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ABSTRACT 

INTRODUCTION: Histone deacetylases (HDACs) regulate chromatin and gene expression, and their dysregulation 
contributes to multiple myeloma (MM). This study evaluated the epigenetic effects of the HDAC inhibitor Trichostatin 
A (TSA) on U266 MM cells, its impact on proliferation, transcriptomic alterations, core gene clusters, and association 

with MM survival. MATERIALS AND METHODS: U266 cells were treated with TSA and assessed by MTT assays to 

determine IC₅₀ values. Cell cycle arrest and apoptosis were measured by flow cytometry. RNA-Seq identified 
differentially expressed genes, followed by KEGG analysis. PPI networks and core gene clusters were generated using 
STRING and Cytoscape MCODE, and Kaplan-Meier plots evaluated their associations with survival outcomes. 

RESULTS: TSA induced dose-dependent cytotoxicity (IC₅₀ =54.46±4.0 nM) and triggered significant G₀/G₁ arrest 
(82.98±1.99%), reduced S-phase (9.02±1.99%), and early and late apoptosis rates increased (24.88±2.08% and 
24.86±3.81%, respectively. Transcriptomic analysis revealed enriched KEGG pathways including ECM receptor 

interaction (q=2.05×10⁻⁴), microRNAs in cancer (q=7.52×10⁻⁴), and cell cycle (q=9.05×10⁻⁴). Three core gene clusters 

emerged: Cluster 1 (seed gene OASL; includes IFI44, RSAD2, IFIT3, MX1, IFIT1, IFI44L, XAF1, IFI6), Cluster 2 

(NRCAM; includes SPTBN4, SPTA1, ANK1), and Cluster 3 (LRP1; includes APOE, LRP2). APOE upregulation was 

most strongly correlated with improved survival (log rank p<1×10⁻¹⁶), with RSAD2, XAF1, IFIT1, and SPTBN4   also 

significant (p≤0.05). CONCLUSION: TSA exerts potent anti-proliferative effects in U266 MM cell line via several 
mechanisms. Survival-associated core genes Apolipoprotein E (APOE) and Radical S-Adenosyl Methionine Domain 

Containing 2 (RSAD2) have potential as candidate survival-associated biomarkers and therapeutic targets warrant further 
validation. 
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INTRODUCTION 

Multiple myeloma (MM) is a malignant disorder of terminally differentiated plasma cells that accumulate in 

the bone marrow and secrete abnormal monoclonal immunoglobulins.1 These pathological changes lead to 

bone destruction, anaemia, renal impairment, and recurrent infections.2 Although recent therapeutic advances 

such as proteasome inhibitors, immunomodulatory agents, and monoclonal antibodies have improved 

survival outcomes, MM remains incurable for most patients due to relapse and the emergence of drug-

resistant clones.3-5 These challenges underscore the urgent need for novel therapeutic approaches that can 

target molecular pathways underlying MM progression and treatment resistance.6,7 

 

 

mailto:faridjohan@usm.my


 
IMJM Special Issue, Volume 25 No 2 (2026) 

_________________________________________ 

__________________________________________________________________________________________  
IMJM Special Issue 
Volume 25 No. 2 (2026)                                                                                                                    ICMHS 2025                                                                          82 

 

Epigenetic dysregulation is increasingly recognised as a key driver of myelomagenesis.8,9 Aberrant histone 

acetylation patterns modify chromatin structure and alter transcriptional programs governing proliferation, 

haematological malignancies including MM, and immune evasion.10-12 Histone deacetylases (HDACs), which 

remove acetyl groups from histone and non-histone proteins, are often overexpressed in MM 13,14 and are 

associated with aggressive disease and reduced survival.15,16 Consequently, HDAC inhibitors (HDACi) have 

gained attention as potential epigenetic drugs capable of restoring tumour suppressor activity and re-

sensitising malignant cells to cytotoxic therapies.12, 17-18 

 

Trichostatin A (TSA) is a potent, reversible inhibitor of class I and II HDACs that promotes histone 

hyperacetylation, resulting in chromatin relaxation and reactivation of silenced genes involved in cell-cycle 

arrest and apoptosis.19 Preclinical studies have demonstrated that TSA exerts antiproliferative and pro-

apoptotic effects in several cancers, including haematological malignancies.20 However, the precise molecular 

events and transcriptomic consequences of HDAC inhibition by TSA in MM cells remain incompletely 

defined. A deeper understanding of these mechanisms could uncover new therapeutic targets and survival-

associated biomarkers. 

 

High-throughput transcriptomic profiling using RNA sequencing (RNA-seq) allows comprehensive 

characterisation of gene expression changes induced by epigenetic drugs.22  Integrating differential expression, 

pathway enrichment, and protein interaction analyses provides valuable insight into the functional networks 

modulated by HDAC inhibition.22,23 Such analyses can also help identify core regulatory genes associated with 

treatment response and survival outcomes in MM.24-26 

 

Therefore, this study aimed to investigate the anti-proliferative, pro-apoptotic, and transcriptomic effects of 

TSA in the U266 MM cell line. By combining cytotoxicity assays, cell-cycle and apoptosis analyses, and 

transcriptome-wide expression profiling, we sought to elucidate the cellular and molecular mechanisms 

underlying TSA’s activity. Furthermore, we identified key signalling pathways, core gene clusters, and  

survival-associated biomarkers that may provide mechanistic insight and translational relevance for              

HDAC inhibition in MM. 

 

MATERIALS AND METHODS 

Cell culture  

U266 cell line (ATCC, Rockville, MD, USA) were cultured in RPMI 1640 medium (Thermo Fisher Scientific, 

MA, USA) supplemented with 15% fetal bovine serum (Tico Europe, Netherlands) and 1% penicillin-

streptomycin (Nacalai Tesque, Japan) in 95% humidified air with 5% CO2 at 37 ºC.  

 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and half maximal inhibitory 
concentration (IC50) 

Cell lines were plated one day before drug treatment in 96-well plates at a density of 2×104 cells per well in a 

final volume of 90µl, with untreated cells serving as the control. After 24 hours of incubation, the cells were 

treated with TSA at concentrations ranging from 10nM to 150µM. Following 48 hours of incubation, an MTT 

assay (Nacalai, Japan) was performed according to the manufacturer's instructions. Dose-response curves 

were generated using GraphPad Prism Software to determine the IC50 values of each drug. 
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Cell cycle arrest and apoptosis analysis  

U266 cells were seeded at a density of 1×106 cells per well in 6-well plates and incubated overnight. The 

following day, cells were treated with 300µl of the respective drugs at their IC₅₀ concentrations and further 

incubated at 37°C for 48 h. Untreated U266 cells cultured under identical conditions served as the control 

samples for both cell cycle and apoptosis analyses. 

 

Cell cycle progression was assessed using the Cycletest™ Plus DNA Reagent Kit (BD Biosciences, San Jose, 

CA, USA), and apoptosis was evaluated using the FITC Annexin V Apoptosis Detection Kit I (BD 

Biosciences, San Jose, CA, USA), according to the manufacturer’s instructions. Flow cytometry analysis was 

performed using a BD FACSCanto™ flow cytometer (BD Biosciences), with at least 10,000 events acquired 

per sample. 

 

For gating, debris and cell aggregates were excluded based on forward and side scatter properties, and 

doublets were eliminated using DNA area versus width parameters. Cell cycle phase distribution (G₀/G₁, S, 

and G₂/M) was determined from DNA content histograms using ModFit LT software version 5.0 (Verity 

Software House, Topsham, ME, USA). Apoptotic populations were gated based on Annexin V–FITC and 

propidium iodide staining to distinguish viable, early apoptotic, late apoptotic, and necrotic cells, and analysed 

using FCS Express 4 flow cytometry software (De Novo Software, Glendale, CA, USA). 

 

RNA Extraction 

Total RNA was extracted using the PrimeWay Total RNA Extraction Kit (Axil Scientific Pte. Ltd., Singapore). 

RNA concentration and purity were determined with a NanoDrop 2000 spectrophotometer (Thermo 

Scientific, MA, USA), ensuring a 260/280 nm absorbance ratio >1.8. RNA integrity was assessed using an 

Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). The 28S/18S rRNA ratio and 5S 

peak percentage were analyzed using Bioanalyzer 2100 Expert software. Samples with an RNA Integrity 

Number (RIN) ≥7 were selected for mRNA library preparation and sequencing. 

 

RNA Sequencing and bioinformatics data analysis 

A total of 1 µg of high-quality RNA was used for library preparation following the manufacturer’s instructions 

for the Illumina NovaSeq 6000 System (Illumina, CA, USA). Sequencing data were processed using    

Bcl2fastq and Illumina’s integrated software, and raw reads passing quality filters were stored in FASTQ 

format. Data quality was assessed using FastQC, maintaining a sequencing error rate threshold below 0.5 per 

base position (QPhred). Adapter trimming and quality filtering were performed with Cutadapt, and the 

filtered reads were aligned to the reference genome using HISAT2. Alignment files were generated in BAM 

format and visualized in the Integrative Genomics Viewer (IGV) to examine read distribution and 

transcriptional activity across chromosomes. Gene expression levels were quantified using HTSeq and 

expressed as Fragments Per Kilobase of transcript per Million mapped reads (FPKM). 

 

Gene differential expression analysis  

Differential gene expression analysis was performed using the DESeq2 package (v1.6.3) in Bioconductor, 

which models count data based on a negative binomial distribution. The analysis identified genes that were  
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significantly upregulated or downregulated between treatment and control groups. Genes with a fold change 

(FC) >2 and an adjusted p-value (q-value, FDR) <0.05 were considered significantly differentially expressed. 

 

KEGG enrichment analysis  

KEGG pathway enrichment analysis was performed using the KEGG database. Upregulated and 

downregulated genes were analyzed separately to identify pathways enriched in each group. Significance was 

determined using a hypergeometric test with Q-value ≤0.05, and the top 30 pathways were visualised as 

histograms and scatter plots. 

 

Functional Protein Association Analysis  

Protein–protein interaction (PPI) analysis of DEGs with log₂ FC ≥2 was conducted using STRING (version 

12.0). The interaction score was set to high confidence (0.900), and unconnected nodes were excluded from 

the network. The resulting interaction data, exported in TSV format, were imported into Cytoscape (version 

3.10.1) for network visualization. Functional modules and core gene clusters were identified using the 

MCODE plugin. 

 

Kaplan–Meier survival analyses of the core genes 

Kaplan–Meier survival analyses of the core genes in MM were performed using the Kaplan-Meier Plotter 

online tool (https://kmplot.com/analysis/) on publicly available MM patient mRNA expression datasets 

(n=1416). Patients were stratified into high- and low-expression groups based on median gene expression to 

assess the association between core gene expression and overall survival. Cell lines were used only for in vitro 

functional assays and were not included in the survival analysis. 

 

Statistical Analysis  

Statistical analyses for IC₅₀ determination, apoptosis, and cell cycle assays were performed using GraphPad 

Prism (version 8.0). Data are presented as mean ± standard deviation (SD) from three independent 

experiments. Statistical significance was assessed using two-way ANOVA followed by Tukey’s post hoc test, 

which allows for multiple pairwise comparisons while controlling for Type I error, with p ≤ 0.05 considered 

significant. 

 

RNA-seq data quality was evaluated using RSeQC (version 2.6.3) to generate saturation curves and assess 

sequencing homogeneity via the geneBody_coverage.py script, which divided transcripts into 100 bins and 

normalized read depth. Spearman and Kendall-tau correlation analyses were applied to evaluate gene 

expression relationships, with R² >0.8 indicating a strong linear correlation. Kaplan-Meier survival analysis 

was used to determine the survival-associated biomarkers relevance of core genes, with significance defined 

at log-rank p ≤ 0.05. 

  

RESULTS 

TSA treatment markedly inhibited the proliferation of U266 MM cells in a dose-dependent manner, with an 

IC₅₀ of 54.46 nM after 48 hours of exposure (Figure 1(A). Cell cycle analysis showed that the population 

consisted of 64.68±3.10% of cells in G₀/G₁, 27.32±3.10% in S phase, and 8.00±0% in G₂/M, represented  
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as mean ± SD of three independent experiments. Exposure to TSA significantly arrested cells in the                

G₀/G₁ phase, increasing the population to 82.98±1.99% (p≤0.01), while the S-phase fraction decreased to 

9.02±1.99% (p≤0.01) as shown in Figure B(ii). The G₂/M population remained unchanged, indicating that 

TSA selectively disrupts the G₁/S checkpoint without affecting later stages of mitosis (Figure 1(B)(i), (B)(ii) 

and (B)(iii). These results suggest that TSA suppresses cell proliferation primarily through early cell-cycle 

blockade. 

 

Flow cytometric assessment of apoptosis and cell viability demonstrated that TSA induces extensive 

programmed cell death. Late and early apoptotic populations were predominant, comprising 24.88±2.08% 

(p≤0.001) and 24.86±3.81% (p≤0.01), respectively, indicating progressive membrane compromise. Necrotic 

cells increased modestly to 3.61 ± 0.10% (p≤0.05), suggesting secondary membrane damage following 

apoptosis rather than primary necrotic induction. Overall, TSA treatment reduced the proportion of live      

cells to 51.88±0.90% (p≤0.01), highlighting its dual capacity to inhibit proliferation and trigger apoptosis in 

MM cells (Figure 1(C)(i), (C)(ii), and (C)(iii). 

 

 

Figure 1: (A) Dose-dependent cytotoxicity of Trichostatin A (TSA) in U266 cells after 48 hours, showing cell viability and IC₅₀ 
values. B(i, ii). Representative histograms of cell cycle distribution in untreated (B(i)) and TSA-treated (B(ii)) U266 cells. TSA induces 

G₀/G₁ phase arrest and reduces S phase cell population. B(iii). Quantification of cell cycle phases showing a significant increase in 

G₀/G₁ and decrease in S phase after TSA treatment (**p≤0.01). C(i, ii). Flow cytometry dot plots of Annexin V-FITC/PI staining 
in untreated (C(i)) and TSA-treated (C(ii)) cells showing necrosis (Q1), late apoptosis (Q2), live cells (Q3), and early apoptosis (Q4). 
C(iii). Quantification of apoptotic and necrotic cell populations showing significant increases following TSA treatment (*p≤0.05, 
**p≤0.01, ***p≤0.001). Data are mean ± SD from three independent experiments. Statistical analysis was performed using two-way 
ANOVA with Tukey’s post hoc test. 

 

Transcriptome dysregulation in TSA-treated U266 cell line 

The RNA-Seq analysis revealed a total of 1,723 significant DEGs. Among these, 1187 genes were 

upregulated, and 536 genes were downregulated, with an FC greater than 2 and a p-value ≤0.05. Figure 2 (A) 

provides a volcano map illustrates outcomes of the DEG analyses, showcasing the statistical significance of 

the variation in gene expression between untreated and TSA-treated U266 cells. Specifically, TSA-treated 

U266 cells demonstrated TMEM255B, PCDH1, ADA2, METTL7A, and SATB1, and the most down-

regulated genes were UNC13C, IGFBP7, SPAG5, CCNA2, and MKI67 (Table S1 and Figure 2 (A)). KEGG 

pathway enrichment revealed that the DEGs were most significantly enriched in ECM  
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receptor interaction (q=2.05×10⁻⁴), microRNAs in cancer (q = 7.52×10⁻⁴), and cell cycle (q = 9.05×10⁻⁴) 

(Figure 2 (B) and Figure 2 (C)).  

 

Table I: List of most up-and down-regulated genes in TSA treated U266. 

Gene ID Gene Symbol Description Log2 FC padj Q value 

ENSG00000184497 TMEM255B Transmembrane protein 255B  3.02 4.76E-90 89.32 

ENSG00000156453 PCDH1 Protocadherin 1  4.37 7.72E-86 85.11 

ENSG00000093072 ADA2 Adenosine deaminase 2  2.04 5.91E-64 63.23 

ENSG00000185432 METTL7A Methyltransferase like 7A  1.89 2.15E-58 57.67 

ENSG00000182568 SATB1 SATB homeobox 1  1.82 3.73E-54 53.43 

ENSG00000137766 UNC13C Unc-13 homolog C  -1.84 2.96E-72 71.53 

ENSG00000163453 IGFBP7 Insulin like growth factor binding protein 7  -3.31 2.53E-67 66.60 

ENSG00000076382 SPAG5 Sperm associated antigen 5  -1.59 1.66E-65 64.78 

ENSG00000145386 CCNA2 Cyclin A2  -1.72 3.94E-62 61.40 

ENSG00000148773 MKI67 Marker of proliferation Ki-67  -1.75 3.46E-59 58.46 

 

Figure 2: (A). Differential expression volcano plot, red dots represent genes that are significantly up-regulated and blue dots represent 
those that are significantly down-regulated in U266 cell. X axis: log2 FC of gene expression. Y axis: statistical significance of the 
differential expression in log10(qvalue(fdr, padj)). (B) KEGG pathway enrichment in TSA-treated U266 cells. The X-axis represents 
the number of genes mapped to each pathway, and the Y-axis indicates KEGG pathway terms. This histogram provides an overview 
of gene counts contributing to enriched pathways. (C) Scatter plot of KEGG pathway enrichment in TSA-treated U266 cells. The 
X-axis shows the RichFactor (ratio of DEGs to total genes in the pathway), and the Y-axis lists KEGG pathways. Point size represents 
the number of DEGs, and colour indicates significance (Q-value), allowing visualization of both enrichment magnitude and statistical 
significance. 

 

Identification and Kaplan–Meier survival outcome of the core genes 

CytoScape MCODE plugin tools illustrate the top three most significant clusters of core genes in TSA-treated 

U266 cell lines (Figure 3 (A). Cluster 1 displayed the highest MCODE score and featured the seed gene 

OASL, which was identified as the seed gene, with core genes including IFI44, RSAD2, IFIT3, MX1, IFIT1, 

IFI44L, XAF1, and IFI6. Cluster 2 was seeded by NRCAM and clustered with genes including SPTBN4, 

SPTA1, and ANK1. Furthermore, Cluster 3 exhibits LRP1 as the seed gene, associated with cluster genes 

identified as APOE and LRP2. In TSA-treated U266 cell lines, upregulation of APOE (logrank P<1E-16) 

emerges as the most significant core gene linked with improved survival outcomes, alongside consistent 

outcomes in RSAD2, XAF1, IFIT1, and SPTBN4 expression (Figure 3 (B)). 
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Figure 3: (A) Three main PPI network clusters of core genes identified from TSA-treated U266 cells. (B) Kaplan–Meier survival 
analyses of core genes using publicly available MM patient datasets, showing associations with overall survival (OS). Cell lines were 

used only for in vitro functional assays. 

 

DISCUSSION 

This study demonstrates that HDAC inhibition by TSA exerts strong anti-proliferative and pro-apoptotic 

effects in U266 MM cells and induces extensive transcriptomic reprogramming. The integration of cytometric 

and transcriptomic analyses reveals that TSA acts through a coordinated mechanism involving G₀/G₁ cell-

cycle arrest, activation of apoptotic cascades, and modulation of immune-metabolic gene networks. 

 

Cell-cycle regulation and proliferative inhibition 

The observed accumulation of U266 cells in the G₀/G₁ phase, with concomitant reduction in S‑phase, 

suggests that TSA primarily disrupts the G₁/S checkpoint. This is consistent with previous observations that 

HDAC inhibition induces G₁ arrest through up‑regulation of CDK inhibitors (e.g., p21) and down‑regulation 

of cyclins including cyclin A (CCNA2) thereby impairing DNA synthesis and mitotic progression.27,28 In 

particular, TSA treatment of MM cell lines has been shown to induce G₀/G₁ arrest and lower S‑phase fraction 

associated with decreased cyclin D1 expression.19 The preservation of the G₂/M fraction suggests that TSA’s 

cytostatic effect occurs before DNA replication, reflecting a targeted blockade at the early checkpoint. 

 

Apoptotic induction and cell death mechanisms 

Flow cytometry revealed that TSA treatment induced marked apoptosis in U266 MM cells, with a 

predominance of late apoptotic events. These observations align with previous reports showing that HDAC 

inhibitors promote apoptosis via activation of caspases, mitochondrial membrane depolarisation, and 

modulation of Bcl‑2 family proteins.29,30  
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Notably, our transcriptome data indicated up‑regulation of XAF1, which is known to antagonise the inhibitor 

of apoptosis protein XIAP and thereby facilitates intrinsic apoptotic signalling.31 The modest increase in 

necrotic cells suggests that the necrosis observed is likely secondary to apoptotic membrane breakdown rather 

than primary necrotic induction. Collectively, these findings indicate that TSA not only halts proliferation in 

U266 MM cells but also actively triggers programmed cell death. Recent work in other cancer models supports 

the notion that HDAC inhibitors can simultaneously induce apoptosis and lead to late‑stage membrane 

destabilisation or secondary necrosis.32,33 For example, TSA has been shown to enhance cytotoxicity in 

cisplatin‑treated cancer cells with increased markers of apoptosis and cell‑death membranes.33 This dual effect 

of cell cycle arrest followed by apoptotic induction and secondary necrotic features has underscores TSA’s 

potential as a targeted epigenetic therapy in MM. 

 

Transcriptomic dysregulation and pathway enrichment 

RNA‑seq analysis following TSA exposure uncovered 1,723 DEGs, confirming the extensive transcriptional 

rewiring induced by HDAC inhibition. KEGG pathway enrichment revealed prominent involvement of 

ECM–receptor interaction, microRNA regulation, and cell‑cycle pathways. The down‑regulation of 

proliferation‑associated markers such as SPAG5, CCNA2, and MKI67 is consistent with the observed 

suppression of DNA replication and mitotic progression.35,36 Conversely, the observed up‑regulation of genes 

such as TMEM255B, PCDH1, and METTL7A may reflect induction of cellular stress‑adaptive pathways or 

a shift toward more differentiated phenotypes. Notably, the increased expression of SATB1, a key 

chromatin‑organising factor, suggests compensatory remodelling of nuclear architecture in response to 

epigenetic perturbation. For example, METTL7A has been shown to mediate exosome‑driven 

chemoresistant programmes in MM.36,37 Meanwhile, SATB1’s role in establishing chromatin loops and 

enabling rapid transcriptional reprogramming has been documented in hematopoietic progenitor contexts.38  

 

Core gene clusters and survival-associated biomarkers 

Our network analysis uncovered three principal functional modules in TSA-treated U266 cells: an 

interferon‑stimulated gene cluster (OASL, IFIT1, RSAD2, XAF1), a cytoskeletal‑regulator cluster (NRCAM, 

SPTBN4, ANK1), and a lipid‑receptor module (LRP1, APOE, LRP2). These modules reflect a coordinated 

cellular response to HDAC inhibition, encompassing immune activation, structural remodelling, and 

modulation of lipid‑metabolic signalling.39 The positive survival correlation of APOE, RSAD2, XAF1, and 

IFIT1 suggests that TSA may promote a gene-expression signature associated with improved immune 

recognition and reduced tumour aggressiveness. Similar findings have been reported for HDAC6      

inhibitors, which enhance antigen presentation and cytotoxic T-cell responses.11 

 

Biological and translational implications 

The integrated cellular and transcriptomic data indicate that TSA inhibits MM progression through a dual 

mechanism: inducing cell-cycle arrest and modulating epigenetic programs that enhance immune activity.  

The upregulation of interferon-stimulated genes suggests that HDAC inhibition may increase tumor 

immunogenicity, which could sensitize MM cells to immunotherapies or proteasome inhibitors.11,40 

Importantly, the association of APOE and RSAD2 expression with improved survival highlights their 

potential as survival-associated biomarkers and therapeutic targets.41,42 The observed association of APOE  
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and RSAD2 with improved survival in MM aligns with their roles in other age-related diseases characterized 

by immune dysregulation and metabolic changes. This suggests that these biomarkers may reflect underlying 

biological processes common to diseases of the elderly, supporting their potential as survival-associated 

biomarkers and therapeutic targets in MM. Overall, these findings reveal that TSA not only halts proliferation 

but also reprogrammes malignant plasma cells toward apoptosis and immune activation, emphasizing the 

translational relevance of HDAC inhibition in MM treatment. 

 

A key limitation of this study is that the identified survival-associated biomarkers were validated only through 

in silico analysis of public datasets and in vitro experiments using cell lines. Validation in independent MM 

patient cohorts will be necessary to confirm their clinical relevance and potential prognostic utility. 

 

CONCLUSION 

TSA demonstrates potent anti-myeloma activity by simultaneously halting cell proliferation, inducing 

apoptosis, and reshaping the transcriptomic landscape of U266 cells. TSA-mediated enrichment of interferon 

signalling, extracellular matrix interactions, and lipid receptor pathways, together with the upregulation of 

survival-associated genes such as APOE, RSAD2, XAF1, and IFIT1, suggests a shift toward an immune-

reactive, less proliferative cellular state. These findings not only reinforce the therapeutic potential of HDAC 

inhibition in MM but also identify molecular signatures that may serve as predictive biomarkers or targets for 

personalized treatment strategies, offering new avenues for improving patient outcomes. Future studies 

should focus on validating these biomarkers in clinical patient samples to establish their potential as survival-

associated biomarkers tools. 
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