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Malignant rhabdoid tumors (MRTs) are rare and highly
aggressive pediatric cancers with no standard of care. MRTs
are characterized by loss of SMARCB1, which results in upre-
gulated expression of enhancer of zeste homolog 2 (EZH2),
which is responsible for the methylation of lysine 27 of histone
H3 (H3K27me3), leading to the repression of gene expression.
Although previous reports suggest EZH2 as an effective thera-
peutic target, the functions of EZH1, the other homolog of
EZH, in MRT remain unknown. Here, we show that EZH1,
as well as EZH2, contributes to MRT cell growth and H3K27
methylation. Depletion or selective inhibition of EZH2 led to
a compensatory increase in EZH1 expression, and depletion
of EZH1 enhanced the effect of EZH2 inhibition. EZH1/2
dual inhibitors suppressed MRT cell growth markedly, reflect-
ing the reduction of H3K27me3 accumulation at one of the
EZH1/2 targets, the CDKN2A locus. Dual inhibition of
EZH1/2 in vivo suppressed tumor growth completely, with no
significant adverse effects. These findings indicate that both
EZH1 and EZH2 are potential targets for MRT therapy, and
that EZH1/2 dual inhibitors may be promising therapeutic
strategies for MRT.

INTRODUCTION
Malignant rhabdoid tumors (MRTs) are rare and highly aggressive
malignancies of infants and young children that occur mainly in
the kidney (rhabdoid tumor of the kidney), brain (atypical teratoid
rhabdoid tumor [AT/RT]), and soft tissue.1 While multimodal treat-
ment consisting of surgery, chemotherapy, and radiation has brought
modest improvements in overall survival, patients with MRT have a
very poor prognosis, with a median survival of around 1 year.2-4

Consequently, new treatment approaches are needed to improve
outcomes.

MRTs are characterized by biallelic inactivation of the tumor suppres-
sor gene SMARCB1 (also known as SNF5, INI1, or BAF47),1,5 which
encodes a core subunit of the switch/sucrose nonfermentable (SWI/
SNF) complex. Loss of SMARCB1 upregulates expression of enhancer
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of zeste homolog 2 (EZH2).6,7 EZH2 is one of the components of the
catalytic subunit of the polycomb repressive complex (PRC2), which
catalyzes methylation of lysine 27 in histone H3 trimethylation
(H3K27me3), leading to repression of gene expression.8 Depletion
and inhibition of EZH2 suppress tumorigenesis in SMARCB1-defi-
cient cells,6,7,9-11 suggesting that EZH2 inhibition is a promising strat-
egy for anti-tumor therapy.12 Although EZH2-selective inhibitors are
under evaluation in clinical trials, favorable responses are not
observed in all patients.13

While EZH2 is recognized as an essential epigenetic regulator in
various cancers, recent reports revealed that EZH1, the other homo-
log of EZH, is also involved in abnormal H3K27 methylation.14,15

EZH1 co-localizes with H3K27me3 to silence multiple genes associ-
ated with transcriptional regulation, proliferation, and differentia-
tion.14,15 Several small compounds have been developed as EZH1/2
dual inhibitors, and have shown favorable effects against several types
of cancer that overexpress or harbor mutations in EZH2 (e.g., adult
T cell leukemia-lymphoma, acute myeloid leukemia, and multiple
myeloma).15-19 These reports strongly suggest that EZH1/2 dual in-
hibitors have efficacy against MRTs; however, the functions of
EZH1 in MRT remain unknown. In addition, the therapeutic efficacy
of EZH1/2 dual inhibition remains unclear. Here, we investigated the
role of EZH1 and EZH2 inMRT and examined the efficacy of EZH1/2
dual inhibitors both in vitro and in vivo.

RESULTS
Function and expression of EZH1 and EZH2 in MRT cells

Previous reports show that EZH2 is required for cell proliferation and
tumor formation in SMARCB1-deficient cells6; however, the role of
EZH1 in MRT cells has not been clarified. Therefore, to elucidate
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the function of EZH1 and EZH2 in MRT cells, we examined the
effects of knockdown (KD) of EZH1 and EZH2 using short
hairpin RNA (shRNA). Double KD of EZH1 and EZH2 reduced
H3K27me3 levels more and almost completely and significantly
suppressed cell proliferation compared with single KD of each gene
(Figures 1A and 1B). These data indicate that both EZH1 and
EZH2 are essential for epigenetic regulation and growth of MRT cells.
Interestingly, the KD of EZH2 increased the expression level of EZH1
protein in MRT cells (Figure 1B), which occurred independently of
the shRNA target sequences (Figure S1C). A strong increase in levels
of EZH1 mRNA was also observed in A204.1 cells, but there was a
lesser or no increase in G401.6TG and TTC642 cells (Figures S1C
and S1D). These data suggest that depletion of EZH2 results in a
compensatory increase in EZH1 expression. Based on these findings,
we speculated that dual inhibition of EZH1 and EZH2 could effi-
ciently reduce H3K27me3 levels and suppress MRT cell growth.

Dual inhibition of EZH1 and EZH2 in MRT cells

To investigate the effects of chemical dual targeting of EZH1 and
EZH2 in MRT cells, we treated five MRT cell lines with the EZH1/2
dual inhibitor DS-3201b, the partially selective inhibitors UNC1999
or CPI-360, or the EZH2-selective inhibitors GSK126 or EPZ-6438
(Figure S2A). The half-maximal inhibitory concentration (IC50)
values of these EZH inhibitors against EZH1/2 and H3K27me3 were
confirmed previously (Figure S2B).9,15,18-21 Anti-proliferative effects
were observed inMRT cells at 7 to 10 days post-exposure to inhibitors
in a dose-dependent manner (Figures 2A and S2C). Of note, the
EZH1/2 dual inhibitor reduced MRT cell growth more strongly than
the EZH2-selective inhibitors or partially selective inhibitors, although
there was a difference in sensitivity (Figures 2A and S2C). The IC50

values of these EZH inhibitors for each cell line are shown in Table 1.
Sensitivity of each cell line to the EZH1/2 dual inhibitor associated
with expression of EZH2 expression in each cell line (Table 1 and Fig-
ure 2B). The EZH1 highly expressing cells, such as the A204.1 and
G401.6TG cells, showed low sensitivity to the EZH2-selective inhibi-
tors (Table 1 and Figure 2B), suggesting that expression of EZH1
inversely associates with the anti-proliferative effect of EZH2-selective
inhibitors.

We also tested the effect of the EZH inhibitors on SMARCB1 wild-
type rhabdomyosarcoma (RMS) cell line RD. The anti-proliferative
effect was barely observed in SMARCB1 wild-type RD cells
(Figures 2A and S2C). These results suggest that the inhibitors act
more selectively in SMARCB1-deficient cells.

In A204.1 and TTC642 cells, the EZH1/2 dual inhibitor DS-3201b
reduced H3K27me3 levels more efficiently than the EZH2-selective
inhibitors or partially selective inhibitors (Figure 2C). Because the
knockdown of EZH2 led to increased expression of EZH1 protein
(Figure 1B), we examined whether chemical inhibition of EZH2
also increased expression of EZH1. EPZ-6438 increased EZH1 pro-
tein expression in both A204.1 and TTC642 cells (Figure 2D).
Increased expression of EZH1 mRNA was also observed in
EPZ-6438-treated A204.1 cells (Figure 2E), which is consistent with
the results observed after KD of EZH2 (Figures S1C and S1D). These
findings indicate that loss of EZH2 function results in increased
expression of EZH1 in MRT cells, and that EZH1/2 dual inhibitors
inactivate both EZH1 and EZH2 efficiently, and may be an effective
treatment for MRT.

Effect of EZH1 on MRT cell growth under conditions of EZH2

inhibition

Next, we examined the role of EZH1 in MRT cells under conditions
of EZH2 inhibition. A204.1 cells expressed high levels of EZH1 (Fig-
ure 2B) and exhibited low sensitivity to the EZH2-selective inhibitor
(Table 1). To investigate whether EZH1 expression is related to
sensitivity to EZH2 inhibitors, A204.1 cells were treated with
EPZ-6438 after KD of EZH1. Depletion of EZH1 enhanced the
anti-proliferative effect of EPZ-6438 significantly and shifted the
IC50 value of EPZ-6438 to 1.98 nM (Figures 3A and 3B). We
then overexpressed EZH1 in A204.1 and TTC642 cells using a tetra-
cycline-inducible gene expression system (Tet-On system) and
confirmed that doxycycline (Dox) induced expression of both
EZH1 protein and mRNA (Figures 3C and 3D). EZH1 overexpres-
sion attenuated the anti-proliferative activity of EPZ-6438, even in
susceptible TTC642 cells, whereas no significant changes in sensi-
tivity to DS-3201b were observed (Figure 3E). Taken together, these
data suggest that EZH1 compensates for the function of EZH2 and
supports MRT cell growth under conditions of EZH2 inhibition,
and that depletion of EZH1 increases the efficacy of EZH2
inhibition.

Molecular mechanism underlying the anti-proliferative effect of

the EZH1/2 inhibitor in MRT cells

To elucidate the molecular mechanism underlying the observed
growth inhibition induced by EZH inhibitors in MRT cells, we per-
formed RNA-sequencing (RNA-seq) analysis and compared differ-
entially expressed genes between A204.1 cells treated with DS-
3201b treatment or EPZ-6438. The analysis showed that 2,043 genes
were altered significantly in DS-3201b-treated cells (upregulated,
1,414; downregulated, 629), and 956 genes were in EPZ-6438-
treated cells (upregulated, 802; downregulated, 154). Of these, 584
overlapped between DS-3201b- and EPZ-6438-treated cells, whereas
1,459 were altered specifically in DS-3201b-treated cells (Figure 4A).
Gene enrichment analysis revealed that DS-3201b altered genes
associated significantly with cell division and cell-cycle processes
(Figure 4B), suggesting that DS-3201b affects the cell cycle in
MRT cells.

To further investigate whether DS-3201b regulates the cell cycle in
MRT cells, we analyzed cell-cycle progression in DS-3201b- or
EPZ-6438-treated A204.1 cells at days 8 and 14. Although both DS-
3201b and EPZ-6438 induced cell-cycle arrest at day 14, the effect
was already apparent in DS-3201b-treated cells at day 8 (Figure 5A).
DS-3201b increased the percentage of cells in G1 phase, which was
concomitant with a decrease in the number of cells in S phase and
G2/M phase. No apparent increase in the subG1 fraction was
observed at day 8, but DS-3201b increased the percentage of the
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Figure 1. The function and expression of EZH1 and EZH2 in MRT

(A) The functions of EZH1 and EZH2 on cell proliferation in MRT cells. A204.1, TTC642, and G401.6TG cells were infected with retroviral shEZH1 and/or shEZH2 vectors, and

transduced cells were selected with 0.5 mg/mL (A204.1) or 0.1 mg/mL (TTC642 and G401.6TG) of G418 for 7 days. The relative cell growth of the transduced cells was

measured byWST-8 formazan dye (OD 450) for the indicated durations (n = 3, means ± SD). Differences were statistically evaluated by two-way ANOVA followed by Tukey’s

multiple comparisons test. Statistical significance between control and each KD condition (shEZH1, shEZH2, and shEZH1/2) was observed after day 11 in all cell lines.

shEZH1 versus control is p < 0.0001, shEZH2 versus control is p < 0.0001, and shEZH1/2 versus control is p < 0.0001 in all cell lines. Statistical significances between single

KD and double KD on day 14 are as follows: shEZH1 versus shEZH1/2 is ***p < 0.0001 in all cell lines. shEZH2 versus shEZH1/2 is ***p < 0.0001 in A204.1 and G401.6TG

cells, but p = 0.4519 in TTC642 cells. (B) Expression of EZH1, EZH2, and H3K27me3 proteins in cells single or double KD of EZH1 and EZH2. The expression level of each

protein was determined by western blotting analysis. b-actin and H3were used as the internal controls. The numbers below EZH1, EZH2, and H3K27me3 indicate each band

density relative to control (taken as “1”). (C) Expression of EZH1 and EZH2mRNAs in cells single or double KD. Relative expression level of eachmRNAwas evaluated by qRT-

PCR (n = 3, means ± SD). The expression level of the control is indicated as “1.” *p < 0.05, **p < 0.01, ***p < 0.001 versus control. The KD efficacy was also confirmed by

expression levels of proteins (B) and mRNAs (C).
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subG1 fraction at day 14, suggesting that DS-3201b treatment induces
apoptosis following cell-cycle arrest (Figure 5A). Gene enrichment
analysis revealed apoptotic processes in the list of top 100 terms in
16 Molecular Therapy: Oncolytics Vol. 27 December 2022
DS-3201b-treated cells (Figure S3A). Thus, we assessed apoptosis in-
duction by DS-3201b using Annexin V-APC and DAPI staining. We
found that treatment with DS-3201b for 14 days increased the



Figure 2. Dual inhibition of EZH1 and EZH2 in MRT cells

(A) The effect of EZH1/2 dual inhibitors and EZH2-selective inhibitors on the cell growth. Six MRTs (A204.1, TTC642, G401.6TG, KYM-1, JMU-RTK-2, and TTC549) and

SMARCB1 wild-type RMS (RD) cells were treated with DS-3201b, UNC1999, CPI-360, GSK126, or EPZ-6438 for the indicated durations, and relative cell growth was

evaluated by a WST-8 assay (n = 3, means ± SD). Differences were statistically evaluated by two-way ANOVA followed by Tukey’s multiple comparisons test. Statistical

significance between control and each drug treatment (DS-3201b, UNC1999, CPI-360, GSK126, or EPZ-6438; 100 nM) is p < 0.001 in all MRT cell lines on day 14. (B)

Relative expression levels of EZH1 and EZH2 mRNAs in steady state of each cell line (n = 3, means ± SD). (C) The methylation levels of H3K27 after treatment with EZH1/2

dual inhibitors and EZH2-selective inhibitors. Cells were treated with DS-3201b, UNC1999, CPI-360, GSK126, or EPZ-6438 (100 nM each) for 7 days, followed by western

blotting analysis. The numbers below H3K27me3 indicate each band density relative to control (taken as “1”). (D and E) Expression of EZH1 and EZH2 proteins (D) and

mRNAs (E) in DS-3201b- or EPZ-6438-treated cells. Cells were treated with DS-3201b (100 nM) or EPZ-6438 (100 nM) for 7 days, followed by western blotting and qRT-

PCR, respectively. (D) The numbers below EZH1 indicate each band density relative to control (taken as “1”). (E) n = 3, means ± SD. The expression level of the control is

indicated as “1.” ***p < 0.001 versus control.
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percentage of cells at the early stage of apoptosis (Figure S3B). How-
ever, another apoptotic phenotype, measured by cleavage of PARP-1
and caspase-3, was not detectable (Figure S3C), suggesting that the ra-
tio of apoptotic cells was too low to detect signaling proteins. We
speculate that the anti-proliferative activity of DS-3201b relies, at
least in part, on induction of apoptosis, but that cell-cycle arrest is
the most crucial molecular mechanism induced by DS-3201b in
MRT cells.
Molecular Therapy: Oncolytics Vol. 27 December 2022 17
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Table 1. IC50 values of EZH inhibitors in MRT and RMS cell lines

Cell line Origin

IC50 (nM, day 11)

DS-3201b UNC1999 CPI-360 GSK126 EPZ-6438

TTC642 soft tissue 0.19 3.77 23.21 78.7 37.1

A204.1 soft tissue 0.47 12.3 33.9 749 399.7

G401.6TG kidney 13.3 76.7 68.5 261.1 112.6

KYM-1 soft tissue 20.6 179.7 219.0 489.9 593.2

JMU-RTK-2 kidney 101.3 177.3 289.7 393.4 468.7

TTC549 liver 526.0 900.2 772.1 1097 1233

RD soft tissue (RMS) 1303 2698 1442 3942 7756
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Next, we sought to identify themolecule responsible for cell-cycle arrest
induced by DS-3201b. Comparison of cell-cycle-associated gene
expression signatures revealed that CDKN2A was markedly upregu-
lated in DS-3201b-treated cells (Figures 5B and 5C). The qRT-PCR
analysis confirmed that DS-3201b increased expression of CDKN2A
significantly (Figure 5D). Although expression of other PRC2 target
genes CDKN2C and CDKN1A was also upregulated by DS-3201b, the
increase in CDKN2A expression was more marked and reflected the
anti-proliferative effects of DS-3201b in MRT cells (Figures 5D and
S4A). Double KD of EZH1 and EZH2 increased CDKN2A expression
to a greater extent than single KD of either gene (Figure S4B), which
correlated with the reduction of H3K27me3 levels and suppression of
cell proliferation (Figures 1A and 1B). We examined the presence of
theH3K27me3marks at theCDKN2A locus inA204.1 cells byperform-
ing chromatin immunoprecipitation (ChIP) coupled with qPCR
(ChIP-qPCR). H3K27me3 was more accumulated at the exon 1a
(p16-CDKN2A) comparedwith exon 1b (p14-ARF). DS-3201b reduced
the H3K27me3 marks at the CDKN2A locus significantly (Figures 5E
and 5F). The reduction in H3K27me3 marks at the CDKN2A locus
was induced significantly by single KD of EZH1 or EZH2, although
the decrease in H3K27me3 was more marked after double KD of
EZH1 and EZH2 (Figure S4C). Collectively, these data indicate that
EZH1/2 dual inhibition cancels H3K27me3 accumulation and effec-
tively reactivates EZH1/2 target genes such as CDKN2A in MRT cells.

Morphological changes in MRT cells induced by EZH inhibitors

Gene enrichment analysis also revealed that both DS-3201b and EPZ-
6438 significantly altered genes associated with cell growth, cell
morphology, and differentiation (Figure 4B). EZH2 maintains the
stem cell-associated signature in Smarcb1-deficient mouse embryonic
fibroblasts and SMARCB1-deficient human pluripotent stem cells.6,22

EPZ-6438 induces genes responsible for neuronal differentiation and
morphological changes in MRT cells,9 which is consistent with our
RNA-seq data. Morphological alteration of A204.1 cells was observed
after exposure to DS-3201b for 7 days (Figure S5A). EZH inhibitors
increased the number of long, thin, spindle-shaped cells. Recent
studies show that EZH2 and H3K27me3 are enriched at the loci of
differentiation genes.23 Therefore, we confirmed expression of genes
reported to be involved in MRT differentiation.9,24,25 Expression of
DOCK4 and a-SMA increased in both DS-3201b- and EPZ-6438-
18 Molecular Therapy: Oncolytics Vol. 27 December 2022
treated cells (Figure S5B). Double KD of EZH1 and EZH2 also led
to upregulation of these genes (Figure S5C). By contrast, another dif-
ferentiation-related gene, CD133,9,25 was not detected in A204.1 or
TTC642 cells (data not shown). Based on these findings, we speculate
that the morphological changes mediated by DS-3201b are partly
associated with differentiation.

The anti-proliferative effect of the EZH1/2 dual inhibitor in vivo

To confirm the effects of the EZH1/2 dual inhibitor in vivo, we estab-
lished an A204.1 xenograft mouse model. Oral administration of DS-
3201b completely inhibited tumor growth and found a significant dif-
ference in tumor size between DS-3201b-treated and untreated mice
at day 18 (Figure 6A). No significant body weight loss was observed
during treatment (Figure 6B). Tumor size and weight were signifi-
cantly lower in treated mice than in the control group (Figures 6C
and 6D). We sought to compare DS-3201b with EPZ-6438 directly;
however, the experiment was not successful due to the difference in
solubility and the number of doses a day. Consistent with the inves-
tigation in vitro (Figure 2A and Table 1), EPZ-6438 slightly inhibited
tumor growth in A204.1 xenografted mice, but the difference is not
statistically significant (Figures S6A and S6B). On day 21, the relative
tumor volume of DS-3201b-treated mice was 0.018, but that of EPZ-
6438-treated mice was 0.88 (Figure S6C). Histologic analysis by H&E
staining revealed that tumor tissues from the control mice consisted
of densely packed tumor cells with atypical mitotic figures, indicating
abnormal cell proliferation (Figure 6E). By contrast, tumor tissues
from DS-3201b-treated mice were composed of fewer and loosely
distributed tumor cells, and atypical mitosis was observed much
more rarely than in control mice (Figure 6E). To validate the
mechanism underlying the anti-tumor effects of DS-3201b in vivo,
we evaluated expression of H3K27me3 and CDKN2A by immunohis-
tochemistry (IHC). Complete loss of H3K27me3 was observed in DS-
3201b-treated tumors (Figure 6F). Expression of CDKN2A in tumors
from the DS-3201b-treated mice increased markedly, reflecting the
reduction in H3K27me3 levels (Figures 6F and 6G). These results
suggest that the potent anti-tumor activity of DS-3201b in vivo is
mediated by a reduction in H3K27me3 levels, leading to upregulation
of CDKN2A expression. Collectively, our findings indicate that
EZH1/2 dual inhibitors efficiently suppress tumor progression and
may be promising drugs for successful treatment of MRT.



Figure 3. The function of EZH1 on MRT cell growth under the condition of EZH2 inhibition

(A) The effect of EZH1 KD under the condition of EZH2 inhibition on MRT cell growth. A204.1 cells were infected with shEZH1 retrovirus vector or empty vector (shControl),

and transduced cells were selected with 1 mg/mL of puromycin for 10 days. The EZH1 KD and control cells were treated with EPZ-6438 (100 nM) for the indicated durations.

The relative cell growth of the cells was measured by WST-8 assay (n = 3, means ± SD). Differences were statistically evaluated by two-way ANOVA followed by Tukey’s

multiple comparisons test. Statistical significance between shControl and shEZH1 in EPZ-6438 treated cells (shControl plus EPZ-6438 versus shEZH1 plus EPZ-6438) is

***p < 0.001. (B) Dose-response curve of EZH1 KD and control cells after treatment with various doses of EPZ-6438 (n = 3, means ± SD). Dose-dependent effects on cell

viability at day 11 are shown. (C–E) The overexpression of EZH1 in MRT cells. Cells were infected with retroviral Tet-EZH1 or Tet-empty (as a control) vectors, and transduced

cells were selected with 5 mg/mL of blasticidin for 10 days. The cells were incubated with 1 mg/mL of doxycycline (Dox) for 5 days, and GFP+ cells were sorted. (C) Expression

of EZH1 protein in the presence or absence of Dox. (D) EZH1 mRNA expression induced by Dox treatment (n = 3, means ± SD). The expression level of the Tet-empty is

indicated as “1.” ***p < 0.001 versus Tet-empty. (E) The effect of EZH1 overexpression on the anti-proliferative effect of EZH inhibitors. The EZH1 overexpressed cells were

treated with DS-3201b (100 nM) or EPZ-6438 (100 nM) for the indicated duration, and relative cell growth was measured by a WST-8 assay (n = 3, means ± SD). Differences

were statistically evaluated by two-way ANOVA followed by Tukey’s multiple comparisons test. n.s., not significant, ***p < 0.001 versus control. DS-3201b versus control is

p < 0.0001, and EPZ-6438 versus control is p = 0.4448 on day 11 in Tet-EZH1 transduced A204.1 cells. DS-3201b versus control is p < 0.0001, and EPZ-6438 versus control

is p = 0.4036 on day 11 in Tet-EZH1 transduced TTC642 cells.
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DISCUSSION
MRTs are rare and extremely aggressive pediatric cancers that
currently have no consistently efficacious therapeutics. Mutations or
deletions in the SMARCB1 gene are observed in virtually all MRTs.
Previous studies identified an antagonistic functional relationship be-
tween SWI/SNF and PRC2 complexes, and that loss of SMARCB1 re-
sults in increased expression of EZH2, widespread accumulation of
H3K27me3, repression of PRC2 target genes, and tumor formation.6,7

In this study, we revealed that EZH1, as well as EZH2, also contributes
to MRT cell growth and H3K27 methylation. We showed that both
EZH1 and EZH2 are responsible for accumulation of H3K27me3 at
one of the PRC2 targets, the CDKN2A locus. EZH1 depletion en-
hances the effect of EZH2 inhibition in MRT cells. These data suggest
that inhibition of EZH1 efficiently reduces residual H3K27me3 after
EZH2 inhibition, reactivates the PRC2 target genes, and suppresses
MRT cell growth. The double KD of EZH1 and EZH2 does not induce
the destabilization of the PRC2 complex, at least in the duration we
examined (Figure S1E). We also demonstrated that EZH1/2 dual in-
hibitors markedly suppress the growth of MRT cells even more selec-
tively in SMARCB1-deficient cells, consistent with EPZ-6438.9 Several
SWI/SNF complex members are genetically altered in a wide variety
of cancers, suggesting that dual inhibition of EZH1/2 may be an effec-
tive treatment for these cancers.

We also found that the sensitivities of EZH2-selective inhibitors are
inversely correlated with the EZH1 expression. While the biallelic
inactivation of SMARCB1 induces the overexpression of EZH2,6,7

the involvement of EZH1 expression has not been clarified. We
used previously published datasets from the Gene Expression
Omnibus database repository (GEO) and confirmed that expression
of EZH2 was significantly higher in tumor tissues regardless of the
onset sites, compared with that in corresponding normal tissues
Molecular Therapy: Oncolytics Vol. 27 December 2022 19
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Figure 4. The molecular mechanism underlying the anti-proliferative effect of EZH inhibitors in MRT cells

(A) Venn diagram of the differentially expressed genes (false discovery rate adjusted p < 0.05, and fold-change > 2). A204.1 cells were treated with DS-3201b (100 nM) or

EPZ-6438 (100 nM) for 14 days, followed by RNA-sequencing (RNA-seq) analysis. The number in each circle represents the number of differentially expressed genes

between DS-3201b treatment and EPZ-6438 treatment. (B) The enrichment analysis of the differentially expressed genes using Metascape. Bar graphs colored by p value

show the top 20 enriched terms, specifically changed by DS-3201b treatment (top), overlapped between DS-3201b and EPZ-6438 (middle), and altered by EPZ-6438

treatment (bottom).
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(Figure S7A). EZH1 expression was slightly elevated in tumor tissues,
but the difference was not statistically significant (Figure S7A). Exog-
enous expression of SMARCB1 significantly decreased the expression
of EZH2 protein and mRNA (Figures S7B and S7C), leading to the
growth inhibition of MRT cells (Figure S7D). EZH1 was also reduced,
but only a slight change was observed in A204.1 cells (Figures S7B and
S7C). EZH1 and EZH2 expressions were increased by KD of
SMARCB1 in SMARCB1 wild-type RD cells, promoting cell growth
(Figures S7E–S7H). These findings suggest that the loss of
SMARCB1 upregulates both EZH1 and EZH2 expression, although
SMARCB1 is only partially responsible for the expression of EZH1.

EZH1 compensates for the genetic deletion of Ezh2 in embryonic
stem cells.14 While the enzymatic EZH2 inhibition removes EZH2
from its target loci, redeployment of EZH1 occurs at the EZH2-free
20 Molecular Therapy: Oncolytics Vol. 27 December 2022
loci, which prevents reduction of H3K27me3 and gene reactivation
in adult T cell leukemia-lymphoma cells,15 indicating that EZH1
has a compensatory function in response to EZH2 inhibition. In
exploring the role of EZH1 in MRT cells, we discovered that the
KD of EZH2 or the selective inhibition of EZH2 increased the expres-
sion level of EZH1 protein. ChIP-qPCR analysis reveals that
H3K27me3 was generally downregulated after treatment with either
DS-3201b or EPZ-6438 (Figure S8), suggesting that increased expres-
sion of EZH1 is independent of the H3K27me3 reduction. Although
the expression of EZH1 mRNA differed depending on each cell line,
the expression level of EZH1 protein was consistently increased in all
cell lines tested. These findings suggest that transcriptional regulation
may be partly involved in the increased expression of EZH1, while
other conceivable hypotheses are that the protein modification
pathway or translational regulation is related to the expression or



Figure 5. The reactivation of CDKN2A, one of the EZH1/2 targets, and induction of cell-cycle arrest by EZH1/2 dual inhibition

(A) Representative histograms of cell-cycle analysis. A204.1 cells were treated with DS-3201b (100 nM) or EPZ-6438 (100 nM) for the indicated duration, followed by the cell-

cycle analysis with PI-staining. The y axes represent cell numbers, and x axes show DNA content (PI intensity). The numbers indicate the percentages of cells in each cell-

cycle phase. (B and C) Heatmaps of differentially expressed genes belonging to the “G1/S transition of mitotic cell cycle” (GO: 0000082; B) and “G2/M transition of mitotic cell

cycle” (GO: 0000086; C) terms.Mean values of signal intensity acquired fromRNA-seq data are represented by colors (n = 3 each, false discovery rate adjusted p < 0.05, fold-

change > 2). (D) Expression of CDKN2A, CDKN2C, and CDKN1AmRNAs in DS-3201b- or EPZ-6438-treated cells. Cells were treated with DS-3201b (DS; 100 nM) or EPZ-

6438 (EPZ; 100 nM) for 7 days, followed by qRT-PCR. n = 3, means ± SD. The expression level of the control is indicated as “1.” *p < 0.05, **p < 0.01, ***p < 0.001 versus

control. (E) Schematic of the CDKN2A locus and the locations of primer pairs for ChIP-qPCR analysis. (F) H3K27me3 enrichment at the CDKN2A locus. A204.1 cells were

treated with DS-3201b (100 nM) for 7 days, followed by ChIP-qPCR analysis. Normal rabbit IgG was used as a negative control for the immunoprecipitation. The primer pair

against ACTB was used as a negative control for the qPCR. n = 6, means ± SD. ***p < 0.001, as indicated by the bracket.
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stability of EZH1 protein. As shown in Figure 4B, genes associated
with protein modification are specifically enriched in EPZ-6438-
treated cells. Previous reports indicate that the translation of EZH2
is regulated by microRNAs (miRNAs), such as miR-101.26 Based
on the TargetScan database (http://www.targetscan.org/), the miR-
NAs predicted to be associated with EZH1 expression are entirely
Molecular Therapy: Oncolytics Vol. 27 December 2022 21
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Figure 6. The anti-proliferative effect of EZH1/2 dual inhibitor in vivo

(A) The tumor volume of A204.1 xenograft mice. Themice were orally administered once daily with 100mg/kg DS-3201 (calculated as a free-body DS-3201a, n = 10) or water

(as control, n = 10). Differences were statistically evaluated by two-way ANOVA followed by Tukey’s multiple comparisons test. DS-3201 versus control is **p = 0.003 at day

18. (B) Body weight of the A204.1 xenograft mice during the treatments. (C and D) Representative image (C) and weight (D) of tumors from all of the A204.1 xenograft mice at

experimental endpoint (day 22). Differences were statistically evaluated by Mann-Whitney test. ***p < 0.001 versus control. (E) Representative images of H&E staining. The

tumor tissues from the control group had a high number of mitoses (5–10 per high power field [HPF]) with abnormal mitotic figures, as shown by the arrows. DS-3201-treated

tumor tissues rarely had mitosis (0–1 HPF). Scale bars, 50 mm. (F and G) Representative images of immunohistochemical staining of H3K27me3 (F) and CDKN2A (G). The

tumors whose volume and weight were closest to the mean were used for immunohistochemistry. Scale bars, 50 mm.
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different from those targeting EZH2. The depletion or inhibition of
EZH2 may mediate the miRNAs targeting EZH1, resulting in the
increased expression of EZH1 protein. Although there are several
22 Molecular Therapy: Oncolytics Vol. 27 December 2022
plausible mechanisms, further investigation is needed to elucidate
the regulation of EZH1 expression under the condition of EZH2
depletion or inhibition.



www.moleculartherapy.org
We investigated the mode of action underlying the MRT cell growth
inhibition of the EZH1/2 dual inhibitor and found that the
CDKN2A-mediated cell-cycle arrest is one of the most crucial molec-
ular mechanisms. The induction of apoptosis and cell differentiation
by EZH1/2 dual inhibitors also has been reported in hematologic ma-
lignancies.15-17 Our data reveal that DS-3201b treatment induces the
morphological changes of MRT cells and increases the expression of
DOCK4 and a-SMA. Although these genes are reported to be involved
in MRT differentiation, whether the EZH1/2 dual inhibitor induces
differentiation in MRT cells cannot be concluded. As reported previ-
ously,9 morphological alteration is not observed in all cell lines.
Various genes have been proposed as differentiationmarkers, whereas
all marker genes are not expressed in all MRT cells. MRT can arise
throughout the body, and the expressions of marker genes are not
necessarily reflected in a clinical case. Further study about differenti-
ationmarkers ofMRTmay be helpful to investigate the detailedmech-
anism of EZH1/2 dual inhibitors.

We showed the efficacy of the EZH1/2 dual inhibitor in the xenograft
mice model. Our data strongly suggest that DS-3201b effectively sup-
presses tumor growth without significant adverse effects. Repeated
dose toxicity study also demonstrated that DS-3201b shows no crit-
ical or severe toxicity.19 Phase I investigator-initiated study of DS-
3201b in pediatric, adolescent, and young adult patients with malig-
nant solid tumors (ELEPHANT trial, NCCH1904/MK007 trial) is
now undergoing. Collectively, this study provides evidence that
EZH1 and EZH2 are effective targets in MRT cells, and our findings
support further studies of EZH1/2 dual inhibitors as a potential ther-
apeutic option for patients with MRT.

MATERIALS AND METHODS
Cell culture and treatment

Human MRT cell lines A204.1, TTC642, G401.6TG, and TTC549
were described elsewhere.27,28 The cells were cultured in RPMI-
1640 medium (30264-56; Nacalai Tesque, Kyoto, Japan) supple-
mented with 10% heat-inactivated FBS (10270106; Thermo Fisher
Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin
(P/S, 26253-84; Nacalai Tesque). JMU-RTK-2 (JCRB1484) was pur-
chased from the Japanese Collection Research Bioresources Cell
Bank (Osaka, Japan). JMU-RTK-2 cells were cultured in DMEM
(08456-36; Nacalai Tesque) plus 10% FBS and 1% P/S. KYM-1
(JCRB0627) and human rhabdomyosarcoma cell line RD
(JCRB9072) were obtained as gifts from Prof. Yukihiro Akao, Gifu
University.29 RD cells were cultured in Eagle’s minimum essential
medium (M4655; Merck, Darmstadt, Germany) with 10% FBS and
1% P/S, and KYM-1 cells were cultured in a 1:1 mixture of DMEM
and Ham’s F12 medium (17458-65; Nacalai Tesque) supplemented
with 10% FBS and 1% P/S. All cell lines were maintained at 37�C
with 5% CO2. The cells were tested for mycoplasma contamination
using an e-Myco Plus Mycoplasma PCR Detection Kit (25,237;
iNtRON Biotechnology, Burlington, MA, USA).

For in vitro experiments, an EZH1/2 dual inhibitor, DS-3201b (also
called valemetostat, HY-109108A; MedChemExpress, Monmouth
Junction, NJ, USA), partially selective inhibitors, UNC1999 (S7165;
Selleck, Houston, TX, USA), and CPI-360 (S7656; Selleck), and
EZH2-selective inhibitors, GSK126 (S7061; Selleck), and EPZ-6438
(namely tazemetostat, E7438; Selleck) were dissolved in DMSO and
added to the cell culture medium at a final concentration of DMSO
<0.1%; this concentration showed no significant effect on the growth
and differentiation of the cells (data not shown). The relative cell
growth was measured by the absorption spectrum of WST-8 forma-
zan dye (OD 450). The detailed information of the cell growth assay is
shown in the supplemental methods.
Protein extraction and western blotting

Whole cell lysate preparations and western blotting experiments were
carried out as described previously.30 Histone proteins were isolated
by the acid extraction method.31 The primary antibodies used for
western blotting are listed in the supplemental methods.
RNA isolation and RT-PCR

Total RNA was isolated from cells by using a NucleoSpin RNA Plus
kit (740984; Takara, Otsu, Japan) according to the manufacturer’s
protocol. To synthesize cDNA, total RNA was reverse transcribed
with SuperScript IV VILO (11766050; Invitrogen, Carlsbad, CA,
USA). Quantitative PCR was then performed using real-time PCR
system (QuantStudio 12K Flex; Applied Biosystems, Waltham, MA,
USA) with Taqman probes (Applied Biosystems) or specific primers
and SYBRGreen (Roche). The probes and primers used in this study
are summarized in the supplemental methods.
In vivo xenograft studies

BALB/c nu/nu nude mice were obtained from Japan SLC (Hama-
matsu, Japan). After 1 week of preliminary care, mice were used for
experiments. Human MRT A204.1 cells (2 � 106 cells) were sus-
pended in 100 mL of 50%Matrigel (#356234; Corning, NY, USA) pre-
pared in PBS and subcutaneously inoculated into the left flank of
5-week-old female mice. After the mean tumor volume had reached
approximately 100 mm3, the mice were randomized and separated
into two groups. The grouping day was set as day 0, and treatment
was started at day 1. DS-3201b (valemetostat tosylate) was suspended
in the sterile purified water and administered orally once daily at a
dose of 100 mg/kg (calculated as a free-body DS-3201a). EPZ-6438
was suspended in 5% DMSO, 40% PEG300, 5% Tween 80, and 50%
sterile purified water. Tumor size was monitored by measuring the
length (L) and width (W), and the volumes (V) were estimated
according to the following formula: V = (L�W2)� 0.5. The day after
the final administration, the mice were killed for the assessment of
tumor tissues.
Statistical analysis

Each experiment was performed in triplicate. Data are presented as
the mean ± SD. Unless stated otherwise, differences were statistically
evaluated by one-way ANOVA followed by the t test or Dunnett’s
multiple comparison test. Statistic evaluation was performed using
GraphPad 6.0 (GraphPad Software, La Jolla, CA, USA) and JMP 14
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(SAS Institute, Cary, NC, USA) software. The level of significance was
set at p < 0.05.

Study approval

All animal experimental protocols were approved by the Institutional
Animal Care and Use Committee at the National Cancer Center. An-
imal experiments were conducted in accordance with the Guidelines
for the Care and Use of Laboratory Animals. Each experiment was
carried out in a specific pathogen-free environment at the animal fa-
cility of the National Cancer Center, in accordance with institutional
guidelines.
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