Journal of Hepatocellular Carcinoma Dovepress
Taylor & Francis Group

REVIEW

EZH2: From Oncogenic Driver to Therapeutic
Target for Overcoming Drug Resistance in
Hepatocellular Carcinoma

Weijing Tang®', Jianzhong Cao', Nan Wang?, Liwen Tang?, Jianxiong Cao'"?

ISchool of Traditional Chinese Medicine, Hunan University of Chinese Medicine, Changsha, Hunan, People’s Republic of China; 2Depar‘tment of
Oncology, the First Hospital of Hunan University of Chinese Medicine, Changsha, Hunan, People’s Republic of China

Correspondence: Liwen Tang, Department of Oncology, the First Hospital of Hunan University of Chinese Medicine, Changsha, Hunan, People’s
Republic of China, Email 2638705707@qgq.com; Jianxiong Cao, School of Traditional Chinese Medicine, Hunan University of Chinese Medicine,
Changsha, Hunan, People’s Republic of China, Email sakato|996@163.com

Abstract: Hepatocellular carcinoma (HCC) remains a therapeutic challenge due to the high prevalence of drug resistance. The histone
methyltransferase Enhancer of Zeste Homolog 2 (EZH2), a core component of the Polycomb Repressive Complex 2, is frequently
overexpressed in HCC and drives of drug resistance. This review delineates the multifaceted mechanisms by which EZH2 promotes
resistance to chemotherapy, targeted therapy, and immunotherapy. We detail how EZH2 orchestrates pro-survival pathways by
modulating cell cycle checkpoints, inhibiting apoptosis, enhancing DNA repair, and fostering an immunosuppressive tumor micro-
environment. Furthermore, we evaluate the current landscape of EZH2 inhibitors, from clinically approved agents to novel therapeutic
modalities like PROTACsS, and discuss their potential to re-sensitize HCC to treatment. Finally, we outline future research directions,
emphasizing combination strategies and biomarker development, to advance EZH2-targeting therapies for HCC.
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Introduction

Hepatocellular carcinoma (HCC) ranks as the third leading cause of cancer-related mortality worldwide.' Its develop-
ment is predominantly associated with chronic liver diseases, including viral hepatitis, alcohol-related liver disease, non-
alcoholic fatty liver disease, and cirrhosis.? Despite progress in early detection and therapeutic interventions, the five-year
survival rate for HCC patients remains dismal at below 20%,’ largely attributable to the tumor’s aggressive behavior,”
high recurrence rates,” and a constrained arsenal of effective treatments.®

Current clinical management of HCC includes surgical resection, liver transplantation, locoregional therapies, and
systemic agents such as sorafenib and lenvatinib.® However, the efficacy of these strategies is consistently hampered by
limited effectiveness, the almost inevitable development of drug resistance, and significant adverse effects. For instance,
sorafenib achieves an objective response rate of only 2—3%, with most patients developing acquired resistance within 6 to
8 months of treatment initiation.” While immune checkpoint inhibitors have emerged as a promising modality, their
monotherapy response rates remain modest at 10-20%," highlighting the pervasive and unresolved challenge of drug
resistance in HCC management. This underscores the urgent and unmet need to identify novel therapeutic targets and
strategies to improve patient outcomes.

Recent research has highlighted the critical involvement of enhancer of zeste homolog 2 (EZH2) in driving drug
resistance in HCC.”'® As the catalytic core of the polycomb repressive complex 2 (PRC2), EZH2 is predominantly
localized in the nucleus, where it mediates the trimethylation of histone H3 at lysine 27 (H3K27me3), leading to the
epigenetic silencing of numerous tumor suppressor genes and promoting HCC cell tolerance to both therapeutic agents.” '
For instance, a recent study revealed that EZH2 functions as a central driver in hepatocellular carcinoma, where its
upregulation directly reactivates ErbB2/ErbB3 signaling, culminating in acquired resistance to the FGFR inhibitor
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infigratinib.” Furthermore, EZH2 undermines immunotherapy by remodeling the tumor immune microenvironment,
facilitating immune cell exclusion and evasion mechanisms.'®> The promising activity of EZH2 inhibitors, such as
tazemetostat, in reversing resistance and sensitizing HCC cells to treatment positions EZH2 as a compelling therapeutic
target.” This review aims to comprehensively summarize the mechanisms by which EZH2 mediates drug resistance in
HCC. By synthesizing current knowledge, we seek not only to elucidate the intrinsic drivers of therapeutic failure but also
to inform the rational development of effective EZH2-targeting strategies to overcome resistance and improve the
prognosis for HCC patients.

EZH2

Structure and Function

Polycomb group (PcG) proteins are essential epigenetic regulators of gene silencing, functioning within multi-subunit
complexes, primarily polycomb repressive complex 1 (PRC1) and PRC2. PRC2 is distinguished as the principal complex
responsible for catalyzing the trimethylation of H3K27me3.'* Structurally, the canonical PRC2 complex comprises three
core subunits: the catalytic methyltransferase EZH2, along with embryonic ectoderm development (EED) and suppressor
of zeste 12 (SUZ12), which are essential for its stability and activity. The methyltransferase function is housed within the
C-terminal SET domain of EZH2, which interacts with EED and SUZ12 to form an active site that utilizes s-adenosyl
methionine (SAM) as a methyl donor. This catalytic process drives H3K27me3 deposition, leading to chromatin
compaction and transcriptional repression of target genes, including key tumor suppressors.'> EED plays a critical role
in allosterically stabilizing the active conformation of the complex.

The predominant and most characterized EZH2 variant is isoform A, an 86 kDa protein of 751 amino acids. Its
modular structure features an N-terminal regulatory domain that mediates interactions with other PRC2 subunits,'® and
a C-terminal catalytic domain that directly governs its methyltransferase activity.'® It is also important to note the
existence of two distinct PRC2 variants, PRC2.1 and PRC2.2, which share the core EZH2-EED-SUZI12 trimer but
incorporate different accessory proteins. For instance, JARID2 is exclusively associated with PRC2.2, suggesting
functional specialization in their regulatory targets (Figure 1).
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Figure | Architectural and functional overview of PRC2. (A) Schematic representation of the canonical domain organization for the core subunits EZH2 (isoform A), EED,
and SUZI2, which illustrates their primary protein domains. (B) The PRC2 complex, led by EZH2’s methyltransferase activity, exerts dual regulatory functions: it silences
gene transcription via H3K27me3 and directly regulates protein activity by methylating non-histone substrates. Figure was created in https://BioRender.com.
Abbreviations: PRC2, Polycomb Repressive Complex 2; EZH2, enhancer of zeste homolog 2; EED, embryonic ectoderm development; SUZ 12, suppressor of zeste 12;
H3K27me3, histone H3K27 trimethylation.
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Beyond its canonical role in histone methylation, EZH2 exhibits multifaceted oncogenic functions. It can augment its
own enzymatic activity through automethylation and directly influence oncogenic signaling by methylating non-histone
proteins. A key example in HCC is the formation of a ternary complex with B-catenin and the long non-coding RNA
LNC-B-CATM, where EZH2-mediated methylation of B-catenin stabilizes the protein, leading to constitutive activation
of the Wnt signaling pathway and driving tumor growth.'” Furthermore, EZH2 drives tumor immune escape through its
ability to epigenetically silence miRNAs and reprogram the immune microenvironment by controlling the functions of
mature immune cells, including lymphocytes and myeloid cells.'® Through these diverse mechanisms, EZH2 establishes
itself as a pivotal therapeutic target, with its aberrant activation being strongly correlated with tumor invasion, metastasis,
and poor prognosis in HCC and other malignancies.

Expression Characteristics and Clinical Significance of EZH2 in HCC

EZH?2 is consistently overexpressed in HCC tissues compared to normal liver parenchyma and is strongly associated with
aggressive clinicopathological features,'® including advanced tumor grade, enhanced invasive potential, and promoted
angiogenesis.”’ Consequently, EZH2 overexpression has been validated as a powerful, independent prognostic biomar-
ker, reliably predicting reduced overall survival in HCC patients.*°

The oncogenic impact of EZH2 stems from its direct role in driving malignant phenotypes. It facilitates aberrant cell
cycle progression and suppresses apoptosis primarily through the epigenetic silencing of critical tumor suppressor genes,
such as p21 and LINC00978.2"*? Furthermore, EZH2 gene amplification or acquired somatic mutations can potentiate its
activity, fostering drug resistance and metastasis by enhancing the self-renewal capacity of cancer stem cells.

The clinical utility of EZH2 is underscored by its integration into prognostic models. For instance, Zhou et al
developed an EZH2-based prognostic model using a pathological score based on histopathological images.”> A score
>0.4628 defined high-risk patients, who showed significantly increased mortality, indicating EZH2 as a potential target
for non-invasive prognosis and precision therapy in HCC. Targeting EZH2 represents a promising avenue to overcome
drug resistance, and a detailed elucidation of its molecular mechanisms, as summarized in Table 1 and Figure 2, is
paramount for developing innovative diagnostic and therapeutic strategies against this lethal malignancy.

Table | Mechanisms by Which EZH2 Regulates Drug Resistance in HCC

Partner/Target Mechanism Effect on HCC Ref

B-catenin/LNC-B-CATM Lnc-B-Catm bridges EZH2-mediated methylation of B-catenin, which stabilizes B-catenin and Promotes proliferation, [17]
activates the Wnt/B-catenin signaling pathway in vivo Enhance resistance

LINC00978/p21 LINCO00978 interacts with EZH2 to orchestrate H3K27me3-mediated epigenetic silencing of | Promotes proliferation, [22]
p2l and E-cadherin through targeted histone modification in vitro Enhance resistance

miR-98 miR-98 downregulates the expression of EZH2 by directly targeting the 3'-UTR of its mRNA, | Promotes proliferation, [24]
thereby suppressing the activation of the Wnt/B-catenin signaling pathway in vitro Enhance resistance

miR-122 HOTAIR recruits DNMT and EZH2 to mediate DNA methylation of the miR-122 promoter, Promotes apoptosis, [25]
thereby relieving the suppression of the oncogene Cyclin GI in vivo Enhance resistance

SETDB/miR-381 EZH?2 enhances protein kinase B activation through microRNA-381-mediated SET domain Promotes apoptosis, [26]
bifurcated | in vivo and vitro Enhance resistance

PTEN STAT3 induces the upregulation of IncRNA CASCI | and binds to EZH2 to epigenetically Promotes apoptosis, [27-29]
silence PTEN, thereby activating the PI3K/AKT signaling pathway in vivo and vitro Inhibits resistance

STMNI/JUNB c-Myc binds to the EZH2/PRC2 complex to epigenetically silence miR-101, thereby Promotes DNA repair, [29-33]
derepressing STMN 1 and JUNB in vivo and vitro Enhance resistance

miR-101/UBE2DI miR-101 targets and suppresses both the epigenetic regulator EZH2 and the ubiquitin- Inhibits DNA repair, [34]
conjugating enzyme UBE2DI| in vitro Inhibits resistance

CCNDBPI CCNDBPI inhibits EZH2 expression and activating the ATM-CHK2 pathway in vivo Promotes DNA repair, [35]

Enhance resistance
(Continued)
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Table | (Continued).

Partner/Target Mechanism Effect on HCC Ref

IL-6 IL-6 is up-regulated through the action of YTHDFI, which binds to méA-modified EZH2 Promotes [36]
mRNA and promotes its translation in vitro immunosuppression,

Enhance resistance

miR-138 miR-138 reverses cisplatin-induced epithelial-mesenchymal transition by directly targeting and | Promotes EMT, Inhibits [37]
inhibiting the expression of EZH2 in vitro resistance

miR-145 EZH?2 acts as a downstream effector of HOTAIR to directly suppress miR-145—derepressing | Enhance the efflux capacity | [25]
the translation of the drug efflux pumps P-gp and BCRP in vitro of therapeutic drugs

HOTAIR HOTAIR recruits the EZH2-mediated PRC2 to cooperatively repress the expression of miR- | Enhance the efflux capacity | [25]
145 in vitro of therapeutic drugs

FGFR4 FGFR4 inhibition activates the non-canonical NF-kB pathway, upregulates EZH2 expression, Promotes proliferation, [38]
and activates downstream YAP signaling in vivo Enhance resistance

Abbreviations: EZH2, enhancer of zeste homolog 2; HCC, hepatocellular carcinoma; 3’-UT, 3'-untranslated region; P-gp, P-Glycoprotein; BCRP, breast cancer resistance
protein; PRC2, Polycomb repressive complex 2.

Mechanisms of EZH2-Mediated Drug Resistance in HCC
Regulation of Cell Cycle and Apoptosis

Dysregulation of the cell cycle is a hallmark of cancer, and EZH2 is a pivotal contributor to this process in HCC, directly
conferring resistance to chemotherapeutic agents like cisplatin, paclitaxel, and doxorubicin.'**'27 As a critical negative
regulator of the cell cycle, p21 inhibits cyclin-dependent kinase complexes to arrest cell cycle progression.**** EZH2
suppresses p21 expression via H3K27me3 modification, facilitating the G1/S phase transition and enabling continuous
proliferation even under genotoxic stress.*>*' Similarly, EZH2 represses the cell cycle inhibitor miR-122, further
accelerating proliferation.*” Importantly, pharmacological inhibition of EZH2 restores the expression of both p21 and
miR-122, leading to suppressed proliferation, induced apoptosis, and the reversal of chemoresistance in preclinical HCC
models,** validating the therapeutic potential of this approach.

The regulatory network extends to other tumor-suppressive miRNAs, which are master regulators of cell cycle,
apoptosis, and chemoresistance.***** For instance, miR-98 directly targets the 3’-untranslated region (3’-UTR) of EZH2
mRNA, repressing its expression and subsequently inhibiting the Wnt/B-catenin signaling pathway, leading to G1/S
phase arrest and suppression of proliferation,* thereby overcoming sorafenib resistance.*> Conversely, loss of miR-98
leads to EZH2 accumulation, Wnt pathway activation, and uncontrolled proliferation.”* EZH2 also functions downstream
of such regulatory miRNAs; it drives hepatocarcinogenesis and chemoresistance by epigenetically upregulating SETDB1
through H3K27me3, which in turn silences miR-381 and activates AKT signaling pathway.*®

In addition to cell cycle dysregulation, the suppression of apoptosis is a critical mechanism of drug resistance. EZH2
is targeted by several apoptosis-inducing miRNAs. miR-1297, for example, exerts dual anti-tumor effects by directly
targeting EZH2: its ectopic expression suppresses proliferation and sensitizes cells to apoptosis,*® while its-mediated
downregulation of EZH2 attenuates cisplatin resistance.*’*®

The central tumor suppressor phosphatase and tensin homolog (PTEN), a negative regulator of the PI3K/AKT
pathway, is a frequent target of EZH2-mediated silencing, and its loss is a well-established driver of resistance to
doxorubicin, oxaliplatin, and 5-fluorouracil (5-Fu).**** In HCC, EZH2 is recruited by the long non-coding RNA
CASCI1 to repress PTEN transcription through H3K27me3 deposition, effectively blocking apoptosis.?’ Furthermore,
the IncRNA SNHG9 recruits EZH2 to silence PTEN, thereby enhancing the self-renewal and tumorigenicity of liver
cancer stem cells.® These findings illustrate a consistent theme where EZH2, often in concert with various non-coding
RNAs, disrupts both cell cycle checkpoints and apoptotic pathways to foster a resistant and aggressive tumor

phenotype.
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Figure 2 This schematic illustrates the key molecular pathways through which EZH2 confers resistance to chemotherapy, targeted therapy, and immunotherapy in HCC.
The core mechanisms include: dysregulation of the cell cycle and DNA repair via the E2FI/DDXI I/EZH2 axis that silences p2l to abrogate GI/S checkpoint control,
alongside enhanced DNA repair through EZH2-mediated stabilization of the STMNI/JUNB complex and, conversely, CCNDBP|-suppressed activation of the miR-101/
UBE2D| and ATM/CHK2 pathways; remodeling of the immunosuppressive microenvironment via EZH2-induced IL-6 secretion that promotes expansion of Tregs and
MDSCs, combined with JAK/STAT3 activation to upregulate PD-L| and directly inhibit CD8+ T cell function; activation of epithelial-mesenchymal transition through EZH2-
directed H3K27me3 epigenetic silencing of the tumor suppressor miR-138; and induction of drug efflux pump activity by the TGF- 1/SMAD4 axis upregulating HOTAIR,
which recruits EZH2 to repress miR-145, thereby relieving its inhibition of the efflux transporters P-gp and BCRP and reducing intracellular drug accumulation. Figure was

created in https://BioRender.com.
Abbreviations: EZH2, enhancer of zeste homolog 2; HCC, Hepatocellular Carcinoma; Tregs, Regulatory T cells; MDSCs, Myeloid-derived suppressor cells; PD-LI,

Programmed cell death | ligand |; H3K27me3, histone H3K27 trimethylation; P-gp, P-Glycoprotein; BCRP, breast cancer resistance protein.

DNA Repair and Genomic Stability

The efficacy of DNA-damaging chemotherapeutic agents, which exert their anticancer effects by inducing DNA double-
strand breaks (DSB), is limited by enhanced DNA repair capacity of cancer cells.”’ The DNA damage response (DDR)
acts as a guardian of genomic integrity, coordinating DNA repair and cell cycle checkpoints. However, DDR dysregula-
tion presents a “double-edged sword”: while its failure promote tumorigenesis, its hyperactivation in established tumors
confers resistance to genotoxic therapies like cisplatin (¢cDDP) and 5-FU.>* Tumor cells achieve this by aberrantly
activating DSB repair pathways, such as non-homologous end joining (NHEJ) and homologous recombination (HR).
This rationale underpins the strategy of pharmacologically targeting DDR components to subvert tumor cell survival,

thereby converting genotoxic stress into a lethal vulnerability and overcoming chemoresistance.
A critical epigenetic regulator of this process is EZH2, which governs cellular responses to DNA damage by

controlling the expression of repair genes, thereby directly influencing sensitivity to radiotherapy and DNA-targeting
chemotherapy. In HCC, EZH2 is a central element of the miR-101 regulatory network, where it synergizes with STMN1
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and JUNB to promote hepatocarcinogenesis and resistance.”’ >' Moreover, miR-101/UBE2D1 axis has been shown to
determines HCC cell responsiveness to cDDP and 5-FU by modulating DDR pathways through EZH2.**

Further illustrating the complex role of the DDR, the typically tumor-suppressive protein Cyclin D1 binding protein 1
(CCNDBP1) is paradoxically overexpressed and exhibits oncogenic activity by augmenting DNA repair capacity.®
CCNDBP1 mediates radio- and chemotherapy resistance through a coordinated mechanism involving the transcriptional
repression of EZH2 and concomitant hyperactivation of the ATM/CHK2 signaling pathway, evidenced by significantly
elevated levels of phosphorylated ATM (p-ATM) and CHK2 (p-CHK2).>* Validation in CCNDBP 1-knockout murine
models confirms this pathway’s role and highlights the therapeutic potential of targeting EZH2 to counteract this adaptive
resistance mechanism in DNA damage-based therapies.”

Tumor Microenvironment Regulation

The immunosuppressive tumor microenvironment (TME) is a well-established extrinsic driver of immune escape in HCC,
critically limiting the efficacy of immunotherapies.*>*** Multi-omics analyses reveal that this hostile niche orchestrates
immune evasion through two interconnected mechanisms: the specific overexpression of immune checkpoint molecules,

35:56 and substantial enrichment

including programmed cell death 1 ligand 1 (PD-L1) and programmed cell death 1 (PD-1),
of immunosuppressive cellular populations. These alterations collectively induce a state of functional immune paralysis,
characterized by impaired MHC-I antigen presentation and the exhaustion of CD8+ T cells,”’ often marked by TIM-3
expression.”® The self-reinforcing immunosuppressive network correlates strongly with poor clinical outcomes, as reflected
in the low objective response rates (<20%) to immune checkpoint blockade,® thereby establishing the TME as
a fundamental therapeutic target for overcoming immunotherapy resistance in HCC.

A pivotal cytokine mediating this immunosuppressive reprogramming is IL-6. Acting as a core inflammatory signal,
IL-6 reshapes the tumor immune microenvironment (TIME) to foster immune escape and broad therapeutic resistance.”
Sustained IL-6 secretion from both cancer cells and cancer-associated fibroblasts (CAFs) activates the JAK/STAT3
signaling pathway. This activation induces PD-L1 upregulation, directly inhibits CD8+ T cell function, and promotes the
expansion of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), thereby establishing a potent
immunosuppressive circuit.*® Concurrently, IL-6 drives M2-type tumor-associated macrophage (TAM) polarization via
STAT3, stimulating the secretion of VEGF and TGF-B to promote angiogenesis and matrix fibrosis, which further
aggravates HCC invasion and resistance.>® The clinical relevance of this axis is underscored by the positive correlation
between IL-6 levels and resistance to sorafenib and regorafenib,’® suggesting that combining IL-6 inhibitors with existing
therapies could surmount current therapeutic limitations.

Crucially, EZH2 sits upstream of this process, directly elevating IL-6 production and secretion to promote MDSC
recruitment and impair CD8+ T cell activity.’*®" The finding that the efficacy of anti-PD-1/PD-L1 therapy is markedly
enhanced following EZH2 inhibition,®* positioning EZH2-targeting agents as potent modulators of the immunosuppres-
sive TME.

Regulation of EMT and Metastasis-Related Genes

Epithelial-mesenchymal transition (EMT) is a fundamental molecular program that drives tumor progression by
conferring cancer cells with enhanced invasiveness, anti-apoptotic capacity, and therapeutic resistance through extensive
epigenetic and signaling network reprogramming Gene expression profiles associated with EMT are strongly correlated
with drug resistance in various cancers,®® including HCC.®* EZH2 directly orchestrates EMT by coordinating the
expression of key transcription factors such as Snail, Slug, and Twist. This is achieved through a dual mechanism: the
suppression of epithelial markers like E-cadherin and the concurrent activation of mesenchymal effector proteins such as
Vimentin. This EZH2-driven reprogramming enhances metastatic potential and fosters resistance to therapy.

A specific example is the miR-138/EZH2 axis. Zeng et al identified that reduced miR-138 expression promotes
cisplatin resistance by targeting EZH2.*” MiR-138 mimics lower EZH2 protein levels and reverse cisplatin-induced EMT
phenotypes, whereas EZH2 overexpression counteracts chemosensitizing effect. This delineates a critical feedback loop
where the miR-138/EZH2 axis modulates the EMT program to drive the resistance cycle.
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The connection between EMT and resistance is exemplified by BIRCS (Survivin), an EMT-linked apoptosis
suppressor that is elevated in HCC and correlates with poor clinical outcomes.”> EZH2 has been identified as a key
gene associated with BIRCS expression. Prognostic models incorporating EZH2 not only accurately predict patient
survival but also help stratify potential responders to immune checkpoint blockade through immunophenotypic and
tumor immune dysfunction and exclusion (TIDE) analyses.®* Collectively, these findings establish EZH2’s utility in
prognostic assessment, providing a valuable framework for precision oncology in HCC management.

Regulation of Drug Efflux Pump

Multidrug resistance (MDR), a phenomenon where cancer cells develop resistance to a wide spectrum of chemother-
apeutic agents, poses a major clinical challenge. In HCC, MDR is mechanistically driven by the aberrant activation of the
TGF-B1 signaling pathway and the overexpression of ATP-binding cassette (ABC) transporter proteins.”>** Among these
transporters, P-glycoprotein (P-gp/ABCB1) and the breast cancer resistance protein (BCRP/ABCG?2) are the most critical
determinants of chemotherapy-induced MDR. They mediate resistance by actively effluxing drugs, thereby reducing
intracellular concentrations. Specifically, P-gp facilitates the export of doxorubicin, paclitaxel, and 5-FU,*""%° while
BCRP predominantly mediates resistance to sorafenib and lenvatinib.?>”°

A key molecular axis linking TGF-B1 to MDR involves the long non-coding RNA HOTAIR. Previous study has
shown that TGF-B1 induces HOTAIR upregulation in Smad4-dependent manner.”> HOTAIR silencing enhances the
expression of miR-145, which directly binds to the 3°-UTRs of ABCB1 (P-gp) and ABCG2 (BCRP) mRNAs, suppres-
sing their translation and counteracting drug efflux capability.

EZH2 plays a central and dual role in this regulatory cascade. First, EZH2 is required for maintaining miR-145
repression, as EZH2 knockdown reduces miR-145 levels, suggesting EZH2 regulates miR-145 stability or transcription
via H3K27me3-mediated silencing. Second, HOTAIR recruits the EZH2-containing PRC2 complex to synergistically
inhibit miR-145 expression. This coordinated action relieves miR-145’s suppression of the efflux pumps, thereby
promoting the MDR phenotype in HCC.

Strategies to Overcome EZH2-Mediated Drug Resistance in HCC

The emergence of acquired drug resistance poses a critical barrier to the success of chemotherapy, targeted therapy, and
immunotherapy in HCC. Current therapeutic strategies prioritize targeting EZH2 directly or modulating its regulatory
network, which includes PRC2 complex components and DNA damage repair pathways; the objective is to overcome
resistance through multi-target synergistic approaches. Therefore, combination therapies integrating EZH2 inhibitors
with immune checkpoint inhibitors now represent a promising therapeutic paradigm for HCC management.

Application of EZH2 Inhibitors

EZH2 represents a compelling therapeutic target for HCC, with significant progress achieved over the past decade. Current
inhibitors fall into three mechanistic categories: direct suppression of EZH2 methyltransferase activity, disruption of EZH2-
PRC2 complex interactions, and enhancement of EZH?2 ubiquitination-mediated degradation (Table 2 and Figure 3).

Tazemetostat (EPZ-6438) remains the most clinically advanced EZH2 inhibitor, having received Food and Drug
Administration approval in 2020 for advanced epithelioid sarcoma and follicular lymphoma.”" This SAM-competitive
inhibitor binds EZH2’s SET domain, abolishing aberrant H3K27 methylation.”' Preclinical study demonstrates that
tazemetostat potentiates chimeric antigen receptor T-cell immunotherapy (CAR-T) efficacy by upregulating adhesion
molecules and inflammatory mediators across various solid and hematologic malignancies.”> EZH1/EZH2 dual-target
inhibitor valemetostat similarly synergizes with CAR-T therapy to enhance treatment responses. Moreover, computa-
tional and in vitro study established tazemetostat’s triple inhibition of ABCB1, ABCC1, and ABCG?2 efflux transporters
as an effective multidrug resistance reversal strategy.”

Targeting PRC2 subunit interactions provides an alternative inhibition strategy.”* Next-generation PRC2 inhibitors
compromise complex assembly through selective binding to EZH2’s SET domain or disruption of SUZ12-EED protein-
protein interfaces.”* The protein-protein interaction inhibitor LG1980 exerts anti-tumor effects by binding EED, trigger-
ing EZH2 degradation and PRC2 complex destabilization while disrupting the non-canonical EZH2-STAT3 pathway in
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Table 2 Mechanism and Clinical Trials of Drugs Against EZH2

Drug Classification Name The Phase of Indications
Development Status
SAM-Competitive Inhibitors; EPZ-6438 Phase I/11 Relapsed/Refractory Follicular Lymphoma, Locally Advanced or
EZH?2 Inhibitors (NCT04224493, Metastatic Urothelial Carcinoma
NCT03854474)
GSK2816126/ | Phase | Relapsed/Refractory Diffuse Large B Cell Lymphoma and Solid
GSK126 (NCT02082977) Tumors
Ell Pre-clinical Diffuse Large B-cell Lymphoma
CPI-1205 Phase Ib/Il Metastatic Castration Resistant Prostate Cancer
(NCT03480646)
EZH2 Inhibitors SHR2554 Phase llI Relapsed or Refractory Lymphoid Malignancy
(NCT03000988)
EZHI1/EZH2 Dual Inhibitors DS-3201 Phase | Aggressive Variant Prostate Carcinoma,
(NCT04388852) Metastatic Clear Cell Renal Cell Carcinoma,
Phase I/l Metastatic Malignant Solid Neoplasm, HCC
(NCT06294548)
EZHI/EZH2 Dual Inhibitors; UNCI1999 Pre-clinical HCC, Diffuse Large B-cell Lymphoma, Multiple Myeloma,
SAM-Comepetitive Inhibitors Prostate Cancer, Breast Cancer
SAH Hydrolase Inhibitors DZNep Pre-clinical Lung Cancer, Breast Cancer, Bladder Cancer
EED-EZH2 Inhibitors; HI- Astemizole Phase I/lI Head and Neck Cancer, Lung Cancer
Receptor Antagonists (NCT05879484)
EED-EZH2 Inhibitors EED226 Pre-clinical Diffuse Large B-cell Lymphoma

Abbreviations: HCC, Hepatocellular Carcinoma; SAM, S-adenosyl methionine; SAH, S-Adenosyl-L-homocysteine; EED, embryonic ectoderm development.

chemotherapy-resistant prostate cancer.”> Investigations revealed that co-administration of EED226 with SAM-
competitive inhibitors synergistically reduces H3K27me3 levels and suppresses proliferation in EZH2-mutant resistant
cell lines, unveiling new avenues for overcoming therapeutic resistance.”®

Collectively, EZH2 inhibitor research has generated preclinical and clinical advancements. Nevertheless, challenges
persist—the valemetostat, despite regulatory approval for adult T-cell leukemia/lymphoma, presents CYP450-mediated
metabolic complications that may compromise treatment efficacy, underscoring the need for pharmacokinetic refinement
and safety optimization.”” These developments signal a paradigm shift from monotherapy to combination regimens in
EZH2-targeted approaches, though metabolic toxicity remains a pivotal challenge requiring resolution.

Multi-Target Combination Therapy Strategy
Research demonstrates that nearly 80% of HCC cases display aberrant expression of fibroblast growth factor (FGF) and
its receptors (FGFRs).”® FGFR4 exhibits specific overexpression in HCC tissue,”” and its inhibition triggers compensa-
tory EZH2 upregulation, exacerbating tumor invasiveness and conferring resistance to both chemotherapeutic agents and
immunotherapies.*® Confirmatory study established that this dual-target approach synergistically induces apoptosis and
overcomes drug resistance, unmasking compensatory FGFR4/EZH2 signaling activation as a key resistance mechanism
while validating the synergistic anti-tumor efficacy of combinatorial inhibition.*®

Another investigations revealed that IGFIR inhibitors effectively reverse EZH2-mediated sorafenib resistance,
proposing coordinated targeting of the EZH2/miRNA/IGFIR axis as a novel strategy to disrupt chemoresistance.®
Furthermore, BRD4, a BET family protein that promotes HCC proliferation and suppresses apoptosis through interac-

tions with transcriptional regulators and epigenetic modifiers, shows remarkable synergy with EZH2 inhibition.
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Figure 3 This schematic summarizes the principal approaches for targeting EZH2, categorized by their mechanisms of action: direct catalytic blockade using SAM-
competitive inhibitors that occupy the substrate-binding site; targeted protein degradation via PROTACs that induce E3 ligase-mediated ubiquitination and proteasomal
breakdown; and allosteric inhibition through disruption of protein—protein interactions within the PRC2, leading to its disassembly. The downward arrow indicates
decreased activity. Figure was created in https://BioRender.com.

Abbreviations: EZH2, enhancer of zeste homolog 2; SAM, S-adenosyl methionine; PROTAC, Proteolysis—targeting chimera; PRC2, Polycomb repressive complex 2.

Combined treatment with BRD4 inhibitor ZBC260 and EZH2 inhibitor CPI-169 synergistically augmented HCC cell
apoptosis,®’ highlighting this combination’s potential to circumvent therapeutic resistance.

Emerging evidence particularly underscores the therapeutic value of combining EZH2 inhibitors with immune
checkpoint blockade in HCC treatment. Epigenetic modulation via EZH2 inhibition reduces H3K27me3 levels at
CD274 and IRF1 promoters, thereby elevating PD-L1 expression.'* A team from Beijing University elucidated that
EZH?2 inhibition stabilizes PD-L1 through USP22-mediated deubiquitylation, potentiating tumor responsiveness to anti-
PD-1 therapy.®® This mechanistic insight supports clinical exploration of EZH2 inhibitor-immunotherapy combinations.
Supporting this approach, Palomba et al documented enhanced anti-tumor responses and prolonged progression-free
survival in diffuse large B-cell lymphoma patients receiving EZH2 inhibitor/anti-PD-L1 combination therapy.**

Collectively, these studies delineate multi-target combinatorial approaches as effective countermeasures against
EZH2-mediated drug resistance in HCC. Future investigations should prioritize identifying optimal therapeutic partners
for EZH2 inhibitors to refine resistance management paradigms.

Targeted Protein Degradation Strategy: PROTACs

Currently, the clinical translation of EZH2 inhibitors still faces multiple obstacles.®* The pronounced heterogeneity of
HCC underlies marked variability in patient responses to EZH2 inhibitors, with some patients experiencing limited long-
term benefit due to acquired tolerance or severe adverse effects such as myelosuppression. Drug resistance arises not only
through compensatory activation of pro-survival pathways-including PI3K/AKT,'” Wnt/B-catenin,'* and ATM/CHK?2
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signaling following EZH2 inhibition-but also involves PRC2-independent EZH2 functions.®* Capitalizing on EZH2’s
non-canonical roles in chromatin dynamics and transcriptional control, recent advances have pioneered targeted protein
degradation approaches.

Proteolysis-targeting chimera (PROTAC) technology employs heterobifunctional molecules to recruit E3 ubiquitin
ligases for targeted protein degradation via the ubiquitin-proteasome system. PROTACa comprises three structural
components: a target protein-binding warhead, an E3 ligase-recruiting moiety, and a flexible linker. Unlike conventional
inhibitors requiring active-site engagement, PROTACsS catalytically degrade entire proteins regardless of mutation status
or overexpression levels. For EZH2 inactivation, conjugation of EPZ6438 with CRBN ligand thalidomide yields EZH2
PROTAC 1, which abolishes EZH2-driven oncogenicity. Development of VHL ligand-conjugated EPZ6438 disrupts
EZH2’s non-enzymatic functions.® Notably, PROTACs utilizing VHL or CRBN ligases bind both EZH2’s WD40

domain and E3 ligases,®*®’

inducing polyubiquitination and subsequent proteasomal destruction. This mechanism
circumvents resistance from EZH2 catalytic site mutations (Y641, A687) and overexpression-driven oncogenicity
observed in lymphomas and solid tumors.®” Preclinical study demonstrates PROTAC-mediated EZH2 degradation
reduces H3K27me3 levels by >80% within 24 hours, compared to 50% inhibition with EPZ6438 alone.*® Clinical-
stage candidates like ARV-110 and ARV-471 validate PROTAC’s translational potential, with Phase I trials showing

tumor regression in treatment-resistant cancers.*

Challenges and Future Perspectives

In conclusion, this review has systematically delineated the pivotal role of the epigenetic regulator EZH2 as a core
epigenetic regulator of multidrug resistance in HCC. EZH2 orchestrates resistance to chemotherapy, targeted therapy, and
immunotherapy in HCC through multifaceted mechanisms, including H3K27me3-dependent gene silencing, activation of
key oncogenic pathways, and remodeling of the immune microenvironment.”’

EZH2 exerts multidimensional control over the tumor immune microenvironment. Particularly noteworthy is its “bidirec-
tional regulation” of PD-L1 expression: on one hand, EZH2 stimulates IL-6 production, which stabilizes PD-L1 protein
expression while directly driving the expansion of MDSCs and Tregs, thereby shaping an immunosuppressive
microenvironment;*® on the other hand, its canonical catalytic function can suppress PD-L1 transcription by elevating
H3K27me3 levels on the promoters of CD274 and interferon regulatory factor 1."* Consequently, for HCC characterized as
an “immunologically cold” tumor, future EZH2-targeting therapeutic strategies must simultaneously account for its dual—and
potentially opposing—impacts on both innate and adaptive immunity.

Despite this compelling rationale for targeting EZH2, contemporary clinical efforts face three principal chal-
lenges: (1) compensatory activation of alternative signaling pathways that drive adaptive resistance;'” (2) target site-
specific drug escape mechanisms arising from structural peculiarities of the PRC2 complex;’® (3) the persistent
ineffectiveness of conventional catalytic inhibitors against EZH2’s non-canonical, scaffolding functions in chroma-
tin remodeling.”’ This limitation directly explains the clinical failure of specific catalytic inhibitors such as EPZ-
6438 in certain HCC subtypes: while effectively suppressing EZH2’s methyltransferase activity, they fail to
disassemble the PRC2 complex, allowing EZH2 to maintain its scaffolding function. Through recruitment of
DNA methyltransferases and other protein partners, it continues to sustain a repressive chromatin state, thereby
propelling tumor progression.”!

Looking forward, overcoming these obstacles requires innovative approaches. While multi-target combination
therapies have demonstrated synergistic potential, critical hurdles remain. Overcoming resistance dynamics driven by
the profound molecular heterogeneity of HCC, refining sequential dosing protocols, and establishing optimal therapeutic
ratios are urgent unmet needs. The advent of PROTACSs, which achieves sustained tumor control through continuous
EZH2 degradation and can synergize with immunotherapy, represents a groundbreaking strategy. However, several
limitations must be resolved: the restricted diversity of exploitable E3 ligases necessitates the development of PROTACs
with enhanced selectivity; structural refinements are required to minimize off-target toxicity risks; and advanced smart
delivery systems are needed to achieve spatially controlled degradation. Crucially, deciphering the complex interdepen-
dencies between PROTAC pharmacokinetics and the ensuing epigenetic reprogramming will be vital to establishing
novel, durable paradigms for overcoming therapeutic resistance in HCC.
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Therefore, future work must focus on expanding the repertoire of EZH2-targeting degraders, minimizing off-target
toxicity through structural refinement, and developing smart delivery systems. Furthermore, the implementation of
multidimensional biomarker platforms—integrating genomic, epigenomic, and tumor microenvironmental data—will
be paramount for precisely identifying patient populations most likely to benefit from EZH2-targeted interventions.
Ultimately, a deep understanding of EZH2’s multifaceted roles in HCC resistance, coupled with advances in epigenetic
drug discovery and patient stratification, paves the way for developing novel and durable therapeutic paradigms to
improve outcomes for HCC patients.
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