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Abstract
In the present study, we found that EZH1 depletion in MYCN-amplified neuroblas-
toma cells resulted in significant cell death as well as xenograft inhibition. EZH1 de-
pletion decreased the level of H3K27me1; the interaction and protein stabilization 
of MYCN and EZH1 appear to play roles in epigenetic transcriptional regulation. 
Transcriptome analysis of EZH1-depleted cells resulted in downregulation of the 
cell cycle progression-related pathway. In particular, Gene Set Enrichment Analysis 
revealed downregulation of reactome E2F-mediated regulation of DNA replication 
along with key genes of this process, TYMS, POLA2, and CCNA1. TYMS and POLA2 
were transcriptionally activated by MYCN and EZH1-related epigenetic modification. 
Treatment with the EZH1/2 inhibitor UNC1999 also induced cell death, decreased 
H3K27 methylation, and reduced the levels of TYMS in neuroblastoma cells. Previous 
reports indicated neuroblastoma cells are resistant to 5-fluorouracil (5-FU) and TYMS 
(encoding thymidylate synthetase) has been considered the primary site of action for 
folate analogues. Intriguingly, UNC1999 treatment significantly sensitized MYCN-
amplified neuroblastoma cells to 5-FU treatment, suggesting that EZH inhibition 
could be an effective strategy for development of a new epigenetic treatment for 
neuroblastoma.
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1  |  INTRODUC TION

Polycomb repressive complex 2 is a multiprotein chromatin-
modifying complex that is essential for vertebrate development 
and differentiation.1 Polycomb repressive complex 2 is composed 
of a trimeric core of SUZ12, EED, and EZH1/2, which catalyzes 
H3K27me2/3. In many cell types, the H3K27me3 modification is as-
sociated with repression of genes encoding regulators of alternative 
lineages.2

The discovery of EZH1, a homolog of EZH2, confounds the pre-
vious simple interpretation of Ezh2-KO experiments in mice, as EZH1 
associates with EED and SUZ12 to form an alternative PRC2 complex 
that partially compensates for the loss of EZH2 in some cell con-
texts.3–5 The two genes have very different patterns of expression, 
in that EZH2, but not EZH1, is expressed in actively dividing cells.4 
In addition, the methyltransferase activity of EZH1–PRC complexes 
was shown to be very weak in comparison to that of EZH2–PRC.6 
The EZH1–PRC2 complex appears to utilize a mechanism for com-
pacting and repressing chromatin that is independent of its histone 
methyltransferase activity.4 Furthermore, EZH1 appears to function 
as a transcriptional activator in the hippocampal neurons and differ-
entiating muscle cells.7–9

Recently, we analyzed the functional roles of EZH2 in NB cells 
and primary tumor samples using multi-omics technologies and 
gene-dosage regulation by lentivirus-mediated knockdown experi-
ments. These experiments revealed that NTRK1 (TrkA) is an EZH2-
related epigenetic suppression target and that the depletion or 
inhibition of EZH2 induces the derepression of NTRK1.10 However, 
we were not able to induce effective tumor cell death in NB cells by 
EZH2 depletion with shRNAs or by EZH2 inhibition with the EZH2-
specific histone methyltransferase inhibitor GSK126 or EPZ6438.10 
These findings prompted us to further study the functional roles of 
the EZH2 homolog PRC2 molecule EZH1 in NB cells in the present 
study, with consideration of the potential development of EZH1/2 
double-knockdown-related treatments of NB.

Unexpectedly, only EZH1 depletion induced significant cell 
death in several NB cell lines and profoundly suppressed xeno-
graft growth. Transcriptome and chromatin immunoprecipitation 
analyses of EZH1-depleted NB cells indicated that several cell cycle 
progression-related pathways were downregulated and that EZH1 
plays a role as a transcriptional activator for TYMS, POLA2, and 
CCNA1 in cooperation with MYCN in NB tumorigenesis and aggres-
siveness. Ultimately, these findings suggest that epigenetic therapy 
with an EZH1/2 inhibitor can be an important novel direction for 
the treatment of patients with MYCN-amplified NB by sensitizing the 
tumor cells against 5-FU.

2  |  MATERIAL S AND METHODS

Materials and methods are indicated in Document S1.

3  |  RESULTS

3.1  |  EZH proteins are highly expressed in MYCN-
amplified NB cells

First, we evaluated the expression of PRC2-component mol-
ecules in NB cell lines. The EZH1 mRNA expression level was 
not increased in the MYCN-amplified NB cell lines, whereas the 
EZH2 mRNA level tended to increase (p = 0.0952; Figures 1A and 
S1A). The protein levels of histone methylase EZH1/2, EED, and 
SUZ12 were also increased in the MYCN-amplified NB cell lines 
(Figure  1B), suggesting that EZH1 accumulated at the protein 
level in NB cell lines. Supporting this, the EZH2 and MYCN mRNA 
expression levels were found to be correlated positively in the 
SEQC-498-RPM database, whereas no positive correlation was 
found for the EZH1 mRNA expression level (Figure 1C). In MYCN-
amplified NB, high EZH1 mRNA levels related to poorer prognosis 
(Figure S1B,C).

We next compared the expression of EZH1, EZH2, and 
H3K27me3 in eight non-MYCN-amplified and five MYCN-amplified 
NB tumor samples by immunohistochemistry (Figure 1D, Table S1). 
EZH1 was clearly expressed in the nuclei of NB tumor samples, al-
though EZH2 signals were higher in MYCN-amplified NBs (EZH2: 
p < 0.05, Fisher's exact test). High H3K27me3 signals were observed 
in MYCN-amplified NBs.

3.2  |  EZH1 protein accumulates by interaction 
with MYCN

To elucidate the mechanism of EZH1 accumulation, especially 
in MYCN-amplified NB cells, we induced MYCN expression by 
treatment with tetracycline in Tet-21/N cells11 and detected ex-
pression of PRC2 molecules (Figure 2A). MYCN expression was 
clearly upregulated at both the mRNA and protein levels. EZH2 
was induced at the mRNA level, although EZH1 was not. By con-
trast, the EZH1 protein level was strongly increased (maximum of 
12-fold increase at 6 h after induction), and SUZ12/EED protein 
induction was also observed. As a previous report indicated a 
direct interaction between EZH2 and MYCN,12,13 we next un-
dertook cotransfection of plasmids expressing these molecules 
to study the EZH1/MYCN interaction. EZH1/MYCN cotrans-
fection into 293 T cells resulted in both EZH1 and MYCN accu-
mulation (Figure  2B), and a physical interaction between EZH1 
and MYCN was detected (Figure  2C; MAX is a positive control 
MYCN-binding protein, and SUZ12 is a positive control EZH1-
binding protein). We also confirmed that EZH1 interacts with 
PRC2 SUZ12 and EED in NB cells (Figure  2D). Together, these 
results indicate that EZH1 accumulates in MYCN-amplified NB 
cells and tumors, which might be mediated by the MYCN/EZH1 
protein interaction.
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3.3  |  EZH1 depletion induces apoptotic NB 
cell death

To study the functional role of EZH1 in MYCN-amplified NB cells, 
we knocked down EZH1 expression using shRNAs. We compared 
the efficiency of five shRNA-expressing lentiviruses for reducing the 

level of EZH1, and ultimately selected shEZH1-114 and shEZH1-2,15 
which were used in previous studies (Figure  S2A,B). Transfection 
with shEZH1-1 and shEZH1-2 effectively decreased the EZH1 mRNA 
and protein levels (Figure 3A). Moreover, unexpectedly, EZH1 deple-
tion in the three MYCN-amplified NB cell lines resulted in significant 
proliferation suppression and apoptotic cell death (Figures  3B–D 

F I G U R E  1  Expression profile of polycomb repressive complex 2 (PRC2) molecules in neuroblastoma (NB) cells and tumor samples. (A) 
EZH1 and EZH2 mRNA expression in NB cell lines by real-time PCR analysis. Box plot panels show the comparison of expression levels in 
NB cell lines with (Amp) or without (NA) MYCN amplification. (B) MYCN and PRC2 subunit protein expression in NB cell lines by western 
blotting. Box plot panels show the comparison of EZH1 or EZH2 expression in NB cell lines with or without MYCN amplification. *p < 0.05. 
(C) Correlation curves of EZH1 (left) or EZH2 (right) mRNA expression with MYCN mRNA in NB clinical samples from the R2 dataset. The 
dataset Tumor Neuroblastoma-SEQC-498-RPM-seqcnb1 was used for analysis. Box plots were studied according to the MYCN amplification 
status. (D) Representative images of immunohistochemical staining for EZH1, EZH2, and H3K27me3 of NB clinical samples Case 2 (MYCN 
NA) and Case 12 (MYCN Amp). All 13 case results are shown in Table S1.



4196  |    SHINNO et al.

and S2C), although depletion of the EZH1 homolog EZH2 did not 
induce apoptotic cell death profoundly.10 We undertook west-
ern blot analysis of p53 and caspases to study the mechanism of 
cell death. Although p53 phosphorylation and accumulation were 
not observed, caspase 7, an effector caspase, was activated in the 

EZH1-depleted cells (Figure S2D). EZH1 knockdown also resulted in 
significant growth suppression accompanied by karyorrhexis in xen-
ograft tumors (Figure  3E,F). Taken together, these results suggest 
that EZH1 inhibition could be an important target for developing a 
new epigenetic therapy for MYCN-amplified NB.
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3.4  |  EZH1 depletion suppresses cell cycle 
progression-related pathways

To further clarify the molecular mechanism of EZH1 depletion-
induced NB cell death, we carried out transcriptome analysis in the 
EZH1-depleted NB cell lines IMR32 and SMS-SAN (Figure  S3A). 
First, we studied the effects of shEZH1-1 transfection in the two 
cell lines. A total of 346 upregulated genes and 772 downregulated 
genes were selected according to the criteria for differential expres-
sion (moderate t-test p < 0.05, FC > 2; see Document S1) (Figure 4A, 
Table  S2). As EZH1 functions as a transcription suppressor or ac-
tivator mediated by H3K27 methylations,7,8,16 depletion of EZH1 
could result in both up- and downregulated expression of its target 
genes. Therefore, we characterized both the up- and downregulated 
genes using GO enrichment analysis with the DAVID tool. GO en-
richment analysis of the down-regulated genes showed that sev-
eral cell cycle regulation-associated pathways were highly enriched 
(Figure 4B). The effects of shEZH1-2 on the two cell lines are shown 
in Figure S3B, although only “vesicle targeting (GO:0006903)” was 
found to be enriched in the analysis of downregulated genes.

For further evaluation of the common pathways affected by 
shEZH1-1 and shEZH1-2, we undertook GSEA using the four mRNA 
samples extracted from the two NB cell lines transfected with shE-
ZH1-1 or shEZH1-2. Remarkably, the E2F-mediated regulation of 
DNA replication pathway, which is related to cell cycle progression, 
was significantly downregulated in all four samples (Figures 4C,D and 
S3C; NES values of IMR32/sh1, IMR32/sh2, SMS-SAN/sh1, and SMS-
SAN/sh2 were −1.99, −1.91, −1.83, and −2.09, respectively). A Venn 
diagram of the four gene groups downregulated by EZH1 depletion 
indicated overlap of three cell cycle-related genes: TYMS, POLA2, 
and CCNA1 (Figures 4E and S3D). These genes have been reported to 
play important roles in cell cycle regulation and drug resistance in NB 
cells.17-21 We further focused on TYMS (protein: TS) and POLA2 (pro-
tein: DOPA2) because Kaplan–Meier analysis using the SEQC498 data 
of the R2 database indicated an association between high expression 
of TYMS and POLA2 and an unfavorable NB prognosis, but there was 
no such association with CCNA1 (Figures 4F and S3E). In addition, the 
microarray analysis showed that expression levels of TYMS and POLA2 
were significantly decreased by EZH1 depletion (Figure S3F). TYMS 
(protein: TS) and POLA2 (protein: DOPA2) transcription and protein 

levels were clearly decreased in the EZH1-depleted cells (Figure 5A,B). 
Furthermore, TS was induced by MYCN induction in Tet-21/N cells 
but DPOA2 was not (Figure  5C). We next studied the effects of 
EZH1 knockdown on H3K27 methylation, and found that shEZH1-1 
clearly suppressed H3K27me1, but not H3K27me2 or H3K27me3 
(Figure  5D), suggesting the substrate specificity of EZH1.8 Finally, 
TYMS transcription was induced by MYCN in NB cells in luciferase 
analysis (Figure 5E). Together, these results indicated that TYMS is a 
MYCN target gene in NB cells, and that EZH1-related histone modifi-
cation could be related to gene induction.

3.5  |  EZH1 regulates MYCN binding to the 
TYMS promoter

A qChIP assay was undertaken to investigate MYCN binding to the 
TYMS promoter, which indicated that EZH1 and MYCN bind to the 
promoter regions in both MYCN-amplified NB cell lines (Figure 6A–
C). MYCN binds to the +42 to +219 region, and MYC was previously 
shown to bind to the E-box sequence of this region.22 However, EZH1 
binding was observed at the peripheral promoter regions and not to 
the +42 to +219 region (Figure 6B,C). Interestingly, EZH1 depletion by 
shEZH1-1 reduced the MYCN binding to the +42 to +219 region while 
MYCN binding to the peripheral regions increased (Figure 6D), sug-
gesting the EZH1-related regulation of MYCN binding to chromatin.

MYCN binding, EZH1/2 binding, and important histone codes 
(H3K27ac, H3K4me3, and H3K27me1) were also examined by ChIP 
sequence assay (Figure 6E). MYCN, H3K4me3, and H3K27ac mark-
ers were found to strongly colocalize around the TYMS exon 1 ge-
nomic region, and EZH1 bindings were also observed from upstream 
of exon 1 to exon 3, suggesting the effects of EZH1 on TYMS tran-
scriptional regulation in NB cells.

3.6  |  EZH inhibitor UNC1999 partially mimics the 
effects of EZH1 depletion

UNC1999 is the first orally bioavailable inhibitor that has high 
in vitro potency for WT and mutant EZH2 as well as for EZH1, 
and is highly selective for EZH2 and EZH1 over a broad range of 

F I G U R E  2  EZH1 expression correlates with MYCN in NB cells at the protein level. (A) EZH1 and EZH2 expression were studied in MYCN-
inducible Tet-21/N cells. After withdrawal of tetracycline from the culture medium, cells were collected at the indicated time points and 
analyzed by quantitative RT-PCR (RT-qPCR) and western blotting (WB). The line graphs show EZH1 or EZH2 expression. Signal intensities 
were quantified by ImageJ software. Data are representative of three independent experiments. (B) Semiquantitative western blotting of 
MYCN and EZH1 expression in 293 T cells transfected with the same amount of pcDNA3-MYCN and/or pcDNA3-FLAG-EZH1. pcDNA3-
empty was used to adjust the plasmid amounts. Signal intensities were quantified by ImageJ software. (C) Immunoprecipitation (IP)–western 
blotting of MYCN and EZH1 expression in 293 T cells. 293 T cells were transfected with the same amount of pcDNA3-empty (pmock), 
pcDNA3-MYCN (pMYCN), and/or pcDNA3-FLAG-EZH1 (pEZH1) expression vector as indicated. After protein extraction by lysis buffer, 
total cell lysates were immunoprecipitated by anti-MYCN, anti-FLAG, or anti-IgG (mouse or rabbit). The MYCN–EZH1 protein complex was 
detected by western blotting using anti-MYCN and anti-FLAG Ab. Anti-SUZ12 and anti-MAX Abs were used for detection of PRC2 and 
MYCN protein complexes, respectively. (D) IP–western blotting of PRC2 complex expression in MYCN-amplified NB cells. Total cell lysates 
of IMR32 cells were immunoprecipitated by anti-EZH1 Ab. EZH1–PRC2 complex was detected by western blotting using anti-EZH1, anti-
SUZ12, and anti-EED Ab. The binding of MYCN and EZH1 was also detected. TF, transfection.
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F I G U R E  3  EZH1 knockdown induces apoptotic cell death in neuroblastoma cells. (A) EZH1 was knocked down by lentivirus-mediated 
shRNAs (shEZH1-1 or shEZH1-2) in IMR32, SMS-SAN, and NGP cells. EZH1 expression was analyzed by semiquantitative RT-PCR and 
western blotting. Signal intensities were quantified by ImageJ software. (B–D) WST assay (B), Trypan blue assay (C), cell cycle analysis by 
flow cytometry (D) of EZH1-knocked down cells. The bottom panel of (D) shows the percentage of the sub-G1 fraction. Data are presented 
as the mean ± SD of at least three independent samples. *p < 0.05. (E) Tumor development in BALB/cAJcl nu/nu mice following the injection 
of IMR32 and NGP cells infected with shRNA against the control (mock) or EZH1 (shEZH1-1 and shEZH1-2). Data are presented as the 
mean ± SD of tumors in five mice. *p < 0.05. (F) H&E staining of xenograft tumors infected with the shRNA-expressing lentiviruses. The lower 
panel shows the number of cells with karyorrhexis in 1000 cells. Data are presented as the mean ± SD from three slides. *p < 0.05.
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F I G U R E  4  EZH1 knockdown induces cell cycle retardation and neuronal differentiation. (A–E) Transcriptome analysis was undertaken 
in EZH1-knocked down IMR32 and SMS-SAN cells by microarray. (A) Venn diagram of overlap among up-/downregulated genes in IMR32 
and SMS-SAN cells with EZH1 knocked down by shEZH1-1. We compared the average gene expression levels between mock sample 
groups and EZH1-knockdown sample groups 2 days after infection. The threshold was set for p values <0.05 in the t-test (after Benjamin–
Hochberg corrections) and an absolute fold change >2. (B) Gene Ontology (GO) enrichment analysis for 346 upregulated genes and 772 
downregulated genes indicated in (A). GO terms were limited to the biological process category. (C) Gene Set Enrichment Analysis (GSEA) 
was carried out in IMR32 and SMS-SAN cells with EZH1 knocked down by shEZH1-1 or shEZH1-2. The common curated gene sets of up/
down enrichment in all samples are listed. I-1, IMR32 shEZH1-1; I-2, IMR32 shEZH1-2; S-1, SMS-SAN shEZH1-1; S-2, SMS-SAN shEZH1-2. 
(D) Details of GSEA data of REACTOME_E2F_MEDIATED_REGULATION_OF_DNA_REPLICATION in IMR32 shEZH1-1. Data are shown 
with the normalized enrichment score (NES), p value, and false discovery rate (FDR). In the heatmap, red represents upregulated genes and 
blue represents downregulated genes in knockdown samples. The right bar indicates core enrichment genes. The detail of the other samples 
(IMR32 shEZH1-2, SMS-SAN shEZH1-1/shEZH1-2) are shown in Figure S4C. (E) Venn diagram of overlap among core enrichment genes of 
the REACTOME_E2F_MEDIATED_REGULATION_OF_DNA_REPLICATION gene set in all samples. POLA2, TYMS, and CCNA1 were common 
downregulated genes. (F) Survival curve of clinical neuroblastoma samples according to POLA2 or TYMS expression. The dataset Tumor 
Neuroblastoma-SEQC-498-RPM-seqcnb1 in the R2 database was used for this analysis.
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F I G U R E  5  POLA2 and TYMS expression is regulated by EZH1 and MYCN. (A) POLA2 and TYMS expression in EZH1-knocked down 
neuroblastoma cell lines analyzed by quantitative RT-PCR. (B) Protein expression of DNA polymerase alpha 2 (DOPA2) and thymidylate 
synthetase (TS) by western blotting. Signal intensities were quantified by ImageJ software. (C) POLA2 and TYMS expression was evaluated 
in MYCN-inducible Tet-21/N cells. After withdrawal of tetracycline from the culture medium, the cells were collected at the indicated 
time points and analyzed by semiquantitative RT-PCR and western blotting. Signal intensities were quantified by ImageJ software. (D) The 
methylation status of H3K27 was analyzed by western blotting in IMR32 and SMS-SAN cells with EZH1 knocked down by shEZH1-1. (E) 
Luciferase reporter assay using the TYMS promoter region in 293 T cells. The promoter activity was compared by treatment with MYCN. 
pMYCN, pcDNA3-MYCN; pGLhTYMSpro, pGL4.17-hTYMS (−649, +324); pGLhTYMSpro+, 100 ng.

F I G U R E  6  MYCN binding to the TYMS promoter is regulated by EZH1. (A) Primer design of the TYMS promoter region for the 
quantitative ChIP assay. (B,C) Quantitative ChIP assay with anti-MYCN or anti-EZH1 Ab carried out on the TYMS promoter region in IMR32 
(B) and NB-39-nu (C) cells. Data are presented as the mean ± SD from at least three independent experiments. *p < 0.05. Analysis of GAPDH 
promoter region binding of IgG or anti-EZH1 Ab was also carried out. (D) Quantitative ChIP assay with anti-MYCN Ab undertaken on the 
TYMS promoter region in mock- and EZH1-knocked down IMR32 cells. Data are presented as the mean ± SD from at least three independent 
experiments. *p < 0.05. (E) ChIP sequencing binding profiles on the TYMS promoter region for MYCN, H3K4me3, H3K27ac, EZH1, EZH2, 
and H3K27me1 in IMR32 cells. The bottom figure indicates the position of the primers for the quantitative ChIP assay.
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epigenetic and nonepigenetic targets, being competitive with the 
cofactor SAM, and noncompetitive with the peptide substrate.23 
We treated the MYCN-amplified NB cells with UNC1999 because 

there is no EZH1-specific inhibitor; moreover, shEZH1-1 binds to the 
conserved SET domain and marginally decreased the EZH2 level in 
NB cells (Figures  S4 and S5). UNC1999 effectively decreased the 
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H3K27me1-3 level in NB cells and reduced TYMS mRNA expression 
levels at 5 μM (Figure 7A). Neuroblastoma cell proliferation was sig-
nificantly suppressed by 1.25 μM UNC1999 (Figure  7B,C) and the 
sub-G0/G1 apoptotic fraction was increased with 5  μM UNC1999 
treatment (Figure 7D).

3.7  |  EZH inhibitor UNC1999 and 5-FU 
synergistically inhibit NB cell proliferation

For the chemotherapeutic treatment of NB, 5-FU does not show 
good efficacy due to the acquisition of resistance, as evidenced 
by several in vitro studies of 5-FU treatment to NB cells.24,25 The 
target enzyme for 5-FU is TS, encoded by TYMS. Indeed, TS ex-
pression predicts the response to 5-FU-based chemotherapy, and 
the expression seems to be determined by the TYMS promoter.26 
Therefore, we studied the effects of UNC1999 on 5-FU-treated 
NB cells. The IC50 value of 5-FU was 2.34 μM in IMR32 cells and 
4.68 μM in NB-39-nu cells (Figure S6). Accordingly, we treated NB 
cells with 5-FU and/or UNC1999 at these concentrations. The 
WST-8 assay (Figure 8A) and colony formation assay (Figure 8B) 
showed that UNC1999 significantly enhanced the suppression 
of proliferation by 5-FU. We also observed a synergistic anti-NB 
cell proliferation effect of UNC1999 and 5-FU in NB-39-nu cells 
(Figure  8C; combination indexes were less than 1.0 at several 
points). Furthermore, the combined treatment with UNC1999 
and 5-FU in xenograft experiments also significantly suppressed 
tumor growth (Figure 8D,E) and the necrotic area was enlarged in 
combination-treated NB cells (Figure 8F). The combined treatment 
also decreased H3K27me1-3 signals, and TS signals were increased 
(Figure S7). Together, because DNA methylation was not observed 
in the TYMS promoter region of NB tumors (Figure S8), our findings 
indicate that EZH inhibition appears to sensitize MYCN-amplified 
NB cells to 5-FU by epigenetic modification of H3K27 methylation 
of the TYMS promoter region.

4  |  DISCUSSION

For development of new epigenetic therapies of advanced NB tu-
mors, we considered that inactivation of EZH2 and its homolog 
EZH1 could be effective, and evaluated this possibility in the present 
study by undertaking EZH1 depletion in NB cell lines. Unexpectedly, 
only EZH1 depletion induced significant cell death in several NB 
cell lines. Transcriptome analysis of EZH1-depleted NB cells indi-
cated the downregulation of several cell cycle progression-related 
pathways. The three cell cycle-related genes TYMS, POLA2, and 

CCNA1, overlapped among the genes that were downregulated by 
EZH1 knockdown. Importantly, our previous transcriptome analysis 
in EZH2-knocked down NB cells did not indicate downregulation 
of TYMS, POLA2, and CCNA1 expression.10 We further focused on 
TYMS because this gene encodes the enzyme responsible for cata-
lyzing 5-FU and is thus related to the acquisition of 5-FU resistance 
acting as an oncogene in tumor cells.27 EZH1 knockdown strik-
ingly suppressed TYMS (protein: TS) expression at both the mRNA 
and protein levels in NB cells. EZH1/2 inhibition by UNC1999 also 
suppressed TYMS mRNA and protein expression and decreased 
all H3K27me1-3 signals. Of note, the EZH2 inhibitor EPZ6438 did 
not significantly suppress TYMS expression in several NB cell lines 
(FC < 1.0, Yuki Endo, 2020, unpublished data), further suggesting 
that EZH1 inhibition suppresses TYMS transcription. Furthermore, 
our cell proliferation assays indicated the synergistic effects of the 
EZH inhibitor UNC1999 with 5-FU. In our EZH1 knockdown ex-
periments, only the H3K27me1 signal was decreased, although the 
EZH1/2 inhibitor UNC1999 is known to suppress the H3K27me1-3 
signals. Of note, the effects of EZH1 knockdown on induction of 
cell death was more obvious than the effects of UNC1999, suggest-
ing the following possibilities: (i) the balance of H3K27 methylation 
could be important for NB cell death, and (ii) EZH1 protein itself might 
have roles in preventing cell death besides its histone methylase ac-
tivities. In Eed-KO mouse cells, both H3K27me3 and H3K27me1 
signals were profoundly decreased, although the H3K4me2 signal 
was not, whereas in Ezh2-KO mouse cells, only the H3K27me3 signal 
was decreased.28 This indicated that not only the canonical EZH2–
PRC2 complex, but also the noncanonical EZH1–PRC2 complex will 
be important for H3K27 methylation signals. In the present study, 
immunoprecipitation experiments suggested the existence of an 
EZH1–MYCN complex. Thus, further study of the functional and 
physical interaction of MYCN and PRC2 proteins will be required to 
clarify the molecular mechanism of EZH1/2 inhibition-induced NB 
cell arrest and cell death.

A confounding feature of the mammalian PRC2 complexes is the 
existence of two highly conserved enzymatic subunits, EZH1 and 
EZH2, with nearly identical catalytic SET domains.29 Although the 
role of EZH2 in H3K27me3-mediated transcriptional repression has 
been well established,30-33 the function of EZH1–PRC2 remains elu-
sive and controversial; EZH1 complements EZH2 to maintain repres-
sive chromatin and stem cell identity in embryonic and tissue stem 
cells.3-5 Of note, Ezh1 predominantly targets H3K4me3-marked 
active promoters and promotes RNA polymerase (Pol) II elonga-
tion in the hippocampal neurons and differentiating muscle cells.7-9 
In the present study, TYMS was identified as a MYCN-target gene, 
and EZH1 cooperation for transcription was observed by biochem-
ical and qChIP and ChIPseq experiments. EZH1/2 and H3K27me1 

F I G U R E  7  EZH1/2 inhibitor UNC1999 reduces TYMS expression and suppresses cell proliferation in neuroblastoma (NB) cells. (A) TYMS 
expression and H3K27 methylation status analyzed by quantitative RT-PCR and/or western blotting 48 h after UNC1999 treatment in 
IMR32 and NB-39-nu cells. Signal intensities were quantified by ImageJ software. (B–D) WST assay (B), colony formation assay (C), and cell 
cycle analysis by flow cytometry (D) of UNC1999-treated NB cells. Data are presented as the mean ± SD from at least three independent 
experiments (B,C). *p < 0.05, **p < 0.01.
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F I G U R E  8  Combined treatment with UNC1999 and 5-fluorouracil (5-FU) suppresses neuroblastoma cells synergistically. (A,B) In vitro cell 
proliferation assay of UNC1999 and 5-FU combination therapy. WST assay (A) and colony formation assay (B) of IMR32 and NB-39-nu cells. 
In the WST assay, cell viability was expressed as the fold change of absorbance relative to the control value (no treatment sample) 3 days 
after treatment. In the colony formation assay, colonies were counted at 10 days after treatment. Data are presented as the mean ± SD from 
at least three independent experiments. *p < 0.05, **p < 0.01. Cont, control; F, 5-FU; N.S., not significant; U, UNC1999. (C) Combination index 
(CI) was calculated in the WST assay of NGP cells treated with several doses of UNC1999 and 5-FU. CI < 1 means a synergistic effect of the 
combination. (D,E) Tumor developments in BALB/cAJcl nu/nu mice following the injection of IMR32 cells were measured. They were treated 
with mock, UNC1999, 5-FU, and combination. Data are presented as the mean ± SD of tumors in four mice. *p < 0.05. (F) H&E staining of 
xenograft tumors treated with mock, UNC1999, 5-FU, and combination.
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ChIPseq indicated that EZH1/2 binding was not significantly colo-
calized with H3K27me1 marks not only in the genome-wide anal-
ysis, but also in the TYMS locus (Figures  6E and S9). However, 
H3K27methylase inhibitor UNC1999 inhibited TYMS transcription 
(Figure 7), suggesting the complicated effects of EZH1 inhibition on 
MYCN-related transcriptional regulation.

This is the first report showing that EZH inhibition affects the 
transcription of genes related to tumor cell proliferation and che-
motherapeutic drug resistance in NB cells. These findings will be 
informative for the development of epigenetic therapies and new 
chemotherapy protocols for patients with MYCN-amplified NB with 
an unfavorable prognosis.
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