liver, muscle, and epithelial tissue differentiation. Typi-
cally, epigenetically regulated genes control cell fate to
suppress inappropriate lineages, such as adrenal gland
or sympathoadrenal tissue gene expression. EPZ-6438
induced aberrant differentiation in EZH2i-sensitive
cells, but not EZH2i-resistant cells. Our previous study
demonstrated that EZH2 depletion via short hairpin
RNA in EZH2i-resistant cells resulted in morphological
changes consistent with neuronal differentiation. Addi-
tionally, gene expression profiles indicative of differen-
tiation into various tissues, including pancreatic tissues,
have been reported [18]. On the other hand, since NB
cells treated with EPZ-6438 showed little morphological
change despite reduced H3K27 methylation, this sug-
gested a non-canonical effect of EZH2 in the knockdown
experiment. Moreover, many candidate tumor suppres-
sor genes found in this study, which are associated with a
favorable prognosis in NB, harbor CpG islands near their
transcription start sites, and poor prognosis correlates
with hypermethylation. The NTRK1 gene was subject to
robust transcriptional repression via H3K27 methylation
and DNA methylation at two critical promoter regions
[18]. These results indicate that the genes not associated
with tissue-specific differentiation or tumor suppression
were subject to coordinated repression by EZH2-depen-
dent H3K27me3 and DNA methylation in NBs.

EZH2- and DNMT-mediated epigenetic silencing often
target genes involved in cell differentiation. The combined
inhibition of EZH2 and DNMTs or HDACi may dere-
press these genes and tumor suppressors. Previous stud-
ies have reported using 5-aza-dC, HDAC and DOTI1L
inhibitors in combination with EZH2 or PRC2 inhibitors
to enhance their therapeutic effects [17, 24, 36—40], as
these agents synergize in reversing gene silencing. Com-
bination of EZH2is and 5-aza-dC potentiated differentia-
tion and suppressed cell cycle progression. In malignant
NB, MYCN amplification is a key tumorigenesis driver.
In MYCN non-amplified cells such as NB-69, elevated
¢c-MYC expression has been implicated in tumorigenesis.
While previous studies have shown that 5-aza-dC can
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Fig. 6 Transcriptome and methylome analyses of EPZ-6438- and 5-aza-dC-combination-treated IMR32 cells a Heatmaps generated from microarray or
methylome data showing expression profiles of genes associated with EZH2i sensitivity in IMR32 cells treated with EZH2i and/or 5-aza-dC. EZH2i-induced
genes in EZH2i-sensitive cells were selected based on microarray results b Results of KEGG Pathway analysis (DAVID Bioinformatics Resources 6.8) for
genes upregulated more than +2 fold (p <0.05) in IMR32 cells treated with EPZ-6438 and 5-aza-dC. P-values were calculated using unpaired t-tests c Re-
sults of pathway analysis using the KEGG Pathway (DAVID Bioinformatics Resources 6.8) for genes downregulated by more than —2 fold (p <0.05) in EPZ-
6438- and 5-aza-dC-treated IMR32 cells. P-values were calculated using unpaired t-tests d Heatmaps generated from microarray data showing expression
profiles of genes associated with cell proliferation or cell cycle pathways in EZH2i- and/or 5-aza-dC-treated IMR32 cells, where these pathways correspond
to the 'DNA replication’and ‘Cell cycle’ gene sets in Fig. 5c @ MYCN downregulation by combination treatment with EPZ-6438 and/or 5-aza-dC. Western
blot analysis was performed on NB cells after four days of treatment with the indicated drug concentrations f c-MYCN downregulation by combination

treatment with EPZ-6438 and/or 5-aza-dC in NB-69 and 293T cells

decrease ¢-MYC gene expression at the transcriptional
level [41, 42]. On the other hand, MYCN transcription
is not thought to be entirely the same as ¢-MYC, and a
consistent effect was not obtained with DNMTi in NB
cells. Our data suggest that DNMTi may also affect the
stability of the MYC family proteins, MYCN and c-MYC.
The instability of MYC protein levels is thought to be due
to MYCN or ¢c-MYC being included in some molecular
complex targeted by DNMTI, but this has not yet been
fully elucidated. Since MYCN can upregulate EZH2 and
other PRC2 components [14], prolonged treatment with
DNMTi may reduce MYCN levels, subsequently decreas-
ing PRC2 levels and further inhibiting cell cycle progres-
sion. However, multiple observations of a tendency for
MYCN mRNA to decrease upon combined treatment
with an EZH2i and DNMTi suggest that EZH2 inhibition
may be involved in regulating factors suppressing the
transcriptional activation of the MYC gene.

This study demonstrated that the combination of
EZH2is and DNMTi exhibits enhanced efficacy both in
vitro and in vivo. While EZH2is have shown promise in
cancers harboring activating mutations in EZH2, such as
DLBCL, elevated PRC2 activity is a common feature in
many cancers [43—45]. However, the emergence of EZH2
variants resistant to inhibitors like GSK343 or DS-3201
(Valemetostat) has limited the clinical utility of EZH2is
[46, 47]. On the contrary, in some cancers, mutations
in EZH2 or DNMTS3 result in the loss of H3K27 meth-
ylation and DNA methylation across a broad spectrum
of genes, including those involved in differentiation and
tumor suppression [48-51]. In these cells, the loss of
these repressive epigenetic marks is likely compensated
for by other gene silencing mechanisms. Therefore, our
approach of targeting multiple gene repression mecha-
nisms offers a novel strategy for inducing differentiation
and inhibiting the proliferation of various cancers.

Our results suggest that the combination of clinically
approved PRC inhibitors such as EPZ-6438 and DS-3201
with demethylating agents such as 5-aza-dC may offer
an effective therapeutic strategy, particularly for MYCN-
amplified NB. Furthermore, we revealed a novel thera-
peutic mechanism where the combination of EZH2i and
DNMTi not only potently promotes cell differentiation,
but also induces MYC protein reduction.

Conclusions

Gene sets mainly related to cell differentiations, which
are involved in the suppression of NB growth, are epige-
netically repressed through multiple regulatory pathways
mediated by EZH2 and DNMTs. And these mechanisms
vary depending on the cell type. The combination of
EZH2i and DNMTi strongly suppressed the growth of
NB cells, and DNMTi was found to reduce MYCN and
¢-MYC at protein levels.
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