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Abstract
Relapsed/refractory multiple myeloma (RRMM) is characterized by high mortality rates and limited survival, with
real-world studies reporting substantial mortality and median survival of only a few years after relapse. Im-
munomodulatory drugs (IMiDs) are a cornerstone of first-line multiple myeloma (MM) therapy, yet resistance
remains a major clinical challenge. Resistance to pomalidomide has been attributed to multiple mechanisms,
including CRBN downregulation and activation of pro-survival signaling pathways such as NF-κB; however, the
contribution of epigenetic regulators, particularly the STAT3EZH-STAT3 axis, remains insufficiently explored. In this
study, our analysis of public datasets identifies significant upregulation of enhancer of zeste homolog 2 (EZH2) in
RRMM patients together with an association between EZH2 expression and poor prognosis. Using two established
pomalidomide-resistant MM models, we confirm elevated EZH2 expression in pomalidomide-resistant MM cell
lines, and demonstrate targeting EZH2 via small interfering RNA or the selective inhibitor GSK343 elicits potent anti-
myeloma effects in pomalidomide-resistant MM models. Notably, EZH2 knockdown increases the sensitivity of
RRMM cells to pomalidomide, providing a rationale for combining EZH2 inhibition with pomalidomide therapy.
Consistent with this observation, GSK343 synergizes with pomalidomide to suppress MM progression both in vitro
and in vivo. To better understand the mechanisms involved, we conduct RNA sequencing and investigate potential
mediators of EZH2. We find that EZH2 contributes to pomalidomide resistance through stabilizing STAT3 protein,
thereby supporting myeloma cell survival under therapeutic stress. In conclusion, EZH2 inhibition can enhance the
therapeutic efficacy of pomalidomide against RRMM, indicating that EZH2 offers a promising target for overcoming
drug resistance in MM.
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Introduction
Multiple myeloma (MM) is a plasma cell neoplasm marked by the
clonal expansion of malignant plasma cells residing in the bone
marrow niche which can lead to extensive skeletal destruction,
anemia, hypercalcemia, renal dysfunction, and immunodeficiency
[1]. Over the past two decades, the advent of immunomodulatory
drugs (IMiDs), proteasome inhibitors (PIs), and monoclonal
antibodies has revolutionized MM treatment and significantly
prolonged patient survival [2]. Among these agents, pomalidomide,

a third-generation IMiD, has demonstrated superior efficacy in
relapsed/refractory settings and has become an integral component
of MM therapy [3]. However, despite these advances, MM remains
largely incurable, as most patients eventually experience relapse
and develop resistance to pomalidomide. Thus, relapsed and/or
refractory MM (RRMM) poses a major clinical challenge [4].
Recent studies have uncovered several molecular mechanisms of

pomalidomide resistance, including cereblon (CRBN) downregula-
tion and aberrant activation of the Wnt/β-catenin and nuclear
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factor-kappa B (NF-κB) signaling pathways [5-7]. Additionally,
alterations in components of the ubiquitin-proteasome system and
transcriptional rewiring have been shown to contribute to immune
evasion and drug tolerance [8]. These observations help elucidate
the complex biology of pomalidomide resistance and highlight
potential therapeutic targets for overcoming drug resistance in
RRMM [9].
Enhancer of zeste homolog 2 (EZH2) functions as the enzymatic

core of the Polycomb repressive complex 2 (PRC2) and catalyzes
trimethylation of histone H3 on lysine 27 (H3K27me3), thereby
promoting chromatin condensation and repression of gene tran-
scription [10]. As a pivotal epigenetic regulator, EZH2 plays
essential roles in cell-cycle regulation, stemness maintenance, and
differentiation [11]. Dysregulated levels or functions of EZH2 have
been linked to the development and progression of various cancers,
including lymphomas, prostate cancer, and breast cancer, in which
such changes promote tumor progression, metastasis, and therapy
resistance [12]. In multiple myeloma (MM), dysregulated EZH2 is
associated with high-risk disease features and poor prognosis [13].
Given the reversible nature of epigenetic modifications, targeting
EZH2 with selective inhibitors holds therapeutic promise [14].
Importantly, a recent whole-genome sequencing (WGS) study
compared data from relapsed/refractory patients who had sequen-
tially received lenalidomide and pomalidomide withWGS data from
198 newly diagnosed cases and identified EZH2 as a novel candidate
driver gene in RRMM [15]. However, the specific mechanism
through which EZH2 contributes to the development of pomalido-
mide resistance remains to be elucidated. Nevertheless, based on
the current evidence, EZH2 represents a promising entry point for
dissecting the molecular pathways underlying pomalidomide
resistance. Elucidating the role of EZH2 in pomalidomide-resistant
MM will not only expand our understanding of drug resistance
mechanisms but also could provide insights for developing
combination strategies to overcome resistance and improve out-
comes in RRMM [16].
In the present study, we established and characterized pomali-

domide-resistant MM cell lines to explore the molecular mechan-
isms underlying this resistance [17]. Through transcriptomic
analyses, we investigated pathways driving resistance and evalu-
ated potential therapeutic strategies to restore drug sensitivity in
MM cells [18].

Materials and Methods
Cell lines and culture conditions
The human multiple myeloma cell lines MM.1S and U266 were
purchased from ATCC (Manassas, USA). Cells were cultured in
RPMI-1640 medium (12633020; Gibco, Grand Island, USA) contain-
ing 10% heat-inactivated fetal bovine serum (FB20015; CLARK,
Shanghai, China) and 1% penicillin-streptomycin (1514012; Gib-
co). All cell cultures were incubated at 37°C in a humidified
chamber with 5% carbon dioxide. Cell lines were authenticated
using Short Tandem Repeat (STR) analysis performed by Genetic
Testing Biotechnology (Suzhou, China) and the submitted profile is
an exact match for the following human cell line(s) in the ExPASy
(https://www.expasy.org/resources/cellosaurus).

Development of pomalidomide-resistant cell lines
Pomalidomide (P0018-5MG; Sigma-Aldrich, St Louis, USA)-resis-
tant MM cell lines (MM.1S PR and U266 PR) were established by

repeated high-dose pulse selection. Parental cells at log phase were
exposed to pomalidomide at concentrations approximating the
parental half-maximal inhibitory concentration (IC50) which was
measured via a microplate reader (Synergy H1; BioTek Instruments,
Winooski, USA) for 48 h, after which drug was removed and cells
were allowed to recover in drug-free medium. Pulses were repeated
weekly until a stable increase in IC50 was observed (typically 4‒10
cycles). Resistant lines were validated by dose-response assays
(BL1055E; BioSharp, Hefei, China) to confirm increased IC50 relative
to parental cells. Resistant cells were maintained in medium
containing a lower maintenance concentration of pomalidomide
and aliquots were cryopreserved for downstream experiments.
Pomalidomide-resistant cells were maintained in a drug-free
medium for a period of two months. During this time, the IC50 of
pomalidomide was assessed at three independent time points using
the CCK-8 assay. In parallel, EZH2 expression levels were evaluated
following drug withdrawal (Supplementary Figure S1A).

CCK-8 assay
Cell viability and proliferative capacity were assessed by employing
the Cell Counting Kit-8 (BL1055E; BioSharp). In this assay,
approximately 5 × 103 multiple myeloma cells were dispensed into
each well of 96-well plates and subsequently exposed to pomali-
domide (P0018-5MG; Sigma-Aldrich), GSK343 (HY-13500; MCE,
Monmouth Junction, USA), MS1943 (HY-133129; MCE) for a
duration of 48 h and vehicle controls (DMSO; Sigma-Aldrich) were
consistently included in all experiments at equivalent concentra-
tions to exclude potential solvent-related effects. Optical density
was recorded at 450 nm using a BioTek microplate spectro-
photometer (Synergy H1; BioTek Instruments), and half-maximal
inhibitory concentration (IC50) values were estimated from the
resulting dose-response relationships.

Western blot analysis
Cells were harvested and lysed using RIPA buffer (P0013C;
Beyotime Biotechnology, Shanghai, China) supplemented with
protease inhibitor cocktail (P1005; Beyotime Biotechnology).
Protein levels were quantified, and equivalent protein samples
were resolved by 8%‒12% SDS-PAGE, followed by transfer to PVDF
membranes (ISEQ00010; Millipore, Burlington, USA). The mem-
branes were blocked with 5% bovine serum albumin (A7906;
Sigma-Aldrich) and subsequently probed with the indicated
primary antibodies, including mouse anti-β-actin (66009-1-Ig,
1:5000; Proteintech, Wuhan, China), mouse anti-GAPDH (60004-
1-Ig, 1:5000; Proteintech), rabbit anti-EZH2 (21800-1-AP, 1:1000;
Proteintech), rabbit anti-H3K27me3 (ab192985, 1:1000; Abcam,
Cambridge, UK), rabbit anti-BCL-2 (12789-1-AP, 1:5000; Protein-
tech), rabbit anti-γH2AX (10856-1-AP, 1:1000; Proteintech), rabbit
anti-Cyclin D1 (26939-1-AP, 1:1000; Proteintech) and rabbit anti-
STAT3 (10253-2-AP, 1:1000; Proteintech), rabbit anti-p65 (10745-1-
AP, 1:1000; Proteintech), rabbit anti-β-catenin (51067-2-AP, 1:1000;
Proteintech), rabbit anti-AKT (10176-2-AP, 1:1000; Proteintech),
and rabbit anti-RAP1 (RAP1A + RAP1B) (ab187659, 1:1000;
Abcam), followed by fluorescently labeled secondary antibodies
anti-mouse or anti-rabbit, both from Li-Cor (926-32211, 926-32210;
Lincoln, USA). Protein signals were detected using a fluorescence
imaging system (Odyssey; Li-Cor). For proteasome inhibition
experiments, cells were treated with MG132 (HY-13259; MedChem-
Express, Monmouth Junction, USA) before protein extraction and
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western blot analysis.

siRNA-mediated knockdown of EZH2 and STAT3
Small interfering RNAs (siRNAs) targeting EZH2 and STAT3, along
with a non-targeting control siRNA (siNC), were purchased from a
commercial supplier (GenePharma, Shanghai, China). The se-
quences were as follows: EZH2 siRNA#1, sense 5′-GGAGUUGGU
GAAUGCCCUUTT-3′ and antisense 5′-AAGGGCAUUCACCAA
CUCCTT-3′; EZH2 siRNA#2, sense 5′-GCUCCUCUAACCAU
GUUUATT-3′ and antisense 5′-UAAACAUGGUUAGAGGAGCTT-3′;
STAT3 siRNA#1, sense 5′-AGAGUCGAAUGUUCUCUAU-3′ and
antisense 5′-AUAGAGAACAUUCGACUCU-3′; STAT3 siRNA#2,
sense 5′-GCUUCCUGCAAGAGUCGAA-3′ and antisense 5′-UUCGA
CUCUUGCAGGAAGC-3′; negative control siRNA (siNC), sense 5′-
UUCUCCGAACGUGUCACGUTT-3′ and antisense 5′-ACGUGACAC
GUUCGGAGAATT-3′. Cells were seeded in 6-well plates and
transfected with siRNAs using Lipofectamine 3000 transfection
reagent (L3000150; Invitrogen, Carlsbad, USA) according to the
manufacturer’s instructions. Briefly, siRNAs were diluted in Opti-
MEM (31985070; Gibco) and incubated with the transfection
reagent to form complexes, which were then added to the cells at
a final concentration of 50 nM. A non-targeting siRNA control was
included in all experiments to exclude potential off-target effects.
After 48 h of transfection, cells were harvested for subsequent
analyses, including quantitative PCR and western blotting to
confirm knockdown efficiency. All experiments were performed in
at least three independent replicates.

Lentiviral overexpression of EZH2
For stable overexpression of EZH2, the full-length human EZH2
coding sequence was cloned into a lentiviral expression vector,
pLVX (632164; Clontech Laboratories, Mountain View, USA).
Lentiviral particles were produced by co-transfecting HEK293T
cells (ATCC) with the EZH2 expression vector and packaging
plasmids, psPAX2 and pMD2.G (Addgene, Watertown, USA), using
Lipofectamine™ 3000 Transfection Reagent (L3000150; Invitrogen).
Viral supernatants were collected at 48 and 72 h post-transfection,
filtered, and used to infect target cells in the presence of polybrene
(H9268; Sigma-Aldrich) at a final concentration of 8 μg/mL. After
48 h of infection, cells were selected with puromycin (P8833; Sigma-
Aldrich) at 2 μg/mL to establish stable cell lines. Overexpression
efficiency was verified by quantitative PCR and western blot
analysis. Quantitative PCR was performed using ChamQ SYBR
qPCR Master Mix (Q311-02; Vazyme, Nanjing, China) on a
QuantStudio 5 Real-Time PCR System (Applied Biosystems, Foster
City, USA). The primer sequences used for qPCR were as follows:
EZH2 forward, 5′-TACAGTGGAGGATGCCCTGA-3′, and reverse, 5′-
TGCTGGCATAGATTACCCGC-3′; STAT3 forward, 5′-CAGCAGCTT
GACACACGGTA-3′, and reverse, 5′-AAACACCAAAGTGGCATGT
GA-3′; GAPDH forward, 5′-GGAGCGAGATCCCTCCAAAAT-3′, and
reverse, 5′-GGCTGTTGTCATACTTCTCATGG-3′. GAPDH was used
as the internal control for normalization.

Apoptosis and cell cycle analysis
Apoptosis was assessed using the Annexin V-PE/7-AAD detection
kit (40310ES20; Yeasen, Shanghai, China) according to the
manufacturer’s instructions. Briefly, cells were treated with
pomalidomide at the IC50 concentration of each parental cell line for
48 h, then harvested, washed twice with cold PBS, and resuspended

in 1× binding buffer. Cells were subsequently incubated with
Annexin V-PE and 7-AAD in the dark at room temperature for
15 min. After staining, samples were immediately analyzed using a
flow cytometer (BD FACSCanto II; BD Biosciences, San Jose, USA),
and data were processed with FlowJo software (Version 10.8.1; BD
Life Sciences, Ashland, USA) to quantify the percentages of early
and late apoptotic cells.
For cell cycle analysis, cells were collected, washed with PBS, and

fixed in 70% ethanol at 4°C overnight. Fixed cells were then washed
and incubated with propidium iodide (556463; BD Biosciences)
staining solution containing RNase A (R4875; Sigma-Aldrich) at 37°C
for 30 min in the dark. DNA content was measured by flow
cytometry, and cell cycle distribution was analyzed using FlowJo
software.

Cycloheximide (CHX) chase assay
To evaluate STAT3 protein stability, pomalidomide-resistant MM
cells transfected with control or EZH2-targeting siRNAs were
treated with cycloheximide (C7698; Sigma-Aldrich) to inhibit de
novo protein synthesis. At the indicated time points after CHX
exposure, cells were harvested and lysed, and STAT3 protein levels
were examined by western blot analysis. Protein band intensities
were quantified using ImageJ software (Version 1.54; National
Institutes of Health, Bethesda, USA). Relative protein expression
levels were normalized to the corresponding loading controls and
expressed relative to the control group. The relative abundance of
STAT3 at each time point was expressed as a fraction of the initial
level to estimate protein degradation kinetics.

Immunoprecipitation and ubiquitination assay
Cells were lysed in ice-cold NP-40 lysis buffer (P0013F; Beyotime
Biotechnology) supplemented with protease inhibitors (P1005;
Beyotime Biotechnology) and 10 mM N-ethylmaleimide (E3876;
Sigma-Aldrich) to preserve ubiquitin conjugates. Equal amounts of
protein were incubated with anti-STAT3 antibody overnight at 4°C
with gentle rotation, followed by incubation with protein A/G
agarose beads (P2012; Beyotime Biotechnology) for 2‒4 h.
Immunocomplexes were washed extensively with lysis buffer and
eluted by boiling in SDS sample buffer. Eluted proteins were
resolved by 8% SDS-PAGE and analyzed by western blot analysis
using an anti-ubiquitin antibody to assess STAT3 ubiquitination.
Total STAT3 levels in the immunoprecipitates were evaluated to
confirm comparable immunoprecipitation efficiency across sam-
ples.

Co-immunoprecipitation (Co-IP)
Cells were lysed in Co-IP lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1% NP-40, 10% glycerol, and protease inhibitors)
and incubated on ice for 30 min. The lysates were then centrifuged
at 12,000 g for 15 min at 4°C to remove cellular debris. The
supernatant was pre-cleared by incubating with 30 μL of protein A/
G agarose beads for 1 h at 4°C. For immunoprecipitation, 1‒2 μg of
the specific primary antibody was added to the pre-cleared lysate and
incubated overnight at 4°C with rotation. Afterward, protein A/G
agarose beads (30 μL) were added to the mixture and incubated for
2 h at 4°C. The beads were washed three times with washing buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.1% NP-40) and
resuspended in loading buffer. Proteins were separated by 10%
SDS-PAGE, transferred to PVDF membranes, and detected by
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western blot analysis using the appropriate antibodies

RNA sequencing (RNA-seq)
Total RNA was extracted from multiple myeloma cells, either
untreated or subjected to drug exposure, using TRIzol reagent
(Invitrogen). The integrity and concentration of the isolated RNA
were determined with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, USA). Sequencing libraries were
subsequently prepared using the Illumina TruSeq RNA kit (RS-
122-2001; Illumina, San Diego, USA) and subjected to paired-end
150 bp sequencing on the HiSeq 4000 platform (Illumina).

Differential gene expression analysis
DESeq2 Differential expression analysis was performed using the
DESeq2 R package (Bioconductor) with a |log2 Fold Change| > 1
and a P value < 0.05 as the selection criteria. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were conducted using the ClusterProfiler package in R
software (Version 4.3.1) originally developed by Ross Ihaka and
Robert Gentleman (https://www.r-project.org/).

Gene set enrichment analysis (GSEA)
GSEA was performed using GSEA software v4.3.2 developed by the
Broad Institute (https://www.gsea-msigdb.org/gsea/index.jsp). All
gene sets were selected, and pathways were enriched in drug-
resistant cells post-si-EZH2 treatment. Results were visualized using
bubble plots and heatmaps to illustrate activated or suppressed
pathways.

Xenograft mouse models
All procedures involving mice were approved by the local ethical
committee for animal experimentation. Female NCG (NOD/
ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice, aged 4
weeks, were purchased from GemPharmatech (Suzhou, China)
and allowed to acclimatize for 1 week prior to tumor cell
inoculation. At 5 weeks of age, NCG mice were injected
subcutaneously into the right flank with 5 × 106 U266 PR cells.
Once the tumor volume reached 140 to 200 mm3, the mice were
randomly assigned to one of the four treatment groups (n = 5 per
group): vehicle control, pomalidomide monotherapy, GSK343
monotherapy, and pomalidomide plus GSK343 combination
treatment. Animals were randomly assigned to experimental
groups using a computer-generated randomization algorithm.
Prior to treatment, each animal was individually numbered and
assigned to either the treatment or control group, ensuring a
balanced distribution based on baseline characteristics such as
body weight and health status. Randomization was performed by a
blinded investigator to minimize bias. All animals were housed
under standard laboratory conditions and monitored regularly
throughout the study. Pomalidomide was administered by oral
gavage at a dose of 5 mg/kg daily in the monotherapy group, while
GSK343 was given by intraperitoneal injection at 5 mg/kg every
other day. In the combination group, pomalidomide was adminis-
tered at 3 mg/kg by oral gavage, and GSK343 at 2 mg/kg by
intraperitoneal injection every other day. Tumor growth and body
weight were measured every 3 days, and tumor volume was
calculated using the formula: 0.5 × length (mm) × width2 (mm)
with a caliper. At the study endpoint, mice were deeply
anesthetized with isoflurane and subsequently sacrificed by

cervical dislocation to ensure death, in accordance with institu-
tional animal care and ethical guidelines. All animal experiments
were approved by the Ethics Committee of Soochow University
(approval No. 202504A0940). The study was conducted in
accordance with the Declaration of Helsinki.

Histological analysis
Tissues were fixed in 10% formalin (Sigma-Aldrich), embedded in
paraffin, and sectioned. Hematoxylin and eosin (H & E) staining was
performed to assess tissue morphology and potential toxicity.
Tumor and major organ tissues were fixed in 4% paraformalde-
hyde, embedded in paraffin, sectioned at 4 μm, and subjected to
routine H & E staining. Histopathological changes were examined
under a light microscope (Olympus, Tokyo, Japan).

Statistical analysis
All statistical analyses were performed using GraphPad Prism
software (Version 9.0). For comparisons between two groups, a
two-tailed unpaired Student’s t test was used. Data are expressed as
the mean ± standard deviation (SD), and a P value of < 0.05 was
considered statistically significant.

Results
EZH2 is highly expressed in MM and associated with a
poor prognosis
To assess EZH2 expression in multiple myeloma and its association
with patient outcomes, we interrogated the GSE6477 cohort
comprising newly diagnosed MM (NDMM) and RRMM cases. This
analysis revealed a marked increase in EZH2 transcript abundance
in RRMM samples compared with NDMM samples. To explore any
associations between EZH2 and clinical outcomes in RRMM
patients, we analyzed data from the GSE2658 dataset and found
that higher EZH2 mRNA levels were associated with poorer overall
survival (Figure 1A). These results demonstrate that upregulation of
EZH2 in RRMM correlates with a poor prognosis.

EZH2 is upregulated in pomalidomide-resistant MM cells
To investigate the molecular mechanisms driving pomalidomide
resistance in MM, we established two pomalidomide-resistant cell
lines, MM.1S PR and U266 PR, through repeated high-dose pulse
selection (Figure 1B). Drug sensitivity assays revealed a marked
increase in IC50 for pomalidomide in the resistant cells compared to
parental cells, indicating successful induction of resistance (Figure
1B). Consistently, flow cytometry-based apoptosis assays showed
significantly reduced pomalidomide-induced apoptosis in resistant
cells, further confirming the resistant phenotype (Figure 1C).
Finally, in proliferation assays, the resistant cell lines exhibited
enhanced proliferative capacity under normal culture conditions,
suggesting that the acquisition of drug resistance may be
accompanied by increased cell fitness (Figure 1D).
To explore the molecular changes associated with resistance, we

assessed the expression of EZH2 and its downstream histone
modification H3K27me3. Quantitative polymerase chain reaction
(qPCR) and western blot analysis revealed significant upregulation
of EZH2 at both the mRNA and protein levels in resistant cells
(Figure 1E,F). In parallel, H3K27me3 levels were markedly elevated
in pomalidomide-resistant cells and showed a pattern consistent
with EZH2 expression, suggesting that EZH2-mediated epigenetic
regulation may be involved in the development of pomalidomide
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Figure 1. EZH2 is upregulated in RRMM and in pomalidomide-resistant cell lines (A) Analysis of EZH2 expression in NDMM and relapsed/
refractory MM (RRMM) cases in the GSE6477 dataset. EZH2 expression was higher in RRMM than in NDMM, and among cases in the GSE2658
dataset, higher EZH2 levels were associated with poorer overall survival. (B) IC50 values for pomalidomide in parental and resistant MM.1S and
U266 cell lines were determined by CCK-8 assay and confirmed the successful establishment of pomalidomide-resistant models. (C) Flow cyto-
metry-based apoptosis analysis demonstrated reduced pomalidomide-induced apoptosis in resistant cells. (D) Proliferation assays showed en-
hanced growth of resistant cell lines under normal culture conditions. (E,F) qPCR and western blot analyses showed upregulation of EZH2 mRNA
and protein in resistant cells, accompanied by increased H3K27me3 levels. Data are presented as the mean ± SD. **P < 0.01, ***P < 0.001; ns, not
significant.

EZH2-STAT3 axis mediates pomalidomide resistance 5

Zhang et al. Acta Biochim Biophys Sin 2026



resistance (Figure 1F).

EZH2 is a central regulator of distinct resistance
mechanisms in pomalidomide-resistant MM cells
To further elucidate the molecular mechanisms underlying poma-
lidomide resistance and the role of EZH2, we performed high-
throughput RNA sequencing on paired parental and pomalidomide-
resistant MM cell lines. Differential gene expression analysis
revealed significant transcriptional reprogramming in both resistant
cell lines compared to their parental counterparts (Figure 2A).
Volcano plot visualization revealed highly elevated EZH2 expres-
sion in resistant cells, indicating a potential association with the
resistant phenotype (Figure 2B). GSEA further demonstrated
consistent enrichment of H3K27me3-associated gene repression
signatures in both resistant cell models, suggesting an epigenetic
regulatory shift driven by EZH2 (Figure 2C).
To explore the functional implications of these transcriptional

changes, we performed GO and KEGG pathway enrichment
analyses on the identified differentially expressed genes. The results
revealed two major categories of resistance-associated pathways:
(1) nuclear mechanisms involving DNA repair, chromatin remodel-
ing, and epigenetic regulation and (2) cytoplasmic mechanisms
characterized by cytoskeletal remodeling, cell polarity, migration,
and metabolic adaptation (Figure 2D,E). Interestingly, EZH2
emerged as a key upstream node integrating the two resistance
mechanisms. It was found to transcriptionally regulate nuclear
factors such as RAD51 and BRCA1, which are involved in
homologous recombination, as well as cytoplasmic effectors,
including cell division cycle 42 (CDC42), hypoxia-inducible factor
1 alpha (HIF1A), and vascular endothelial growth factor A
(VEGFA), which are associated with cytoskeletal dynamics and
metabolic plasticity.
These findings suggest that EZH2 may drive pomalidomide

resistance by orchestrating a genome-wide transcriptional program
through H3K27me3-mediated repression, with effects on both
nuclear and cytoplasmic adaptive systems. The central role of
EZH2 in coordinating diverse resistance pathways highlights its
therapeutic potential as a master regulator and target in RRMM.

EZH2 inhibition reverses pomalidomide resistance and
has synergistic anti-myeloma effects
Given the functional involvement of EZH2 in pomalidomide
resistance, we hypothesized that pharmacological inhibition of
EZH2 could restore the drug sensitivity of MM cells. To test this
hypothesis, we screened two classes of EZH2-targeting compounds:
enzymatic inhibitors and proteolysis targeting chimera (PROTAC)-
based degraders. EZH2 inhibitors, such as GSK343, suppress
methyltransferase activity and disrupt polycomb repressive com-
plex 2 (PRC2) integrity, whereas PROTAC degraders (e.g., MS1943)
induce EZH2 degradation via the ubiquitin-proteasome pathway.
Drug sensitivity assays revealed that GSK343 exerted cytotoxic
effects on both parental and pomalidomide-resistant MM cells, with
notably greater efficacy in resistant cells. In contrast, the EZH2
PROTAC degrader MS1943 displayed minimal activity in parental
cells but effectively suppressed the viability of resistant cells (Figure
3A, left). We treated the cells with MS1943, and the western blot
analysis results indicated that MS1943 effectively reduced the
expression level of EZH2 (Figure 3A, right). This differential
response suggests that EZH2 contributes to pomalidomide resis-

tance not only through its canonical methyltransferase activity but
also via non-catalytic mechanisms, such as structural or protein-
protein interaction-mediated functions.
We next evaluated the combinatorial effects of GSK343 and

pomalidomide. Co-treatment assays demonstrated a synergistic
inhibition of cell proliferation in resistant cells (Figure 3B). To
further evaluate the therapeutic potential of EZH2 targeting in vivo,
we selected GSK343 for subsequent animal studies based on its
well-characterized pharmacokinetic profile, molecular stability, and
in vitro potency. In vivo, resistant MM xenografts in NCGmice were
treated with vehicle, pomalidomide, GSK343, and the combination
of both pomalidomide and GSK343 for 15 days. Tumor volumes
were similar between the vehicle and pomalidomide monotherapy
groups, confirming the resistant phenotype (Figure 3C, left).
GSK343 monotherapy significantly reduced the tumor burden,
while the combination treatment caused marked tumor regression,
demonstrating a strong synergistic effect (Figure 3C, left). This
combination strategy could allow dose reduction of pomalidomide
while maintaining efficacy, suggesting translational potential for
overcoming resistance with reduced toxicity. Throughout the
duration of treatment, the mice showed no significant changes in
body weight, indicating that GSK343 was well tolerated and did not
elicit overt systemic toxicity (Figure 3C, right). To further confirm
the compound’s safety profile, comprehensive histopathological
examinations of major organs, including the liver, kidney, heart,
and lung, were conducted post-treatment. These analyses revealed
no discernible tissue damage or pathological abnormalities,
supporting the conclusion that GSK343 administration does not
induce organ-specific toxicity at the therapeutic doses used (Figure
3D).
Flow cytometry-based apoptosis analysis further confirmed that

treatment with GSK343 not only reversed pomalidomide resistance
but also enhanced apoptosis among MM cells when administered in
combination with pomalidomide (Figure 3E).
Importantly, we also extended our findings to primary patient-

derived MM cells. In vitro drug sensitivity testing on CD138+ cells
from NDMM and RRMM patients showed that GSK343 had broad
anti-myeloma activity. Notably, GSK343 was particularly effective
in RRMM samples, where it not only suppressed cell viability but
also partially restored sensitivity to pomalidomide (Figure 3F).
These results further support the translational relevance of EZH2 as
a therapeutic target for overcoming drug resistance in MM.

EZH2 bidirectionally regulates pomalidomide sensitivity,
with EZH2 knockdown inducing apoptosis and cell cycle
arrest in pomalidomide-resistant MM cells
To further investigate the functional role of EZH2 in pomalidomide
resistance, we performed EZH2 knockdown in resistant MM cell
lines using two independent small interfering RNAs (siRNAs).
Knockdown efficiency was confirmed at both the mRNA and
protein levels by qPCR and western blot analysis, respectively
(Figure 4A). Drug sensitivity assays revealed that silencing of EZH2
partially restored the sensitivity of resistant cells to pomalidomide,
indicating that EZH2 contributes to the maintenance of the resistant
phenotype (Figure 4B). We next assessed the effect of EZH2
knockdown on cell proliferation. Compared with the negative
control, both si-EZH2-treated groups exhibited reduced prolifera-
tion, with growth inhibition becoming evident at 48 h post
transfection. These results suggest that EZH2 not only promotes
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Figure 2. Transcriptomic profiling identifies EZH2 as a central regulator of distinct resistance mechanisms in pomalidomide-resistant MM cells
(A) Heatmap of differentially expressed genes between parental and resistant MM cell lines. (B) Volcano plot showing elevated EZH2 expression in
resistant cells. (C) GSEA indicating enrichment of H3K27me3-associated gene repression signatures in resistant cells. (D,E) Gene Ontology (GO)
and KEGG pathway enrichment analyses of differentially expressed genes revealed two major categories of resistance mechanisms: nuclear
pathways (DNA repair, chromatin remodeling, and epigenetic regulation) and cytoplasmic pathways (cytoskeletal remodeling, cell polarity, mi-
gration, and metabolic adaptation). EZH2 was identified as a key upstream node integrating both resistance mechanisms via the regulation of both
nuclear effectors (e.g., RAD51, BRCA1) and cytoplasmic effectors (e.g., CDC42, HIF1A, VEGFA).
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Figure 3. Pharmacological inhibition of EZH2 reverses pomalidomide resistance and exerts synergistic anti-myeloma effects both in vitro and in
vivo (A) Drug sensitivity assays showed the cytotoxic effects of the EZH2 inhibitor GSK343 and PROTAC degrader MS1943 on parental and
pomalidomide-resistant MM cells. GSK343 exhibited greater efficacy in resistant cells, while MS1943 was minimally active in parental cells but
suppressed resistant cell viability. Western blot analysis results indicated that MS1943 effectively reduced the expression level of EZH2. (B) Co-
treatment with GSK343 and pomalidomide led to synergistic inhibition of cell proliferation in resistant MM. (C) In vivo murine xenograft model
using resistant MM cells treated with vehicle, pomalidomide, GSK343, or the combination for 2 weeks. Tumor volumes and body weights are
shown. GSK343 monotherapy significantly reduced the tumor burden, and the combination therapy induced marked tumor regression without
overt toxicity. (D) Representative H&E staining images of major organs (heart, liver, spleen, lung, and kidney) frommice at the end of treatment. No
signs of significant tissue damage or toxicity were observed. (E) Flow cytometry-based apoptosis analysis demonstrated enhanced apoptosis in
resistant cells treated with GSK343, either alone or in combination with pomalidomide. (F) Drug sensitivity of CD138+ primary MM cells from
NDMM and RRMM patients. GSK343 suppressed cell viability in both NDMM and RRMM samples and partially restored sensitivity to pomali-
domide in RRMM cells. Data are presented as the mean ± SD. **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant.
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Figure 4. EZH2 bidirectionally regulates pomalidomide sensitivity, while EZH2 knockdown enhances apoptosis and induces G1-phase cell cycle
arrest in resistant MM cells (A) Treatment with two independent siRNAs resulted in EZH2 knockdown in resistant MM cell lines at both the
mRNA and protein levels, as determined by qPCR and western blot analysis. (B) Drug sensitivity assays showed partial restoration of pomali-
domide sensitivity in resistant cells after EZH2 knockdown. (C) Proliferation assays demonstrated reduced cell growth after EZH2 silencing, with
growth inhibition evident at 48 h post-transfection. (D) Overexpression of EZH2 in MM cell lines was confirmed at both the mRNA and protein
levels by qPCR and western blot analysis. Forced expression of EZH2 in parental MM cell lines reduced sensitivity to pomalidomide, as assessed by
cell viability assays following drug treatment. (E) Flow cytometric analysis showed increased apoptosis in resistant cells upon EZH2 knockdown
compared with the control. (F) Cell cycle analysis revealed G1-phase arrest in resistant MM cells after EZH2 knockdown, indicating that inhibition of
EZH2 suppresses proliferation by disrupting normal cell cycle progression. Data are presented as the mean ± SD, **P < 0.01, ***P < 0.001, ****P <
0.0001.
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drug resistance but also enhances proliferative capacity in resistant
MM cells (Figure 4C). To further establish causality, we performed
EZH2 gain-of-function experiments in parental, pomalidomide-
sensitive MM cells. Overexpression of EZH2 significantly decreased
pomalidomide sensitivity, indicating that elevated EZH2 expression
is sufficient to promote a resistant phenotype (Figure 4D).
To further explore the impact of EZH2 on pomalidomide

resistance, we first assessed apoptosis in pomalidomide-resistant
MM cells following EZH2 knockdown. Flow cytometric analysis
revealed a marked increase in apoptotic cell numbers following
EZH2 knockdown compared with control groups, indicating that
EZH2 depletion enhances apoptosis in resistant cells (Figure 4E).
We next performed cell cycle analysis to evaluate the impact of
EZH2 knockdown on cell proliferation. EZH2 knockdown induced
significant accumulation of cells in the G1 phase in both resistant
cell models compared with vehicle controls, suggesting that EZH2
inhibition suppresses proliferation by causing G1 phase arrest and
disrupting normal cell cycle progression (Figure 4F).

EZH2 maintains pomalidomide resistance by stabilizing
STAT3 to regulate apoptosis and the cell cycle and may
additionally contribute to DNA repair processes
To elucidate how EZH2 contributes to pomalidomide resistance, we
performed high-throughput RNA sequencing of resistant MM cells
after EZH2 knockdown. GSEA revealed substantial alterations
across multiple biological processes, with significant enrichment
in pathways regulating cell cycle progression, apoptosis, and DNA
repair (Figure 5A). These findings indicate that the resistant
phenotype is supported by multiple coordinated survival programs
and that disruption of EZH2 perturbs all three axes simultaneously.
KEGG and GO enrichment analyses further reinforced these

observations. In addition to pathways associated with histone
methylation and chromatin modification, which reflect canonical
EZH2 catalytic activity, these analyses identified a broader array of
enriched pathways involving cell cycle control, apoptosis regula-
tion, and DNA damage repair (Figure 5B,C). Many of these
pathways are not exclusively linked to the methyltransferase
function of EZH2, suggesting that EZH2 may contribute to the
maintenance of pomalidomide resistance through both enzymatic
and non-enzymatic roles. These findings provide a rationale for
examining downstream nodes beyond classical PRC2 targets.
Among the enriched pathways, JAK-STAT signaling consistently

appeared with relatively high enrichment scores across cell models
(Figure 5B). Because STAT3 is a central regulator of survival
signaling, apoptosis suppression, and G1-S transition and because
its downstream functions overlap with processes disrupted by EZH2
knockdown, STAT3 emerged as a biologically coherent candidate
linking EZH2 activity with the pomalidomide-resistant MM cell
phenotype. We therefore investigated whether EZH2 regulates
STAT3 in resistant cells. Western blot analysis showed that EZH2
knockdown resulted in a marked decrease in STAT3 protein
abundance, whereas qPCR showed no change in STAT3 mRNA
expression (Figure 6A,B). This dissociation indicates a post-
transcriptional regulatory mechanism. To determine whether this
effect was specific to STAT3, we further evaluated several unrelated
signaling molecules, including NF-κB, β-catenin, Akt, and Rap1. No
significant alterations were observed following EZH2 modulation
(Supplementary Figure S1B), supporting the specificity of the EZH2-
STAT3 regulatory axis. Correspondingly, EZH2 knockdown led to

reduced expression of downstream survival and cell cycle regula-
tors, including B-cell lymphoma-2 (Bcl-2) and Cyclin D1, accom-
panied by an increase in γH2AX expression, indicating enhanced
DNA damage (Figure 6A). To determine whether the reduction in
the STAT3 protein level results from enhanced proteasomal
turnover, resistant cells were treated with the proteasome inhibitor
MG132 after EZH2 knockdown. MG132 partially restored the STAT3
protein level, indicating that EZH2 maintains STAT3 abundance by
preventing proteasome-mediated degradation (Figure 6C). To
further assess whether EZH2 knockdown accelerates STAT3 protein
turnover, we performed cycloheximide (CHX) chase assays to
monitor STAT3 stability over time. STAT3 protein levels declined
more rapidly in si-EZH2-treated resistant cells than in siNC controls
following CHX treatment, indicating a shortened STAT3 protein
half-life upon EZH2 depletion (Figure 6D). Consistent with the
accelerated STAT3 degradation observed in the CHX chase assay,
we further examined whether EZH2 depletion affects STAT3
ubiquitination. To this end, STAT3 was immunoprecipitated from
pomalidomide-resistant MM cells transfected with control or EZH2-
targeting siRNA, followed by western blot analysis for ubiquitin.
EZH2 knockdown resulted in increased ubiquitination of STAT3
compared with that in control cells, while comparable levels of total
STAT3 were recovered in the immunoprecipitates (Supplementary
Figure S1C). These findings indicate that loss of EZH2 promotes
STAT3 ubiquitination, providing additional evidence that EZH2
contributes to STAT3 protein stabilization by limiting its protea-
some-targeting modification. To further investigate whether the
regulation of STAT3 by EZH2 depends on direct protein-protein
interactions, we performed Co-IP assay in pomalidomide-resistant
MM cells. The results demonstrated that STAT3 was specifically co-
precipitated with the EZH2 antibody, and this interaction was
consistently observed in both resistant cell lines. These findings
suggest that EZH2 forms a complex with STAT3 within cells,
indicating that EZH2 may regulate the stability of STAT3 through
direct binding (Figure 6E). Together, these results suggest that EZH2
contributes to the stabilization of the STAT3 protein by interacting
with it, thereby preventing proteasome-mediated degradation and
maintaining STAT3 stability in pomalidomide-resistant MM cells.
To define the functional consequences of STAT3 suppression, we

validated effective STAT3 knockdown at both the mRNA and
protein levels in resistant cells (Figure 6F). STAT3 silencing resulted
in the restoration of key features of the si-EZH2-induced phenotype,
including the downregulation of Bcl-2 and Cyclin D1 (Figure 6G),
supporting the STAT3-Bcl-2/Cyclin D1 axis as a major downstream
effector through which EZH2 promotes survival and proliferation.
However, STAT3 knockdown did not reproduce the full increase in
γH2AX observed in si-EZH2-treated cells, indicating that EZH2 may
modulate DNA repair through additional STAT3-independent
pathways.
To independently test whether pharmacologic EZH2 inhibition

affects STAT3 stability, we examined resistant cells treated with the
EZH2 inhibitor GSK343. GSK343 treatment induced reductions in
STAT3 protein and corresponding downstream markers (p65, β-
catenin, Akt, and Rap1; Figure 6H), mirroring the effects of EZH2
knockdown. These results demonstrate that EZH2 enzymatic
inhibition alone is sufficient to destabilize STAT3, suggesting that
the catalytic activity of EZH2 contributes to STAT3 maintenance,
although non-catalytic mechanisms cannot be excluded.
Together, these findings support a mechanistic model in which
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Figure 5. Transcriptomic analysis reveals that EZH2 regulates the cell cycle, apoptosis, and DNA repair pathways in pomalidomide-resistant MM
cells (A) GSEA showed significant enrichment of cell cycle, apoptosis, and DNA repair pathways in resistant MM cells upon EZH2 knockdown
(si-EZH2). (B) KEGG pathway enrichment analysis of differentially expressed genes in si-EZH2-treated resistant cells highlighted histone methy-
lation-related pathways as well as high-ranking enrichment of the JAK-STAT signaling pathway in both MM.1S PR and U266 PR cells. (C) GO
enrichment analysis of differentially expressed genes in si-EZH2-treated resistant cells. Histone methylation-related pathways were significantly
enriched, supporting the canonical methyltransferase-dependent functions of EZH2. In contrast, the results also showed enrichment of many
pathways associated with cell cycle regulation and apoptosis, indicating that EZH2 may also contribute to drug resistance through noncanonical,
methyltransferase-independent mechanisms that affect cell proliferation and survival.
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Figure 6. EZH2 stabilizes STAT3 protein to regulate apoptosis and the cell cycle in resistant MM cells (A) Western blot analysis showed that
EZH2 knockdown in pomalidomide-resistant MM cells reduced the levels of STAT3, Bcl-2, and Cyclin D1 and increased the level of the DNA
damage marker γH2AX. (B) qPCR analysis showed that EZH2 knockdown did not affect STAT3 mRNA expression. (C) Proteasome inhibition with
MG132 partially restored the STAT3 protein level in si-EZH2-treated resistant cells, indicating that EZH2 maintains STAT3 stability by protecting it
from proteasome-mediated degradation. (D) Cycloheximide (CHX) chase analysis showing accelerated STAT3 protein turnover in pomalidomide-
resistant MM cells following EZH2 knockdown. Compared with siNC controls, si-EZH2-treated cells exhibited a more rapid decline in STAT3 protein
levels after CHX treatment, indicating reduced STAT3 protein stability upon EZH2 depletion. (E) Co-IP analysis showing specific co-precipitation of
STAT3 with EZH2, with this interaction consistently observed in both pomalidomide-resistant cell lines, indicating that EZH2 interacts directly with
STAT3 to potentially regulate its stability. (F) STAT3 knockdown (si-STAT3) at the mRNA and protein levels in resistant MM cells was validated by
qPCR and western blot analysis, respectively. (G) Western blot analysis showed that STAT3 knockdown recapitulated key downstream effects of
EZH2 silencing, including downregulation of Bcl-2 and Cyclin D1 but not γH2AX elevation, suggesting that EZH2 may regulate DNA repair
independently of STAT3. (H) Pomalidomide-resistant MM.1S and U266 cells were treated with vehicle or GSK343, followed by western blot
analysis. GSK343 treatment was associated with reduced STAT3 protein levels and decreased expression of the downstream markers Bcl-2 and
Cyclin D1. Data are presented as the mean ± SD. ***P < 0.001; ns, not significant.

12 EZH2-STAT3 axis mediates pomalidomide resistance

Zhang et al. Acta Biochim Biophys Sin 2026



EZH2 sustains pomalidomide resistance primarily by stabilizing
STAT3 protein, thereby maintaining STAT3-dependent Bcl-2
expression and cell cycle advancement to promote cell survival
and proliferation. In parallel, EZH2 may independently enhance
DNA repair capacity, providing additional protection against
pomalidomide-induced stress. The upstream molecular determi-
nants responsible for STAT3 stabilization, which potentially involve
specific E3 ubiquitin ligases or deubiquitinases, remain to be
clarified in future studies.

Discussion
Drug resistance remains a persistent challenge in MM, and the
mechanisms underlying resistance to frontline IMiDs have drawn
increasing attention [6,19]. Recent whole-genome sequencing
analyses comparing paired samples from lenalidomide- and
pomalidomide-treated RRMM patients with newly diagnosed cases
identified EZH2 as a novel candidate driver gene in advanced
disease, generating the need to understand its mechanistic role in
drug resistance [15]. In this study, we identified EZH2 as a critical
mediator of pomalidomide resistance in MM and demonstrated that
both genetic depletion and pharmacologic inhibition of EZH2 could
effectively restore the pomalidomide sensitivity of MM cells.
Mechanistically, our experiments showed that EZH2 maintains
resistance primarily by stabilizing STAT3 protein to sustain pro-
survival and proliferative programs while also supporting DNA
repair pathways that enable cells to tolerate pomalidomide-induced
cytotoxic stress.
Our pharmacologic studies showed that targeting EZH2 could

reverse pomalidomide resistance, underscoring the translational
potential of this axis. The selective EZH2 inhibitor GSK343 reduced
viability in both parental and resistant MM models. Comparable
strategies targeting EZH2 enzymatic activity have shown efficacy in
other models [20,21]. Genetic silencing of EZH2 similarly suppressed
tumor proliferation and partially restored pomalidomide sensitivity,
reinforcing the functional role of EZH2 in pomalidomide resistance.
These findings provide a rationale for ongoing clinical translation
efforts, as the EZH2 inhibitor tazemetostat has already been
approved for EZH2-driven malignancies, establishing a precedent
for therapeutic targeting of EZH2 in cancer treatment [22,23].
We also tested the effects of the EZH2 PROTAC degrader MS1943.

Unlike GSK343, MS1943 produced limited activity in parental cells
and only partial effects in resistant cells in our experiments. Because
GSK343 and MS1943 represent different therapeutic modalities
(enzymatic inhibitor vs PROTAC degrader), the activity of these two
compounds should not be overgeneralized to their entire classes.
Instead, the observed discrepancy likely reflects compound-specific
factors, such as ternary complex formation efficiency, E3 ligase
recruitment compatibility, intracellular accumulation and stability,
and the chromatin-associated context of EZH2 in specific cell states
that govern degrader performance. These considerations are
discussed in the primary literature on MS1943 and PROTAC design
[24]. Importantly, the limited activity of a given PROTAC in a
specific model does not exclude non-enzymatic roles of EZH2;
rather, it highlights that robust evaluation of EZH2 depletion
requires next-generation degraders optimized for bioavailability,
appropriate E3 ligases, and chromatin access [25].
Notably, GSK343 not only showed greater cytotoxicity in resistant

cells than its parental counterparts but also demonstrated clear
synergy with pomalidomide in both in vitro and xenograft models.

This cooperative activity suggests that EZH2 inhibition enhances
pomalidomide efficacy under resistant conditions, supporting the
translational relevance of EZH2 as both a predictive biomarker and
a therapeutic co-target. Some preclinical studies, including an
American Society of Hematology 2023 report showing that EZH2
inhibition followed by IMiD/CELMoD exposure reduces the viability
of IMiD-resistant MM cell lines, suggest that EZH2 blockade may
enhance IMiD efficacy in certain models [26,27]. Moreover, several
EZH2-directed agents are currently in early-phase clinical evalua-
tion (including tazemetostat and multiple investigational inhibi-
tors), providing an actionable path for rapid clinical translation of
combination approaches [22,28]. Taken together, these data
support prioritizing the clinical testing of EZH2 modulation together
with IMiD-based regimens in RRMM, ideally in biomarker-selected
cohorts and with pharmacodynamic assessment to define optimal
sequencing and dosing [29,30].
In the present study, resistant MM cells exhibited increases in

both EZH2 and H3K27me3, a pattern previously linked to classical
PRC2-mediated transcriptional repression in MM and other hema-
tologic cancers [31–33]. Although this could suggest a canonical
PRC2-dependent mechanism, RNA-seq profiling after EZH2 knock-
down in resistant MM cells revealed enrichment of broader
pathways, including DNA damage responses, apoptosis, and cell
cycle regulation, patterns that cannot be fully explained by
H3K27me3 alone. These data raise the possibility that EZH2
contributes to pomalidomide resistance through noncanonical,
methyltransferase-independent functions, consistent with reported
PRC2-independent roles of EZH2 in regulating transcription, DNA
repair, and signaling networks [13,34–36].
Although our transcriptomic analysis, together with established

evidence linking the JAK-STAT pathway to myeloma biology and
cell survival [37], identified this axis as a relevant candidate, our
mechanistic studies focused specifically on STAT3 rather than the
upstream signaling cascade [38,39]. This choice was guided by the
observation that EZH2 silencing sharply reduced STAT3 protein but
not mRNA levels, implicating a post-transcriptional mechanism
affecting protein stability. Mediation of STAT3 tyrosine phosphor-
ylation by cytokine receptor engagement and subsequent activation
of JAK kinases is well established [40], and because EZH2 is not
known to regulate JAK kinases, direct activation of the canonical
pathway by EZH2 is unlikely. Instead, our findings suggest that
EZH2 stabilizes the STAT3 protein to maintain downstream pro-
survival and proliferative signaling independent of upstream
receptor input. Prior studies have shown that EZH2 can directly
methylate STAT3 and thereby enhance STAT3 tyrosine phosphor-
ylation and activity [41,42].
Previous research has characterized non-canonical STAT3 post-

translational modifications that modulate its function [41]. More-
over, several studies have demonstrated that enhanced proteasome-
mediated degradation of STAT3 can be reversed by treatment with
the proteasome inhibitor MG132, indicating that decreases in
STAT3 protein levels may reflect increased proteasomal turnover
[43,44]. Together, these data provide a plausible mechanistic basis
for our observation that EZH2 knockdown reduced the STAT3
protein level without altering STAT3 mRNA expression. Additional
studies have shown that EZH2 can regulate the protein stability of
multiple partners via recruitment of deubiquitinases (e.g., USP7) or
by modulating ubiquitin-proteasome-related pathways, providing
plausible molecular routes for EZH2-dependent stabilization of non-
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histone proteins [45]. Consistent with proteasome-mediated regula-
tion, proteasome inhibition was shown in multiple primary studies
to rescue STAT3 protein levels after the induction of STAT3
degradation, supporting the interpretation that decreased STAT3
abundance can result from enhanced proteasomal turnover [46].
Together, these primary data establish credible mechanistic
explanations for our finding that EZH2 maintains STAT3 protein
stability via post-translational regulation.
The results of our functional experiments also align with this

framework: EZH2 knockdown reduced the STAT3 protein level, and
proteasome inhibition partially restored STAT3 abundance, indicat-
ing proteasome-dependent regulation. Silencing of STAT3 repro-
duced major downstream effects of EZH2 loss, including reduced
Bcl-2 and Cyclin D1 levels, supporting a model in which the EZH2-
STAT3 axis sustains anti-apoptotic and proliferative programs in
resistant MM cells [47]. Parallel transcriptomic enrichment of DNA
repair pathways and partial preservation of γH2AX changes after
STAT3 silencing indicate that EZH2 also influences DNA repair-
related networks via STAT3-independent mechanisms [48], con-
sistent with prior evidence that EZH2 participates in genomic
maintenance beyond canonical histone methylation.
In the present study, pharmacologic inhibition of EZH2 only

partially phenocopied the effects of genetic EZH2 depletion: while
treatment with GSK343 led to a consistent downward trend in the
levels of STAT3 protein and downstream markers, such decreases
were not as pronounced as those observed after siRNA-mediated
EZH2 knockdown. This partial concordance suggests that while the
catalytic methyltransferase activity of EZH2 likely contributes to
STAT3 maintenance, non-catalytic functions of EZH2, such as
protein-protein interaction, structural scaffolding, or control of
post-translational modifications, may play a significant role.
Indeed, previous work in glioblastoma stem-like cells demonstrated
that EZH2 binds to and methylates STAT3, enhancing its tyrosine
phosphorylation and transcriptional activity, and inhibition or
genetic silencing of EZH2 substantially reduces STAT3 activation in
these cells [49,50]. Likewise, in breast cancer models, EZH2
suppression diminishes STAT3 nuclear localization and target gene
activation, impairing proliferation and migration [51]. These
findings support a model in which EZH2 coordinates canonical
(methyltransferase-dependent) and noncanonical functions that
sustain STAT3 protein stability and downstream signaling in drug-
resistant MM cells.
Recent studies have highlighted multiple therapeutic strategies

targeting EZH2 in multiple myeloma, including not only selective
EZH2 inhibitors but also combinatorial approaches such as dual
DNMT/EZH2 inhibition, which have demonstrated enhanced anti-
tumor activity through coordinated epigenetic reprogramming [27].
Compared with these strategies, our findings emphasize a distinct
mechanism whereby EZH2 contributes to pomalidomide resistance
through stabilization of STAT3, suggesting that targeting EZH2 may
exert both epigenetic and non-canonical regulatory effects in
resistant MM cells.
Notably, we employed both enzymatic inhibition and targeted

protein degradation approaches and observed consistent anti-
proliferative effects in resistant cells, supporting the functional
relevance of EZH2 targeting. However, it is important to acknowl-
edge that PROTAC-based degraders such as MS1943 may face
limitations in clinical translation, including suboptimal bioavail-
ability and pharmacokinetic properties [24]. Therefore, while our

results support EZH2 as a promising therapeutic target, further
optimization of drug design and evaluation in clinically relevant
models will be necessary before broad generalization of these
findings.
Despite the compelling evidence presented, several limitations

remain in this study. First, although our data strongly support a role
for EZH2 in stabilizing STAT3 protein, the specific E3 ubiquitin
ligases or deubiquitinases involved remain unidentified. Second,
while GSK343 serves as a valuable tool compound, it is not clinically
optimized; therefore, future work should evaluate next-generation
EZH2 inhibitors or degraders with improved pharmacokinetic
properties. Finally, although our study utilized patient-derived
RRMM samples, larger cohorts and clinical trials will be necessary
to validate EZH2 as a therapeutic target and predictive biomarker in
diverse patient populations.
Future work should aim to identify the E3 ubiquitin ligases or

deubiquitinases mediating STAT3 stabilization, delineate the inter-
play between EZH2’s catalytic and non-catalytic functions, deter-
mine biomarkers that could guide patient stratification for EZH2-
targeted therapies, and analyze how EZH2 integrates into broader
regulatory networks that govern MM evolution under therapeutic
pressure.
In summary, based on integrated transcriptomic, biochemical,

and pharmacologic evidence, we propose that EZH2 contributes to
the pomalidomide resistance of MM through dual modalities,
epigenetic repression via PRC2 and post-translational stabilization
of STAT3, which promotes MM survival and cell cycle progression
and supports DNA repair processes that mitigate drug-induced
damage. Our findings provide a mechanistic rationale for the
clinical evaluation of EZH2-targeting strategies, alone or in
combination with IMiDs, in RRMM.
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