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EZH2 inhibitor SHR2554 enhances the anti-tumor efficacy of
HDAC inhibitor Chidamide through STAT1 in T-cell lymphoma
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T-cell ymphoma (TCL) is a rare subtype of non-Hodgkin lymphoma (NHL) that is associated with a poor prognosis. Although HDAC
inhibitors have been approved for TCL treatment for several years, their expected therapeutic efficacy remains unmet in some
patients. In this study, we discovered that TCL tumor cells develop resistance to HDAC inhibitor treatment by upregulating the
methylation of lysine 27 on histone H3 (H3K27me3) levels. Furthermore, we confirmed the pharmacological efficacy of the EZH2
inhibitor SHR2554 and demonstrated a synergistic effect when combined with the HDAC inhibitor Chidamide through commercial
TCL cell lines, in vivo cell-derived xenograft, and patient-derived xenograft cancer models. We inferred that STAT1 was the key
driver of the synergistic effect using RNA-seq and ChiP-seq analysis. Our findings provide sufficient preclinical evidence in support

of a potential combination therapy strategy for TCL patients.
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INTRODUCTION

T-cell lymphoma (TCL) consists of a group of heterogeneous
hematological malignancies that continue to have a poor prognosis.
Existing therapeutic regimens for TCL are primarily adapted from
those used in B-cell lymphoma, including CHOP and CHOPE.
However, they haven't been as effective as predicted in some cases.
The 5-year overall survival (OS) rates for common subtypes have not
significantly improved over the past 20 years [1]. Therefore, there is
an urgent need for in-depth research on therapeutic strategies.

Epigenetic dysregulation has been associated with cancer
metastasis and progression [2]. Histone deacetylases (HDAC) and
histone acetyltransferases (HAT) regulate the homeostasis of histone
acetylation, thereby serving as critical epigenetic regulators in the
pathobiology of various malignancies, including lymphoma [3, 41.
Abnormalities in HDAC activity disrupt the equilibrium between
acetylation and deacetylation, resulting in a more condensed
nucleosome structure that downregulates tumor suppressor genes
and subsequently promotes carcinogenesis [5, 6]. HDAC inhibitors
have been approved by the Food and Drug Administration for the
treatment of TCL for several years [7]. Chidamide was approved in
China in 2014 for the treatment of relapsed or refractory PTCL, with
an overall response rate (ORR) of 28% [8]. However, in patients with
TCL, treatment with these drugs resulted in an ORR that often fell
below 35% [9, 10]. It is noteworthy that HDAC inhibitors have
demonstrated considerable utility when combined with other small-
molecule drugs to enhance therapeutic efficacy [11].

EZH2 functions as a critical epigenetic regulator, catalyzing the
trimethylation of lysine 27 on histone H3 (H3K27me3) and thereby
silencing downstream target genes through a classical mechan-
ism. Overexpression of EZH2 has been reported in several human

malignancies, leading to EZH2 dysfunction and the suppression of
tumor suppressor gene expression in conditions such as prostate
cancer, NK/T-cell ymphoma, and melanoma [12-14]. EZH2 acts as
a transcriptional coactivator in the MYCN-mediated gene expres-
sion program in TCL [15]. Several EZH2 inhibitors have already
been in clinical studies [16-18]. Clinical studies on the EZH1/2
dual-target inhibitor valemetostat are ongoing in adult T-cell
leukemia/lymphoma (ATLL) [19].

HDAC and EZH2 regulate the balance between the acetylation and
methylation of H3K27, thereby modulating gene expression. In this
study, we found that tumor cells increase their levels of H3K27me3 to
confer resistance to HDAC inhibitor treatment in TCL. The small-
molecule inhibitor SHR2554, which targets EZH2, demonstrated
significant anti-tumor effects on various TCL cell lines. The
combination of EZH2 inhibitors with HDAC inhibitors in the
treatment of TCL demonstrated a synergistic effect both in vitro
and in mouse models. EZH2 inhibitors counteract the H3K27me3
levels induced by HDAC inhibitors, thereby releasing tumor
suppressor genes, including STAT1. These findings underscore the
epigenetic relationship between H3K27ac and H3K27me3 in TCL,
highlighting potential therapeutic strategies for TCL.

MATERIALS AND METHODS
Cell lines and reagents
Available in supplementary material and methods.

Cell viability assay and combination index (Cl) analysis
Cells were seeded in 96-well plates at a density of 4 x 10® cells per 100 L
per well and treated with the specified drugs at varying concentrations.
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Cell viability was assessed using the CellTiter-Glo Luminescent Cell Viability
Assay System (Promega, Madison, USA, #G7572). Synergistic effects were
analyzed using CompuSyn software (ComboSyn Inc, NJ, USA) [20].

Cell apoptosis and cell cycle assays

For the apoptosis assay, cells were resuspended in 1x Binding Buffer and
stained with Annexin V-FITC and propidium iodide (PI) using an apoptosis
detection kit (Dojindo Laboratories, Kumamoto, Japan, #AD10). For cell
cycle analysis, cells were harvested and fixed in pre-cooled 75% ethanol at
—20°C and stored at 4 °C overnight. The following day, the fixed cells were
washed with PBS and subsequently resuspended in PI/RNase solution
(KeyGen BioTECH, Jiangsu, China, #KGA511) for staining at room
temperature for 30 to 60 min. Finally, all samples were analyzed using
the BECKMAN CytoFLEX (BECKMAN COULTER Life Sciences, Indiana, USA).

RNA extraction, real-time PCR, immunohistochemistry (IHC),
and western blot analysis
Available in supplementary material and methods.

In vivo study

All mouse experiments were conducted in accordance with the guidelines
set forth by the Institutional Animal Care and Use Committee of Peking
University Cancer Hospital & Institute and adhered to the principles
outlined in the Guide for the Care and Use of Laboratory Animals [21].
Female immune-deficient NOD.Cg-PrkdcAscidll2rgAtm1Sug/lic  (NCG)
mice, aged 5-6 weeks, were sourced from Beijing HFK Bioscience (Beijing,
China) and were maintained in a specific pathogen-free environment
within our facility. Tumor cells (H9, at 5 x 10° cells) were suspended in an
equal volume of PBS and Matrigel (Corning, NY, USA, #356237) and
subsequently inoculated subcutaneously into the right flank of each
mouse. For the patient-derived xenograft (PDX) model, a 1 mm? biopsy
specimen from a patient was subcutaneously injected into the right side of
each mouse. SHR2554 and Chidamide were prepared according to the
in vivo experimental protocol from MCE, using a solvent mixture of 10%
DMSO, 40% PEG300, 5% Tween-80, and 45% saline. Tumors measuring
150-200 mm? will be assigned randomly into groups. Body weight and
tumor volume (V) of the mice were assessed every two days, with tumor
volume calculated using the formula V = (length x width?)/2 (mm’®) by a
digital caliper. Mice were ultimately sacrificed when body weight loss
exceeded 20% or when tumor volume surpassed 1500-2000 mm?.

RNA-seq, ChIP-seq, lentivirus packing and infection, and
statistical analysis
Available in supplementary material and methods.

RESULTS

TCL tumor cells with acquired resistance to HDAC inhibitors

exhibited elevated H3K27me3

To investigate the resistance mechanism of TCL tumor cells to
HDAC inhibitors, we treated four TCL cell lines with Chidamide
(CHI) for 48 h. These cell lines encompass different types of TCL,
including cutaneous T-cell lymphoma (CTCL), anaplastic large
T-cell lymphoma (ALCL), and ATLL. The tumor cell lines exhibited a
dose-dependent increase in H3K27ac and H3K27me3 levels
following CHI treatment. (Fig. 1A and Supplementary Fig. S1A,
B). The increase in H3K27ac levels is induced by HDAC inhibition,
whereas elevated levels of H3K27me3 lead to the silencing of
tumor suppressor genes, thereby promoting tumor development.
This is in contrast to the gene activation driven by increased
H3K27ac levels [22, 23]. Therefore, we hypothesize that the
increase in H3K27me3 levels leads to the silencing of specific
tumor suppressor genes. To confirm that HDAC inhibitors increase
H3K27me3 levels, we utilized another HDAC inhibitor, Vorinostat
(SAHA), in these four cell lines. Consistent with CHI, SAHA
significantly elevated H3K27me3 levels in the cancer cell lines
(Fig. 1B and Supplementary Fig. S1C, D). H3K27me3 is mediated by
PRC2, which comprises core subunits, including EZH2, SUZ12, and
EED [24]. The immunoblot results indicated that increasing
concentrations of CHI led to elevated expression of EZH2 in all
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four cell lines, rather than SUZ12 or EED (Fig. 1C and
Supplementary Fig. S1E, F). CHI and SAHA block HDAC enzymatic
activity through competitive binding without promoting the direct
degradation of HDAC proteins. In TCL cell lines, the expression
levels of their common molecular targets (HDAC1, HDAC2, HDAC3)
remained unchanged, consistent with their non-degradative
mechanism of action (Supplementary Fig. S2A, B). Additionally,
we evaluated the mRNA expression levels of these three subunits
following CHI treatment. We found that the mRNA expression of
EZH2 was dose-dependently upregulated in the CTCL cell line H9
and the ALCL cell line Karpas 299 (Fig. 1D and Supplementary Fig.
S2C). We further induced the tumor cell lines with long-term, low-
dose HDAC inhibitor treatment to establish resistant cell strains
H9-R, K299-R, and HUT78-R (Fig. 1E, F and Supplementary Fig.
S2D). The resistant cell lines exhibited a significant upregulation of
H3K27me3 levels compared to the control cell lines (Fig. 1G and
Supplementary Fig. S2E). The observed transcriptomic and protein
alterations suggest that TCL tumor cells upregulate H3K27me3
primarily through EZH2 as a mechanism to resist HDAC inhibitors.

Subsequently, we investigated the transcriptome of EZH2 in TCL
patients. Compared to the mRNA expression levels in reactive
hyperplasia lymph nodes from the GSE225757 and GSE225758
datasets, EZH2 was significantly upregulated across all subtypes of
TCL (Fig. TH and Supplementary Fig. S2F). Additionally, an increase
in EZH2 mRNA levels was observed in PTCL compared to reactive
lymph nodes in the GSE36172 dataset (Fig. 11). To validate the
elevated expression of EZH2 protein in TCL, we compared the
EZH2 expression levels between tumor cell lines and normal T
cells. Our findings demonstrated that the protein expression of
EZH2 in tumor cell lines was significantly higher than that in
normal T cells, accompanied by increased levels of H3K27me3.
Furthermore, we showed that upon activation, T cells exhibited
elevated levels of EZH2 and H3K27me3 (Fig. 1J). The survival
analysis of datasets GSE225757 and GSE58445 further indicated
that TCL patients exhibiting high expression levels of EZH2
demonstrated significantly poorer overall survival (OS) rates
(Fig. 1K, L). We subsequently evaluated 16 patients with
angioimmunoblastic T cell lymphoma (AITL) who received the
CHOPE regimen at Peking University Cancer Hospital and found
that individuals with elevated EZH2 expression exhibited reduced
progression-free survival (PFS) (Supplementary Fig. S2G). The
transcriptomic anomalies identified suggest that EZH2 may play a
crucial role in the progression of TCL. These results indicate that
EZH2, as an oncogene, is activated following HDAC inhibitor
treatment and may contribute to the resistance of TCL tumor cells
to HDAC inhibitors.

The EZH2 inhibitor SHR2554 mediates therapeutic effects in
TCL by reducing H3K27me3 levels

To investigate the anti-tumor efficacy of targeting EZH2 in TCL,
we conducted a cell viability assay on tumor cell lines treated
with the EZH1/2 inhibitor Valemetostat, the EZH2 PROTAC
degrader MS177, the EZH2 inhibitor EPZ6438 and SHR2554
(Supplementary Fig. S3A). Given the drug’s efficacy and its
target, we selected SHR2554 (SHR) for further study. Treatment
with SHR for 72 h and 144 h inhibited the proliferation of tumor
cells in a dose-dependent manner, with IC50 values ranging
from 0.365 to 3.001 uM for 144 h (Fig. 2A and Supplementary
Fig. S3B). We confirmed that SHR reduced the levels of
H3K27me3 in TCL and decreased EZH2 expression at high
concentrations (Fig. 2B, E, and Supplementary Fig. S3C, D). We
performed analysis of cell apoptosis and cell cycle profiles in TCL
cells treated with SHR for 72 hours (Fig. 2C, D, and Supplemen-
tary Fig. S3D, E). Both the H9 and Karpas 299 cell lines exhibited
a higher percentage of apoptotic cells in response to increasing
doses of SHR (Fig. 2C). The levels of pro-apoptotic proteins,
including cleaved PARP in its active form, were significantly
elevated with increasing doses of SHR. Concurrently, a reduction
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in several anti-apoptotic proteins, including XIAP and MCL1, was
observed (Fig. 2E and Supplementary Fig. S3D). Flow cytometry
analysis indicated a notable increase in the percentage of cells
in the G1/S phase following SHR treatment (Fig. 2D). In
alignment with the flow cytometry data, proteins preferentially
expressed in the G1 phase (CDK4, CDK6) and S phase (CDK2)
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were downregulated by SHR treatment (Fig. 2F and Supple-
mentary Fig. S3E).

To investigate the targets of EZH2 in TCL, we performed
transcriptome sequencing on the H9 cell line treated with SHR for
72 h. Consistent with the effect of inhibiting H3K27me3-modified
gene expression, the number of upregulated genes was
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Fig. 1 TCL tumor cells with acquired resistance to HDAC inhibitors exhibited elevated H3K27me3. A, B Western blot analysis showed
increased levels of H3K27me3 and H3K27ac following treatment with HDAC inhibitors Chidamide (A) and SAHA (B) in the H9 and Karpas 299
cell lines at the indicated concentrations for 48 h (1 x 10° cells/mL), compared to the DMSO control. Histone H3 (H3) was used as a loading
control. C Western blot analysis was performed to assess the protein levels of the core subunits of the PRC2 complex in the H9 and Karpas 299
cell lines, including EZH2, SUZ12, and EED, following treatment with CHI. GAPDH was used as a loading control. D RT-PCR was performed to
assess MRNA expression of EZH2, following treatment with CHI. GAPDH was used as a loading control. E Schematic diagram of the process for
inducing drug-resistant cell lines. Drug-resistant TCL cell lines were induced through prolonged treatment with 20% inhibitory concentration
(IC20). F Dose-response curves for CHI were generated comparing drug-resistant cell lines (R) with control cell lines (NC). CHI was diluted from
an initial concentration of 50 pM and treated at a density of 4 x 10% cells/mL/well for 48 h. The 48-hour 50% inhibitory concentration (IC50)
values were calculated using SPSS and are presented accordingly. G Western blot analysis was performed to assess the variations in protein
levels of EZH2, SUZ12, EED, and H3K27me3 between drug-resistant cell lines (R) and control cell lines (NC). GAPDH or H3 was used as a loading
control. H, I Gene expression profiling analysis from GSE225758 (H) and GSE36172 (I) demonstrated significantly elevated mRNA levels of
EZH2 in patients with TCL compared to those with reactive hyperplasia of lymph nodes (RH). J Western blot analysis was performed to assess
variations in the protein levels of EZH2, H3K27me3, and H3K27ac among TCL cell lines and T cells. GAPDH or H3 was used as a loading control.
K, L Kaplan-Meier curves for OS of TCL patients based on EZH2 mRNA expression from GSE225757 (K) and GSE58445 (L). A Log-Rank test was
performed to assess statistical differences between the two groups. Tick marks indicate censored data. CHI, Chidamide. SAHA, Vorinostat.
AITL, Angioimmunoblastic T-cell ymphoma. ALCL, Anaplastic large cell lymphoma. ATLL, Adult T-cell leukemia/lymphoma. ENKTL, Extranodal
Natural Killer/T-cell Lymphoma. PTCL, peripheral T cell lymphoma. RH, reactive hyperplasia. OS, Overall survival. All experiments were

conducted in triplicate, and the data are reported as mean £ SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the control group.

significantly greater than that of downregulated genes (Fig. 2G).
The regulated genes were predominantly associated with the
PI3K/AKT, MAPK, p53, and JAK-STAT signaling pathways, as
revealed by our KEGG enrichment analysis (Fig. 2H). GO
enrichment analysis indicated that RNA polymerase Il is involved
in gene regulation (Supplementary Fig. S3F). We performed GSEA
analysis on all RNA-seq genes. In the SHR group, in addition to the
upregulation of H3K27me3 target genes, genes downregulated by
HDAC1, HDAC2, and HDAC3 were also upregulated, indicating the
relationship between EZH2 and HDAC in epigenetic regulation
(Fig. 21, J and Supplementary Fig. S3G). We also conducted ChlP-
seq analysis for H3K27me3 modifications in both the SHR group
and the control group. In the SHR group, multiple tumor
suppressor genes, including the p53 downstream gene PERP
and the PI3K/AKT pathway inhibitor gene INPP4B, were identified
among the genes downregulated by H3K27me3 modifications
and elevated at the mRNA expression level (Supplementary Fig.
S3H, 1). Collectively, the EZH2 inhibitor SHR shows promise as a
potential therapy for TCL, potentially associated with alterations in
the methylation and acetylation of the H3K27 region.

SHR2554 enhances the efficacy of Chidamide by neutralizing
HDAC inhibitor-induced elevations in H3K27me3 levels

Then, five TCL cell lines were treated with prescribed doses of the
EZH2 inhibitor SHR2554 and the HDAC inhibitor Chidamide for
48 h. The combination therapy was administered at concentra-
tions progressively increasing in a fixed ratio from 0, maintaining
the IC50 values for SHR and CHI (Supplementary Fig. S4A). As
illustrated in Fig. 3A, the synergistic inhibitory effect of the
combination treatment was pronounced, as assessed by the Cl
value (Cl < 1). Flow cytometry analysis and Western blot analysis
revealed the combination of SHR and CHI induces a synergistic
effect in triggering apoptosis, including the upregulation of
cleaved PARP and the downregulation of XIAP and MCL1.
Furthermore, we validated that p21, a tumor suppressor gene
regulated by EZH2, exhibited a marked increase in expression
when co-treated with the HDAC inhibitor (Fig. 3B, C and
Supplementary Fig. S4B). The expression of cell cycle-related
proteins was also downregulated under the combined treatment
(Supplementary Fig. S4C). Additionally, the cell migration was
inhibited with simultaneous exposure to SHR and CHI (Fig. 3D). We
observed a substantial reduction in EZH2 protein expression in the
combination group compared to the monotherapy group. We
further explored the impact of drug combinations on H3K27
modification. We confirmed that the EZH2 inhibitor SHR2554 can
significantly diminish the increase in H3K27me3 induced by the
HDAC inhibitor Chidamide. Concurrently, it was observed that SHR
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synergistically upregulated the modification of H3K27ac in
combination with CHI. (Fig. 3E and Supplementary Fig. S4D). No
synergistic effects of SHR and CHI were observed at other histone
modification sites, including H3K9me3, H3K9ac, H4K12ac, and
H4K16ac (Supplementary Fig. S4E). The results indicate that the
EZH2 inhibitor does not antagonize the acetylation effect of the
HDAC inhibitor at the site of H3K27. These findings suggest that
while HDAC inhibitors exert therapeutic effects on TCL through
acetylation, tumor cells may resist pharmacological therapy by
upregulating H3K27me3. EZH2 inhibitors can reverse the elevated
levels of H3K27me3, thus re-regulating the target genes to
enhance the therapeutic effect of HDAC inhibitors and produce a
synergistic drug combination effect.

SHR2554 and Chidamide exert a synergistic effect through
upregulation of STAT1
To explore the therapeutic mechanism associated with the
combination of SHR2554 and Chidamide, we conducted tran-
scriptome profiling of H9 cells under DMSO, SHR, CHI, and
SHR + CHI treatments at 24 h. We initially investigated the reasons
for the alterations in H3K27me3 levels under HDAC inhibitor
treatments. Compared to the DMSO group, GSEA analysis of all
genes in the CHI group indicated a significant downregulation of
EZH2 target genes, which is consistent with the observed rise in
H3K27me3 levels (Fig. 3F). Treatment with SHR for 24 hours
resulted in fewer changes in gene expression compared to
72 hours, which is associated with the prolonged effect of
H3K27me3 modifications (Supplementary Fig. S5A) [25]. A Venn
diagram was used to illustrate the genes that were upregulated
and downregulated in response to various treatments (FC> 1.5,
FDR < 0.05). Compared to the DMSO group, the number of
upregulated genes in each treatment group was significantly
higher than that of downregulated genes, consistent with the
observed variations in histone modifications post-treatment
(Fig. 4A and Supplementary Fig. S5B). Our analysis focused on
these upregulated genes, as they are more pertinent to the
mechanisms of action of the drugs and histone modifications. In
the combination group, the results of the KEGG enrichment
analysis and GO enrichment analysis were substantially aligned
with those obtained following treatment with EZH2 inhibitors,
indicating the role of EZH2 inhibitors in combination therapy (Fig.
4B and Supplementary Fig. S5C). We noted that among the genes
with high expression levels (FPKM > 30) in the combination group,
the tumor suppressor gene STAT1 exhibited the highest expres-
sion (Fig. 4A).

The transcription factor STAT1 can regulate associated genes
to limit tumor development and metastasis [26]. The protein
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levels of STAT1 also showed a significant increase in the H9 cell
line following the combination treatment with the two drugs.
However, in the Karpas 299 cell line, the activation of STAT1 was
more evident in the increased phosphorylation levels, likely due
to the exceptionally high basal expression of STAT1 in Karpas
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299 (Fig. 4C and Supplementary Fig. S4D, E). Consistent with the
protein results, gPCR analysis confirmed that the mRNA levels of
STAT1 were markedly elevated following the combination of the
two drugs, particularly in the H9 cell line (Fig. 4D). GSEA analysis
revealed that genes containing STAT1 transcription factor
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Fig. 2 The EZH2 inhibitor SHR2554 mediates therapeutic effects in TCL by reducing H3K27me3 levels. A Dose-response curves for SHR
were generated across 5 TCL cell lines. SHR was diluted from an initial concentration of 50 uM and treated at a density of 4 x 10° cells/mL/well
for 144 h. The control group received the same concentration of DMSO. The 144-hour 50% inhibitory concentration (IC50) values were
calculated using SPSS and are presented accordingly. B Western blot analysis was performed to assess the levels of H3K27me3 and H3K27ac
following treatment with SHR for 72 h. H3 was used as a loading control. C, D 1 x 10° cells/mL were cultured in the presence of the indicated
concentrations of SHR for 72 h. Cell apoptosis (C) and cell cycle (D) were assessed by flow cytometry. E, F Western blot analysis was performed
to assess cell apoptosis (E) and cell cycle-related proteins (F). GAPDH was used as a loading control. G Volcano plot illustrating the changes in
gene expression in the SHR group (SHR 5 pM, 72 h) compared to the control group in RNA-seq. H KEGG enrichment of regulated genes in the
SHR group compared to the control group. I, J Gene set enrichment (GSEA) plot of BENPORATH_ES_WITH_H3K27ME3 (I) and
SENESE_HDAC1_AND_HDAC2_TARGETS_DN (J) gene sets comparing SHR and the control group. SHR, SHR2554. All experiments were
conducted in triplicate.,, and data are reported as mean + SD. Experimental groups were compared to the DMSO control using One-Way
QNOVA followed by LSD post hoc multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the control group.

binding sites were upregulated in the combination group
(Supplementary Fig. S4F). Correlation analysis conducted across
different databases consistently demonstrated a negative correla-
tion between the expression levels of STAT1 and EZH2 (Supple-
mentary Fig. S4G-I).

To gain a better understanding of the anti-tumor mechanisms
underlying combination therapy and the role of STAT1 in TCL, we
transfected STAT1 shRNA into H9 and Karpas 299 cells, confirming
effective STAT1 knockdown via gPCR and Western blot analysis
(Fig. 4E and Supplementary Fig. S6A, B). Cell viability assays
indicated that the downregulation of STAT1 expression facilitated
tumor cell proliferation (Supplementary Fig. S6C). After determin-
ing the drug concentrations from the combination assays in the
STAT1 knockout cell lines, we observed that these knockout cell
lines exhibited varying degrees of resistance to SHR and CHI,
which significantly reduced the efficacy of the combination
treatment (Fig. 4F). Flow cytometry analysis of apoptosis similarly
revealed that, in the combination group of the STAT1 knockout
cell lines, the percentage of apoptotic cells was substantially
decreased, returning even to levels induced by single-agent
treatment (Fig. 4G, Supplementary Fig. S6D, E). Western blot
analysis confirmed a considerable decrease in cleaved-PARP and a
notable increase in the anti-apoptotic protein MCL1 following
STAT1 knockout. Interestingly, we also observed a significant
increase in H3K27me3 modifications in the STAT1 knockout cell
lines, while the expression of components of the PRC2 complex
did not show significant changes (Fig. 4H and Supplementary Fig.
S6F, G). The results indicate that while EZH2 modulates STAT1, it
may also be subject to negative feedback regulation by STAT1. To
further examine the role of STAT1 in combination therapy, we
established STAT1 overexpression cell lines (Fig. 41 and Supple-
mentary Fig. S6H). Due to the higher STAT1 expression levels in
the Karpas 299 cell line, we also established another cell line,
Hut78. In the STAT1 overexpressing cell lines, lower concentra-
tions of SHR and CHI demonstrated excellent synergistic inhibition
(Fig. 4J). The levels of H3K27me3 were relatively reduced. The
expression of apoptotic proteins and the proliferation rate also
exhibited an opposite pattern compared to those in the knockout
cell lines (Supplementary Fig. S6l, J).

The loss of H3K27me3 at the IFNG locus enhances IFN-y
expression and activates STAT1

To investigate the alterations in H3K27me3 modification with the
combination of SHR2554 and Chidamide, we performed
H3K27me3 ChIP-seq on H9 cells in each treatment group after
48 hours. Consistent with our findings of elevated genes from
RNA-seq, we focused on the genes exhibiting reduced regions of
H3K27me3 modifications. We discovered that the H3K27me3
modification of IFNGR1 was significantly downregulated in all
treatment groups, whereas the H3K27me3 modification of IFNG
was only significantly downregulated in the combination group
(Fig. 4K). IFNG and IFNGR1 are upstream regulators of STAT1, and
the binding of IFNG to IFNGR1 activates STAT1, exerting anti-
tumor effects [27]. Meanwhile, in the combination group, the
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transcription levels of IFNG and IFNGR1 were significantly elevated
(Supplementary Fig. S7A). Compared to IFNG, the reduction of
H3K27me3 modification regions in IFNGR1 occurred more
extensively and frequently (Fig. 4L, M and Supplementary Fig.
S7B, Q). Western blot analysis revealed a significant upregulation
of IFN-y expression under the combined treatment of the two
drugs (Fig. 4N, Supplementary Fig. S7D). We also confirmed a
significant elevation in IFNG mRNA expression via gPCR (Fig. 40).
The upregulation of IFN-y expression is consistent with an
increased expression of STAT1. Treatment with the IFN-y inhibitor
AX-024 not only suppressed IFN-y expression but also abolished
the upregulation of STAT1 induced by the combination therapy,
suggesting that IFN-y plays an activating role in STAT1 expression
(Fig. 4N and Supplementary Fig. S7E) [28]. IFNG can bind to
IFNGR1 to further enhance STAT1 expression, which may explain
the considerable elevation of STAT1 observed primarily in the
combination group [29]. Our results consistently indicate that
SHR2554 enhances the efficacy of Chidamide by upregulating
STAT1 through reducing H3K27me3 modification at the
IFNG locus.

Combination of SHR2554 and Chidamide exhibited potent
antitumor effects in vivo

In vivo experiments were conducted to further validate the
therapeutic potential and safety of the combination strategy. We
employed both cell line-derived xenograft (CDX) and patient-
derived xenograft (PDX) models in the mouse experiments. This
PDX model was derived from a biopsy specimen of a patient with
ALK-negative ALCL. The pathological fidelity of this ALK-negative
ALCL PDX was confirmed by positive staining for CD4, CD30, and
Granzyme B, along with negative staining for ALK (Supplementary
Fig. S7F). Once the tumor volume reached 150 mm?, all mice were
randomized into six groups: control, SHR2554 (50 mg/kg and
100 mg/kg administered via gavage twice a day), Chidamide
(5mg/kg, administered via gavage daily), and a combination
treatment group (n =5 per treatment cohort). The administration
of 5mg/kg Chidamide daily alone resulted in only a modest
reduction in tumor volume. However, when combined with
varying concentrations of SHR2554, a significant decrease in
tumor volume was observed, suggesting a promising synergistic
effect between the two agents. The combination groups at high
and low doses exhibited tumor inhibition rates of 50.9% and
68.1%, respectively, in H9 CDX (Fig. 5A, C). Moreover, the therapy
was well tolerated, as demonstrated by the lack of weight loss or
mortality in the mice (Supplementary Fig. S7G). Similarly, in the
ALK-negative ALCL PDX model, the combination of the two drugs
significantly improved therapeutic efficacy compared to single-
agent treatment without weight loss (Fig. 5B, D, Supplementary
Fig. S7H).

We further analyzed the modifications of H3K27 through
Western blot analysis and immunohistochemical staining in H9
CDX. The Western blot and immunohistochemical staining results
for H9 CDX protein confirmed consistent changes in H3K27me3
modification. We observed a significant increase in H3K27me3 in
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Fig. 3 SHR2554 enhances the efficacy of Chidamide by neutralizing HDAC inhibitor-induced elevations in H3K27me3 levels. A Synergistic
inhibitory effects of SHR and CHI on tumor cell proliferation. The concentrations of SHR and CHI were gradually increased in a fixed ratio from
0 according to their respective IC50 values. Combination index (Cl) values were calculated using Compusyn and are presented at the bottom.
Cl values< 1 indicate a synergistic combination. B Representative flow cytometry images and histograms of the Annexin V for the cell
apoptosis assay. Cell lines were treated with DMSO or the indicated concentrations for 48 h. C Western blot analysis was performed to assess
cell apoptosis and cell cycle-related proteins. GAPDH was used as a loading control. D Representative histograms for the cell migration assay.
Cell lines were treated with DMSO or the indicated concentrations for 48 h. E Western blot analysis was performed to assess variations in the
protein levels of EZH2, H3K27me3, and H3K27ac. Cell lines were treated with DMSO or the indicated concentrations for 48 h. GAPDH or H3
was used as a loading control. F Gene set enrichment (GSEA) plot of KAMMINGA_EZH2_TARGETS gene set comparing between CHI and the
control group. All experiments were conducted in triplicate, and data are reported as mean + SD. Experimental groups were compared to the
DMSO control using One-Way ANOVA followed by LSD post hoc multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the
control group. #p < 0.05, ###p < 0.001 compared with CHI group.

the CHI group, which was significantly inhibited upon combina-
tion with SHR. (Fig. 5E-G, Supplementary Fig. S71). Additionally, Ki-
67 staining of tumor sections revealed a significant decrease in
proliferation, further confirming the inhibitory effect of the
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combination therapy on tumor growth (Fig. 5G). In summary,
the combination of SHR2554 and Chidamide demonstrated
promising anti-tumor effects in vivo in TCL, suggesting significant
potential for clinical application.
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DISCUSSION

Our study focuses on shifts in H3K27me3 modifications following
pharmacological therapy and their associated effects on gene
expression in TCL. Previous studies on the combination of HDAC
inhibitors and EZH2 inhibitors in various cancers have largely
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overlooked the changes in H3K27me3 levels following HDAC
inhibitor treatment [30-34]. In prostate cancer, both EZH2 and
HDAC inhibitors collaboratively suppress the tumor suppressor
function of ATF3 [31]. However, in our sequencing data, ATF3 is
only upregulated following treatment with the EZH2 inhibitor
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Fig. 4 SHR2554 and Chidamide exert a synergistic effect through upregulation of STAT1. A Schematic representation of the overlapping
upregulated genes (FC > 1.5, FDR < 0.05) from different treatment groups in RNA-seq (H9, SHR 8 uM, CHI 0.2 uM, SHR 8 uM + CHI 0.2 uM, 24 h,
compared with DMSO control). B KEGG enrichment of regulated genes in the combo group compared to the control group from RNA-seq.
C, D The protein (C) and mRNA (D) expression levels of STAT1 in H9 and Karpas 299 cells were analyzed after treatment with DMSO and the
indicated concentrations of SHR and/or CHI for 48 h. GAPDH was used as a loading control. Representative figures are presented. E STAT1
knockdown by shRNA was validated by Western blot analysis. Cells were treated with 2 pg/mL doxycycline (Dox) for 48 h to induce stable
STAT1 knockdown. GAPDH was used as a loading control. F, G The inhibition (F) and apoptosis (G) rates in STAT1 stably knockdown cell lines
(NC, shSTAT1 #1, and shSTAT1 #2) were assessed following treatment with different groups. H Western blot analysis was performed to assess
apoptosis-related proteins and H3K27 modifications in STAT1 stably knockdown cell lines. GAPDH or H3 was used as a loading control.
I Western blot analysis was performed to validate the constructed STAT1 overexpression cell lines. J The inhibition (F) rates in STAT1
overexpression cell lines were assessed following treatment with different groups. K Venn diagram of H3K27me3 downregulated genes
(Log2FC < -1, FDR < 0.05) from different treatment groups in ChIP-seq (H9, SHR 8 pM, CHI 0.2 pM, SHR 8 pM + CHI 0.2 pM, 48 h, compared with
DMSO control). L, M IGV profiles demonstrating downregulated H3K27me3 occupancy on the IFNGR1 (L) and IFNG (M) in each treatment
group. N Western blot analysis was performed to assess STAT1 and IFN-y expression after treatment with the indicated concentrations of SHR
and/or CHI and IFNy inhibitor AX-024 (10 ng/ml) for 48 h. GAPDH was used as a loading control. O The mRNA expression levels of IFNG in H9
and Karpas 299 cells were analyzed after treatment with DMSO and the indicated concentrations of SHR and/or CHI for 48 h. GAPDH was used
as a loading control. Representative figures are presented. All experiments were conducted in triplicate, and data are reported as mean + SD.
Experimental groups were compared to the DMSO control using One-Way ANOVA followed by LSD post hoc multiple comparisons. *p < 0.05,
:*p <0.01, ***p < 0.001, compared with the control group. #p < 0.05, ###p < 0.001 compared with CHI group.
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Fig. 5 Combination of SHR2554 and Chidamide exhibited potent antitumor effects in vivo. A, B Efficacy of combination treatment in H9
CDX (A) and ALK-negative ALCL PDX (B) models. NCG mice bearing xenografts were treated daily by gavage with vehicle (grey), SHR (50 mg/
kg and 100 mg/kg, yellow), CHI (5 mg/kg, blue), or the combination (red). The tumor growth curve illustrates changes in tumor volumes,
measured every two days using calipers (mean * SD, n = 5 for each group, V = (length x width2)/2 mm3). C and D. Tumor weights at the end of
the experiment in different treatment groups of H9 CDX (C) and ALK-negative ALCL PDX (D) models. E Western blot analysis was performed to
validate H3K27 modifications in vivo. H3 was used as a loading control. F Statistical data representing H3K27me3 and H3K27ac levels in H9
CDX models for each group. G Representative IHC analysis of Ki67 and H3K27me3 staining images of H9 CDX models. Statistics data represent
of the positive cells of Ki67 and H3K27me3 for each group. All experiments were conducted in triplicate, and data are reported as mean + SD.
Experimental groups were compared to the DMSO control using One-Way ANOVA followed by LSD post hoc multiple comparisons. *p < 0.05,
**p < 0.01, ***p < 0.001, compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with CHI group.
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(Supplementary Fig. S8A). In previous studies on HDAC inhibitors
in B-cell lymphoma, alterations in H3K27me3 levels post-HDAC
inhibitor treatment were not significant, which may explain the
limited exploration of the combined mechanisms of HDAC
inhibitors and EZH2 inhibitors from the perspective of
H3K27me3 modifications [35].

In our study, we observed an aberrant elevation in H3K27me3
following the treatment of TCL with HDAC inhibitors. Previous patient
sequencing data have indicated that EZH2 may lead to the aberrant
activation of MYCN in PTCL, thereby contributing to tumor
progression [15]. Our findings indicate that high EZH2 expression in
patients is associated with decreased OS, consistent with observations
in other malignancies [14, 36-41]. We conducted a series of
experiments to evaluate the therapeutic efficacy of the combination
of EZH2 inhibitors and HDAC inhibitors, as well as their underlying
mechanisms. Our study reveals the substantial potential of EZH2
inhibitors in the treatment of TCL. We observed a relationship
between EZH2 and HDAC in histone reprogramming. The application
of EZH2 inhibitors facilitates the transition of the H3K27 locus from a
methylated state to an acetylated modification, which typically results
in the expression of target genes. This shift toward acetylation
enhances H3K27ac modification following the administration of
HDAC inhibitors, demonstrating the synergy between the two drugs.
In various studies, the outcomes of gene transcription activation
varied significantly based on the specific genes associated with
elevated H3K27ac levels [30, 42-44]. One study indicated that the
transition from methylation to acetylation can enhance Np63
expression and activate the p53 pathway, which is consistent with
our findings [45, 46]. Additionally, our results suggest the aberrant
activation of the MAPK pathway, which may also be a byproduct of
the upregulation of H3K27ac (Supplementary Fig. S8B-D).

Our results suggest that HDAC inhibitors and EZH2 inhibitors
generate synergistic effects by upregulating STAT1 through IFNG.
Indeed, interferons were widely used in the treatment of TCL in the
past [47]. IFNG is upstream of STAT1 and activates its anti-tumor
effects by binding to IFNGR1 [48]. EZH2 governs life and death of
peripheral T cells by inhibiting the secretion of IFNG [49]. In our study,
the knockout of STAT1 significantly abolished the synergistic
therapeutic effect. We hypothesize that following the concurrent
activation of STAT1 by the two drugs, STAT1 functions as a
transcription factor to further regulate the expression of related
genes, thereby suppressing tumor growth. Additionally, we noted
several reports indicating that EZH2 and HDAC can form complexes
to exert direct effects, such as the EGR1/EZH2/HDAC9 complex and
the EZH2/HDAC1 complex [50, 51]. These findings together support
the practicality of combining EZH2 inhibitors with HDAC inhibitors.

In summary, our research elucidates that the use of EZH2
inhibitors may enhance the efficiency of HDAC inhibitors by
diminishing H3K27me3 levels caused by HDAC inhibition. We also
clarify potential mechanisms that operate for both EZH2 mono-
therapy and combination therapy in TCL, revealing the activation
of STAT1 as one of the tumor-suppressive pathways contributing
to the anti-tumor effects. Future study ought to attempt to
characterize the molecular mechanisms of STAT1 in tumor cells, as
well as its role in the tumor microenvironment. Additionally, it is
crucial to thoroughly investigate the clinical value of combining
EZH2 inhibitors with HDAC inhibitors or different therapy
regimens. Our work establishes a foundation for such investiga-
tions and highlights the promise of targeted therapies in
improving clinical outcomes for patients with T-cell lymphoma.

RESOURCE AVAILABILITY

Materials availability

This study did not generate any unique reagents, all unique
reagents generated in this study are available from the lead

SPRINGER NATURE

contact without restriction. This study did not generate any new
original code.

DATA AVAILABILITY

Sequencing data have been included in the supplementary information. This study
did not generate any new original code. Additional information required to reanalyze
the data reported in this paper can be obtained from the lead contact upon request.

CODE AVAILABILITY

Sequencing data have been included in the supplementary information. This study
did not generate any new original code. Additional information required to reanalyze
the data reported in this paper can be obtained from the lead contact upon request.

REFERENCES

1. Vose J, Armitage J, Weisenburger D. International peripheral T-cell and natural
killer/T-cell lymphoma study: pathology findings and clinical outcomes. J Clin
Oncol. 2008;26:4124-30.

2. Mabe NW, Perry JA, Malone CF, Stegmaier K. Pharmacological targeting of the
cancer epigenome. Nat Cancer. 2024;5:844-65.

3. West AC, Johnstone RW. New and emerging HDAC inhibitors for cancer treat-
ment. J Clin Invest. 2014;124:30-9.

4. Sermer D, Pasqualucci L, Wendel H-G, Melnick A, Younes A. Emerging epigenetic-
modulating therapies in lymphoma. Nat Rev Clin Oncol. 2019;16:494-507.

5. Shi M-Q, Xu Y, Fu X, Pan D-S, Lu X-P, Xiao Y, et al. Advances in targeting
histone deacetylase for treatment of solid tumors. J Hematol Oncol.
2024;17:37.

6. Liang T, Wang F, Elhassan RM, Cheng Y, Tang X, Chen W, et al. Targeting histone
deacetylases for cancer therapy: Trends and challenges. Acta Pharm Sin B.
2023;13:2425-63.

7. Mozzetta C, Sartorelli V, Steinkuhler C, Puri PL. HDAC inhibitors as pharmacolo-
gical treatment for Duchenne muscular dystrophy: a discovery journey from
bench to patients. Trends Mol Med. 2024;30:278-94.

8. Shi 'Y, Dong M, Hong X, Zhang W, Feng J, Zhu J, et al. Results from a multicenter,
open-label, pivotal phase Il study of chidamide in relapsed or refractory per-
ipheral T-cell lymphoma. Ann Oncol. 2015;26:1766-71.

9. Piekarz RL, Frye R, Prince HM, Kirschbaum MH, Zain J, Allen SL, et al. Phase 2
trial of romidepsin in patients with peripheral T-cell lymphoma. Blood.
2011;117:5827-34.

10. O’Connor OA, Horwitz S, Masszi T, Van Hoof A, Brown P, Doorduijn J, et al.
Belinostat in Patients With Relapsed or Refractory Peripheral T-Cell Lymphoma:
Results of the Pivotal Phase Il BELIEF (CLN-19) Study. J Clin Oncol.
2015;33:2492-9.

11. Parveen R, Harihar D, Chatterji BP. Recent histone deacetylase inhibitors in cancer
therapy. Cancer. 2023;129:3372-80.

12. Varambally S, Dhanasekaran SM, Zhou M, Barrette TR, Kumar-Sinha C, Sanda MG,
et al. The polycomb group protein EZH2 is involved in progression of prostate
cancer. Nature. 2002;419:624-9.

13. McCabe MT, Ott HM, Ganji G, Korenchuk S, Thompson C, Van Aller GS, et al. EZH2
inhibition as a therapeutic strategy for lymphoma with EZH2-activating muta-
tions. Nature. 2012;492:108-12.

14. Bachmann IM, Halvorsen OJ, Collett K, Stefansson IM, Straume O, Haukaas SA,
et al. EZH2 expression is associated with high proliferation rate and aggressive
tumor subgroups in cutaneous melanoma and cancers of the endometrium,
prostate, and breast. J Clin Oncol. 2006;24:268-73.

15. Vanden Bempt M, Debackere K, Demeyer S, Van Thillo Q, Meeuws N,
Prieto C, et al. Aberrant MYCN expression drives oncogenic hijacking of EZH2
as a transcriptional activator in peripheral T-cell lymphoma. Blood.
2022;140:2463-76.

16. ltaliano A, Soria J-C, Toulmonde M, Michot J-M, Lucchesi C, Varga A, et al.
Tazemetostat, an EZH2 inhibitor, in relapsed or refractory B-cell non-Hodgkin
lymphoma and advanced solid tumours: a first-in-human, open-label, phase
1 study. Lancet Oncol. 2018;19:649-59.

17. Zauderer MG, Szlosarek PW, Le Moulec S, Popat S, Taylor P, Planchard D, et al.
EZH2 inhibitor tazemetostat in patients with relapsed or refractory, BAP1-
inactivated malignant pleural mesothelioma: a multicentre, open-label, phase
2 study. Lancet Oncol. 2022;23:758-67.

18. Keller PJ, Adams EJ, Wu R, Coté A, Arora S, Cantone N, et al. Comprehensive
Target Engagement by the EZH2 Inhibitor Tulmimetostat Allows for Targeting of
ARID1A Mutant Cancers. Cancer Res. 2024;84:2501-17.

Cell Death and Disease (2025)16:522



20.

21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. lzutsu K, Makita S, Nosaka K, Yoshimitsu M, Utsunomiya A, Kusumoto S, et al. An

open-label, single-arm phase 2 trial of valemetostat for relapsed or refractory
adult T-cell leukemia/lymphoma. Blood. 2023;141:1159-68.

Chou T-C. Theoretical basis, experimental design, and computerized simulation of
synergism and antagonism in drug combination studies. Pharmacol Rev.
2006;58:621-81.

Li M, Yu H, Qi F, Ye Y, Hu D, Cao J, et al. Anti-CD47 immunotherapy in combi-
nation with BCL-2 inhibitor to enhance anti-tumor activity in B-cell lymphoma.
Hematol Oncol. 2022;40:596-608.

Blackledge NP, Rose NR, Klose RJ. Targeting Polycomb systems to regulate gene
expression: modifications to a complex story. Nat Rev Mol Cell Biol.
2015;16:643-9.

Chen Q, Yang B, Liu X, Zhang XD, Zhang L, Liu T. Histone acetyltransferases CBP/
p300 in tumorigenesis and CBP/p300 inhibitors as promising novel anticancer
agents. Theranostics. 2022;12:4935-48.

Margueron R, Reinberg D. The Polycomb complex PRC2 and its mark in life.
Nature. 2011;469:343-9.

Kim KH, Roberts CWM. Targeting EZH2 in cancer. Nat Med. 2016;22:128-34.

Li Y-J, Zhang C, Martincuks A, Herrmann A, Yu H. STAT proteins in cancer:
orchestration of metabolism. Nat Rev Cancer. 2023;23:115-34.

Morey P, Pfannkuch L, Pang E, Boccellato F, Sigal M, Imai-Matsushima A. et al.
Helicobacter pylori depletes cholesterol in gastric glands to prevent interferon
gamma signaling and escape the inflammatory response. Gastroenterology.
2018;154:1391-404.

Yang T, Wang R, Zhang J, Bao C, Zhang J, Li R, et al. Mechanism of berberine in
treating Helicobacter pylori induced chronic atrophic gastritis through IRF8-IFN-y
signaling axis suppressing. Life Sci. 2020;248:117456.

Huang H, Chen H, Yao Y, Lou X. Branched-chain amino acids supplementation
induces insulin resistance and pro-inflammatory macrophage polarization via
INFGR1/JAK1/STAT1 signal pathway. Mol Med. 2024;30:149.

Sprinzen L, Garcia F, Mela A, Lei L, Upadhyayula P, Mahajan A. et al. EZH2 inhi-
bition sensitizes IDH1R132H-mutant gliomas to histone deacetylase inhibitor.
Cells. 2024;13:219.

Schade AE, Kuzmickas R, Rodriguez CL, Mattioli K, Enos M, Gardner A, et al.
Combating castration-resistant prostate cancer by co-targeting the epigenetic
regulators EZH2 and HDAC. PLoS Biol. 2023;21:€3002038.

Kong S-H, Ma L, Yuan Q, Liu X, Han Y, Xiang W, et al. Inhibition of EZH2 alleviates
SAHA-induced senescence-associated secretion phenotype in small cell lung
cancer cells. Cell Death Discov. 2023;9:289.

Huang JP, Ling K. EZH2 and histone deacetylase inhibitors induce apoptosis
in triple negative breast cancer cells by differentially increasing H3 Lys27
acetylation in the BIM gene promoter and enhancers. Oncol Lett.
2017;14:5735-42.

Zhang Y, Zhou L, Safran H, Borsuk R, Lulla R, Tapinos N, et al. EZH2i EPZ-6438 and
HDACi vorinostat synergize with ONC201/TIC10 to activate integrated stress
response, DR5, reduce H3K27 methylation, ClpX and promote apoptosis of
multiple tumor types including DIPG. Neoplasia. 2021;23:792-810.

Lue JK, Prabhu SA, Liu Y, Gonzalez Y, Verma A, Mundi PS, et al. Precision Targeting
with EZH2 and HDAC Inhibitors in Epigenetically Dysregulated Lymphomas. Clin
Cancer Res. 2019;25:5271-83.

Raman JD, Mongan NP, Tickoo SK, Boorjian SA, Scherr DS, Gudas LJ. Increased
expression of the polycomb group gene, EZH2, in transitional cell carcinoma of
the bladder. Clin Cancer Res. 2005;11:8570-6.

Kleer CG, Cao Q, Varambally S, Shen R, Ota |, Tomlins SA, et al. EZH2 is a marker of
aggressive breast cancer and promotes neoplastic transformation of breast
epithelial cells. Proc Natl Acad Sci USA. 2003;100:11606-11.

Zhang J, Chen L, Han L, Shi Z, Zhang J, Pu P, et al. EZH2 is a negative prognostic
factor and exhibits pro-oncogenic activity in glioblastoma. Cancer Lett.
2015;356:929-36.

Bate-Eya LT, Gierman HJ, Ebus ME, Koster J, Caron HN, Versteeg R, et al. Enhancer
of zeste homologue 2 plays an important role in neuroblastoma cell survival
independent of its histone methyltransferase activity. Eur J Cancer.
2017;75:63-72.

Sudo T, Utsunomiya T, Mimori K, Nagahara H, Ogawa K, Inoue H, et al. Clin-
icopathological significance of EZH2 mRNA expression in patients with hepato-
cellular carcinoma. Br J Cancer. 2005;92:1754-8.

Behrens C, Solis LM, Lin H, Yuan P, Tang X, Kadara H, et al. EZH2 protein
expression associates with the early pathogenesis, tumor progression, and
prognosis of non-small cell lung carcinoma. Clin Cancer Res. 2013;19:6556-65.
Yu L, Wang Y-F, Xiao J, Shen Q-Q, Chi S-S, Gao Y-, et al. Dysregulation of iron
homeostasis by TfR-1 renders EZH2 wild type diffuse large B-cell lymphoma
resistance to EZH2 inhibition. Acta Pharm Sin. 2023;44:2113-24.

Fukumoto T, Park PH, Wu S, Fatkhutdinov N, Karakashev S, Nacarelli T, et al.
Repurposing Pan-HDAC Inhibitors for ARID1A-Mutated Ovarian Cancer. Cell Rep.
2018;22:3393-3400.

Cell Death and Disease (2025)16:522

J. Wu et al.

44. Huang X, Yan J, Zhang M, Wang Y, Chen Y, Fu X. et al. Targeting Epigenetic
Crosstalk as a Therapeutic Strategy for EZH2-Aberrant Solid Tumors. Cell.
2018;175:186-99.

45. Chen H, Yu S, Ma R, Deng L, Yi Y, Niu M, et al. Hypoxia-activated XBP1s recruits
HDAC2-EZH2 to engage epigenetic suppression of ANp63a expression and
promote breast cancer metastasis independent of HIF1a. Cell Death Differ.
2024;31:447-59.

46. Yuan J, Zhu Q, Zhang X, Wen Z, Zhang G, Li N, et al. Ezh2 competes with p53 to
license IncRNA Neat1 transcription for inflammasome activation. Cell Death Dif-
fer. 2022;29:2009-23.

47. Gottlieb SL, Wolfe JT, Fox FE, DeNardo BJ, Macey WH, Bromley PG, et al. Treat-
ment of cutaneous T-cell lymphoma with extracorporeal photopheresis mono-
therapy and in combination with recombinant interferon alfa: a 10-year
experience at a single institution. J Am Acad Dermatol. 1996;35:946-57.

48. Wee ZN, Li Z, Lee PL, Lee ST, Lim YP, Yu Q. EZH2-mediated inactivation of IFN-y-
JAK-STAT1 signaling is an effective therapeutic target in MYC-driven prostate
cancer. Cell Rep. 2014;8:204-16.

49. Zhang Y, Kinkel S, Maksimovic J, Bandala-Sanchez E, Tanzer MC, Naselli G, et al.
The polycomb repressive complex 2 governs life and death of peripheral T cells.
Blood. 2014;124:737-49.

50. Tong ZT, Cai MY, Wang XG, Kong LL, Mai SJ, Liu YH, et al. EZH2 supports
nasopharyngeal carcinoma cell aggressiveness by forming a co-repressor
complex with HDAC1/HDAC2 and Snail to inhibit E-cadherin. Oncogene.
2012;31:583-94.

51. Ding S, Wang X, Lv D, Tao Y, Liu S, Chen C, et al. EBF3 reactivation by
inhibiting the EGR1/EZH2/HDAC9 complex promotes metastasis via tran-
scriptionally enhancing vimentin in nasopharyngeal carcinoma. Cancer Lett.
2022;527:49-65.

ACKNOWLEDGEMENTS

We thank Prof. Shaokun Shu, Mi Deng, Huajun Wu, and Chuanhui Han from Peking
University Cancer Hospital and Institute for their valuable advice. We thank Lixia Feng
and Kun Zhang for the management of the biobank in our department.

AUTHOR CONTRIBUTIONS

JJ. was responsible for basic experiments, database analysis, result interpretation,
and manuscript writing. D.Y. was responsible for result interpretation, manuscript
revision and supervision. H.Y. was responsible for manuscript revision and
supervision. D.D. was responsible for conceptualization. Y.Y. provided patient data.
JW. and T.P. provided feedback on the article. L.M. provided the resources. M.W. was
responsible for project guidance and funding acquisition. Y.Q, LY., and J.Z. were
responsible for funding acquisition.

FUNDING

This research was funded by the Capital’s Funds for Health Improvement and Research
(Nos. 2022-1-2152 and 2024-1-2151); National Natural Science Foundation of China
(Nos. 32300655 and 8227019); Beijing Natural Science Foundation (Nos. L244025,
L244063 and L254089). Hygiene and Health Development Scientific Research Fostering
Plan of Haidian District Beijing (HP2022-19-503004). Beijing Hospital Authority
Cultivation plan (PX2022046). Noncommunicable Chronic Diseases-National Science
and Technology Major Project (2023ZD0500800). Beijing Research Ward Excellence
Program (BRWEP2024W032150205, BRWEP2024W032150206, BRWEP2024032150207,
BRWEP2024W032150208 and BRWEP2024W032150213).

COMPETING INTERESTS

The authors declare that they have no known competing financial interests or
personal relationships that could be perceived as influencing the work reported in
this paper.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

All methods were approved by the Institutional Animal Care and Use Committee of
Peking University Cancer Hospital & Institute, and performed according to the Guide
for the Care and Use of laboratory animals. All procedures were approved by the
Institutional Review Board and the Ethical Committee of Peking University Cancer
Hospital and Institute (#2022KT32). Consent was obtained from all participants. No
identifiable images from human research participants were involved.

SPRINGER NATURE

11



J. Wu et al.

12

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-025-07775-x.

Correspondence and requests for materials should be addressed to Meng Wu,
Lingyan Ping or Jun Zhu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Cell Death and Disease (2025)16:522


https://doi.org/10.1038/s41419-025-07775-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	EZH2 inhibitor SHR2554 enhances the anti-tumor efficacy of HDAC inhibitor Chidamide through STAT1 in T-cell lymphoma
	Introduction
	Materials and Methods
	Cell lines and reagents
	Cell viability assay and combination index (CI) analysis
	Cell apoptosis and cell cycle assays
	RNA extraction, real-time PCR, immunohistochemistry (IHC), and western blot analysis
	In vivo study
	RNA-seq, ChIP-seq, lentivirus packing and infection, and statistical analysis

	Results
	TCL tumor cells with acquired resistance to HDAC inhibitors exhibited elevated H3K27me3
	The EZH2 inhibitor SHR2554 mediates therapeutic effects in TCL by reducing H3K27me3 levels
	SHR2554 enhances the efficacy of Chidamide by neutralizing HDAC inhibitor-induced elevations in H3K27me3 levels
	SHR2554 and Chidamide exert a synergistic effect through upregulation of STAT1
	The loss of H3K27me3 at the IFNG locus enhances IFN-&#x003B3; expression and activates STAT1
	Combination of SHR2554 and Chidamide exhibited potent antitumor effects in vivo

	Discussion
	Resource availability
	Materials availability

	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




