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Background: Histone deacetylase (HDAC) inhibitors have shown therapeutic

promise in various cancers, including hepatocellular carcinoma (HCC), due to

their ability to regulate cell proliferation, differentiation, and apoptosis. However,

their role in metabolic reprogramming and differentiation therapy in HCC

remains underexplored.

Methods: This study investigated the effects of the HDAC inhibitor MS275 on

HCC cells in vitro and in vivo. Cell viability, differentiation marker expression, cell

cycle distribution, metabolic activity, and reactive oxygen species (ROS)

production were evaluated using CCK-8 assays, qRT-PCR, flow cytometry,

Seahorse metabolic analysis, and western blotting. A xenograft mouse model

was used to validate in vivo efficacy.

Results: MS275 significantly suppressed HCC cell proliferation by inducing G0/

G1 phase arrest without triggering apoptosis. MS275 also upregulated

hepatocyte-specific markers (GLUL, HNF1A, HNF3A), indicating that it

promoted differentiation. Mechanistically, MS275 reprogrammed cellular

metabolism by enhancing oxidative phosphorylation and reducing glycolysis,

accompanied by increased expression of the metabolic enzyme PKM1. This

metabolic shift led to elevated ROS production, which was essential for

MS275-induced differentiation. Knockdown of PKM1 abolished both the

differentiation and anti-proliferative effects. In vivo, MS275 significantly reduced

tumor growth and promoted differentiation without systemic toxicity.

Conclusion: MS275 suppresses HCC cell proliferation and induces hepatocyte-

like differentiation through PKM1-mediated metabolic reprogramming and ROS

signaling. These findings support the potential of MS275 as a differentiation-

based therapeutic strategy for HCC.
KEYWORDS

HDAC inhibitor, MS275, hepatocellular carcinoma, oxidative phosphorylation,
glycolysis, metabolic reprogramming, PKM1, ROS
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common

and aggressive liver malignancies and ranks as the third leading

cause of cancer-related mortality worldwide (1). Its incidence has

been steadily increasing, particularly in regions with a high

prevalence of chronic liver disease, such as hepatitis B and C

infections, alcoholic l iver disease, and non-alcoholic

steatohepatitis (NASH) (2). Despite advances in diagnostic and

therapeutic approaches, the prognosis for HCC remains poor, with

a five-year survival rate below 20% in most populations (3). High

rates of tumor recurrence and metastasis after curative treatments

such as surgical resection or liver transplantation significantly

contribute to poor prognosis (4). HCC is characterized by

aggressive cell proliferation, impaired differentiation, and

resistance to apoptosis, all of which contribute to tumor

progression and therapeutic resistance (5–7). Normal hepatocytes

undergo a complex differentiation process, developing into

specialized cells with specific functions. In HCC, this

differentiation process is impaired, leading to the development of

a more aggressive and poorly differentiated tumor phenotype (1).

Moreover, HCC cells are often resistant to programmed cell death

(apoptosis), enabling them to evade intrinsic and extrinsic death

signals and persist under therapeutic stress (8). Given these

challenges, there is an urgent need for novel therapeutic strategies.

Histone deacetylases (HDACs) are enzymes that remove acetyl

groups from histone and non-histone proteins, leading to

chromatin condensation and transcriptional repression (9).

Aberrant HDAC activity is commonly observed in HCC patients.

Specific HDACs, including HDAC1, HDAC2, HDAC4, HDAC7,

and HDAC9, are strongly associated with HCC development and

patient survival (10). By preventing this deacetylation, histone

deacetylase inhibitors (HDACi) promote a more relaxed

chromatin structure, which allows transcription of tumor

suppressor genes and other regulatory factors involved in cell

cycle arrest, apoptosis, and differentiation (11, 12). Among

HDACis, suberoylanilide hydroxamic acid (SAHA, also known as

vorinostat) is a pan-HDAC inhibitor that inhibits both Class I and

Class II HDACs. In preclinical models, SAHA induces cell-cycle

arrest and apoptosis in HepG2 and Huh-7 cells and has shown

efficacy even in Lenvatinib-resistant HCC organoids (13, 14).

Meanwhile, MS275 (entinostat) is a selective Class I HDAC

inhibitor, with high specificity for HDAC1, HDAC2, and

HDAC3. It has been reported to suppress tumor growth in tumor

(15–17). MS275 induces differentiation at low doses and apoptosis

at high doses in leukemia cells. Low concentrations promote p21-
Abbreviations: Histone deacetylase, HDAC; hepatocellular carcinoma, HCC;

oxygen species, ROS; non-alcoholic steatohepatitis, NASH; histone deacetylase

inhibitors, HDACi; fetal bovine serum, FBS; small interfering RNA targeting

PKM1, siPKM1; Gene Ontology, GO; oxygen consumption rate, OCR;

extracellular acidification rate, ECAR; polyvinylidene fluoride, PVDF; Cell

Signaling Technology-CST; enhanced chemiluminescence, ECL; phosphate-

buffered saline, PBS; horseradish peroxidase, HRP; diaminobenzidine, DAB;

standard deviation, SD; Trichostatin A, TSA.
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mediated growth arrest, while higher doses trigger ROS production,

mitochondrial damage, and caspase-dependent cell death (18). In

HCC, MS275 has demonstrated antitumor effects in both in vitro

and in vivomodels, including induction of apoptosis and potentially

enhance the immune response against cancer cells (19, 20). Early-

phase clinical trials have evaluated MS275 in solid tumors,

establishing its maximum tolerated dose and characterizing its

dose-limiting toxicities (21). Moreover, HDAC inhibitors also

enhance the efficacy of first-line treatments like sorafenib, and can

even re-sensitize resistant cells, highlighting their potential as

combination agents in HCC treatment (22, 23).

Emerging evidence suggests that metabolic reprogramming is a

hallmark of cancer and plays a crucial role in tumor progression

(24). Unlike normal hepatocytes, which primarily rely on oxidative

phosphorylation for energy production, HCC cells exhibit a shift

toward aerobic glycolysis (the Warburg effect) to sustain rapid

proliferation. Targeting this altered metabolism has gained interest

as a potential therapeutic strategy for HCC (25, 26). In this study,

we explored the antitumor mechanisms of the HDAC inhibitors

MS275 (entinostat) and SAHA (vorinostat) in HCC cells. We

observed that MS275 suppresses HCC cell growth by inducing

G0/G1 cell cycle arrest without triggering apoptosis. MS275 also

promotes hepatocyte-like differentiation, as shown by upregulation

of GLUL, HNF1A, and HNF3A. Transcriptomic and metabolic

profiling revealed that MS275 reprograms cellular metabolism by

enhancing oxidative phosphorylation. This metabolic shift is

mediated by upregulation of PKM1 and is accompanied by

increased mitochondrial ROS production, which is essential for

MS275-induced differentiation and growth inhibition. In vivo,

MS275 effectively reduced tumor growth in HCC xenografts

without systemic toxicity, while promoting differentiation and

reducing proliferation. These findings demonstrate that HDAC

inhibition in HCC not only suppresses tumor growth but also

promotes metabolic differentiation, offering a compelling

therapeutic strategy that targets both the epigenetic landscape and

altered metabolism of liver cancer.

MS275 (Entinostat) is a selective class I HDAC inhibitor known

for its potent anti-cancer effects through cell cycle arrest, apoptosis

induction, and differentiation promotion (16, 27, 28). However, the

precise metabolic mechanisms by which MS275 suppresses HCC

growth remain largely unexplored.
Methods

Cell culture and treatments

HCC cell lines HUH-7 and Hep-3B were purchased from the

Cell bank of the Type Culture Collection of the Chinese Academy of

Sciences (Shanghai, China) and ATCC (USA), respectively. They

were cultured in DMEM supplemented with 10% fetal bovine

serum (FBS), 1% penicillin/streptomycin at 37°C with 5% CO2.

The human normal hepatocyte cell line L02 was cultured in DMEM

supplemented with 20% FBS, antibiotics at 37°C under 5% CO2. L02

cells were obtained from Cell Bank of Type Culture Collection of
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Chinese Academy of Sciences. For treatment experiments, cells

were seeded at a density of 2 × 105 cells/well in 6-well (9.6 cm²

surface area) or 1 × 104 cells/well in 96-well plates (0.32 cm² surface

area per well) and allowed to adhere overnight before drug

exposure. HDACi, including MS275 (entinostat) and SAHA

(vorinostat), were administered at indicated concentrations

(typically ranging from 1 to 10 μM) for 24, 48, or 72 hours. To

study the involvement of oxidative stress and metabolism,

additional compounds were applied: N-acetylcysteine (NAC, 100

μM; Sigma-Aldrich, USA) was used to scavenge reactive oxygen

species (ROS); Oligomycin A (0.5 nM; Sigma-Aldrich, USA) was

used to inhibit ATP synthase and block oxidative phosphorylation;

2-deoxy-D-glucose (2-DG, 10 mM; Sigma-Aldrich, USA) was used

to inhibit glycolysis; and Dichloroacetate (DCA, 10 mM; Sigma-

Aldrich, USA) was used to enhance mitochondrial metabolism by

inhibiting pyruvate dehydrogenase kinase. All compounds were

prepared in DMSO or sterile PBS according to the manufacturer’s

recommendations, and equivalent volumes of vehicle were added to

control groups.

For gene silencing experiments, cells were transfected with

small interfering RNA targeting PKM1 (siPKM1) or non-

targeting control s iRNA (GenePharma, China) using

Lipofectamine™ 3000 transfection reagent (Thermo Fisher

Scientific, USA), following the manufacturer’s instructions.

Briefly, siRNA-lipid complexes were prepared in Opti-MEM

(Gibco, USA) and added to cells at 40–60% confluence. After 6

hours of incubation, the transfection medium was replaced with

complete growth medium. Knockdown efficiency was confirmed by

western blot. All experiments were independently repeated at least

three times to ensure reproducibility and consistency.
Cell viability assay

Cell viability was evaluated using the Cell Counting Kit-8

(CCK-8 ; C0038, Beyot ime, China) according to the

manufacturer’s instructions. Briefly, 5000 cells were seeded into

96-well plates (0.32 cm² surface area per well) and treated with the

indicated compounds for the designated time periods. After

treatment, 10 μL of CCK-8 reagent was added to each well, and

the cells were incubated for 2 hours at 37°C in a humidified

incubator. Absorbance was then measured at 450 nm using a

microplate reader. All experiments were performed in triplicate,

and results were expressed as a percentage of viable cells relative

to control.
RNA sequencing and data analysis

Total RNA was extracted using the TRIzol reagent according to

the instructions. RNA quality were assessed using the Agilent 2100

Bioanalyzer. For each experimental condition, RNA was collected

from three independent biological replicates. Sequencing libraries

were prepared and sequenced on the Illumina NovaSeq 2000

platform to generate 150 bp paired-end reads.
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Raw reads were quality-checked using FastQC, and adapter

trimming was performed with Trim Galore. Clean reads were

aligned to the reference genome GRCh38 using HISAT2. Aligned

reads were then counted using featureCounts from the Subread

package, generating a gene-level count matrix for downstream

analysis. Differential expression analysis was conducted using the

DESeq2 package (v1.36.0) in R. Genes with an adjusted p-value <

0.05 and |log2FoldChange| ≥ 1 were considered differentially

expressed genes (DEGs).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analyses were performed

using the clusterProfiler R package. To investigate glycolysis-related

transcriptional changes, genes annotated under the GO term

GO:0006096 (glycolytic process) were extracted. A heatmap of

glycolysis-associated genes was generated using the pheatmap

package in R to visualize expression patterns across samples.
Quantitative real-time PCR

Total RNA was reverse-transcribed using the HiScript III RT

SuperMix (Vazyme, China). qRT-PCR was performed using

ChamQ SYBR qPCR Master Mix (Vazyme, China) on a

QuantStudio 5 Real-Time PCR System (Applied Biosystems,

USA). ACTB was used as the internal control. Relative gene

expression levels were calculated using the 2^−DDCt method.

Primer sequences are listed in Table 1.
Apoptosis assay

HUH-7 cells (5 × 10³/well, 96-well plate) were treated with 10

mM MS275 or vehicle for 24, 48, and 72 h. After fixation (4%

paraformaldehyde, 15 min) and permeabilization (0.1% Triton X-

100, 5 min), cells were blocked with 5% normal goat serum (30 min)

and incubated overnight at 4°C with rabbit anti-cleaved Caspase-3

(1:400; CST, 9661). Following three PBS washes, Alexa Fluor 488-

conjugated goat anti-rabbit IgG (1:500; CST, 4412) was applied for 1

h at room temperature. Nuclei were counterstained with Hoechst

33342 (1 mg/mL, 5 min). Images were captured (≥5 fields/well) and

analyzed with ImageJ. Apoptotic index was calculated as: (cleaved

Caspase-3+ nuclei/total nuclei) × 100%.
Seahorse metabolic analysis

Mitochondrial respiration and glycolytic activity were evaluated

using the Seahorse XF Analyzer (Agilent Technologies, USA) to

measure the oxygen consumption rate (OCR) and extracellular

acidification rate (ECAR). HUH-7 and Hep-3B cells were seeded

into XF96-well Seahorse microplates (0.106 cm² surface area per

well) at a density of approximately 1.5 × 104 cells per well and

allowed to adhere overnight. Cells were then treated with MS275 or

SAHA at the indicated concentrations and time points. On the day

of the assay, the culture medium was replaced with Seahorse XF
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assay medium supplemented with glucose (10 mM), pyruvate (1

mM), and glutamine (2 mM), and cells were incubated in a CO2-

free incubator at 37°C for 1 hour to allow for pH and temperature

equilibration. For the Mitochondrial Stress Test, sequential

injections of Oligomycin (1 μM), FCCP (1 μM), and a

combination of Rotenone (0.5 μM) and Antimycin A (0.5 μM)

were performed to assess basal respiration, ATP production,

maximal respiratory capacity, and non-mitochondrial respiration.

ECAR was simultaneously recorded to evaluate glycolytic activity.

Each condition was tested in technical triplicates, and all

experiments were independently repeated at least three times (n =

3). Data were normalized to total protein content or cell number

and analyzed using Seahorse Wave software according to the

manufacturer’s protocols.
ATP and lactate measurement

Intracellular ATP levels were measured using the ATP Assay

Kit (Beyotime, China) according to the manufacturer’s instructions.

Briefly, HUH-7 and Hep-3B cells were seeded into 96-well plates at

a density of 5,000 cells/well (0.32 cm² surface area) and treated with

the indicated compounds. After treatment, cells were lysed, and the

luminescent signal generated by the luciferase reaction was detected

using a microplate luminometer, with signal intensity proportional

to the ATP concentration. For lactate measurement, culture

supernatants were collected, and lactate production was

quantified using the Lactate Assay Kit (Bestbio, China). The assay

was performed following the manufacturer’s protocol, and

absorbance was measured at 570 nm using a microplate reader.

All measurements were performed in triplicate, and results were

normal ized to cel l number or tota l prote in content

where applicable.
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Flow cytometry for ROS measurement

ROS levels were measured using the fluorescent probe 2’,7’-

dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime,

China). HUH-7 and Hep-3B cells were seeded at a density of 2 ×

105 cells/well in 6-well plates (9.6 cm² surface area) and treated as

described. After treatment, cells were washed with PBS and

incubated with 10 μM DCFH-DA in serum-free medium at 37°C

for 30 minutes in the dark. After incubation, cells were washed three

times with PBS to remove excess dye and immediately analyzed

using a BD FACSAria flow cytometer (BD Biosciences, USA). To

specifically assess mitochondrial ROS, cells were stained with

MitoSOX Red (M36007, Thermo Fisher Scientific, USA) in HBSS

buffer at 37°C for 10 minutes in the dark according to the

manufacturer’s protocol. After washing, cells were analyzed by

flow cytometry under identical settings. All conditions were tested

in technical triplicates, and each experiment was independently

repeated at least three times (n = 3). Fluorescence intensity was

quantified to evaluate total and mitochondrial ROS levels.
EdU incorporation assay

Cell proliferation was assessed using an EdU incorporation

assay. HUH-7 and Hep-3B cells were seeded at a density of 2 × 105

cells/well in 6-well plates (9.6 cm² surface area) and treated with the

indicated compounds. Following treatment, cells were incubated

with 10 μM EdU (Sigma-Aldrich) for 2 hours, followed by chemical

conjugation to 50 μM Auto 488 for 1 hour. Nuclei were stained with

2.5 μg/mL DAPI for 30 minutes before analysis. Samples were

analyzed using a Gallios flow cytometer (Beckman Coulter). All

conditions were analyzed in technical triplicates, and each

experiment was independently repeated at least three times (n = 3).
TABLE 1 Primer sequences used for qRT-PCR analysis.

Gene Symbol Forward primer Reverse primer

GLUL CTCTCGCGGCCTAGCTTTAC CGGAGTTCACAGAGTAGGCG

HNF1A CCAGGTCTTCACCTCAGACAC CTGCTGGAGGACACTGTGG

HNF3A GGCTTCCTCTTCGCCCG AGTAGGCCTCCTGCGTGT

PKM1 CGCATGCAGCACCTGATAGC CAGAACTATCAAAGCTGCTGC

PKM2 CGCATGCAGCACCTGATTGC GATTATGGCCCCACTGCAG

hn RNPA1 GCAATAGCAGGTGGAACCCT GGAGCCATTCGCGCTATACT

hn RNPA2 TTGTCTAAAAGATCACCATCCCC CAGCATTTTATTGGGGACAGCC

PTB CTCACCAGCCTCAACGTCAA TTATACCAGGTGCACCGAAGG

ZFX TCCCTGAGCTGTGCTTTACG CCCATCTTCATCCATGGCCT

E2F1 CGTGTCAGGACCTTCGTAGC CCTCAGGGCACAGGAAAACA

N-MYC CCTGCAGTCGGCGGGAGTGTT AGCAGCTCGGCATCGGCTC

STAT3 GACATTCCCAAGGAGGAGGC AGGTCGTTGGTGTCACACAG

Nanog GAGGTCTCGTATTTGCTGCAT ATTTCCTTCTCCACCCCAACC
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Cell cycle analysis

HUH-7 and Hep-3B cells were seeded at a density of 2 × 105

cells/well in 6-well plates (9.6 cm² surface area) and treated as

indicated. The protocol was improved based on the published

method (29, 30).After treatment, cells were harvested by

trypsinization, washed twice with PBS, and fixed in 4%

paraformaldehyde at 4°C for 15 minutes, then incubated with

0.2% Triton X-100 in PBS (1 mL/well) for 3 min at room

temperature to enable nuclear dye accessibility. Fixed cells were

then washed with PBS and stained with 2.5 μg/mL DAPI for 30

minutes at room temperature in the dark. DNA content was

measured using a Gallios flow cytometer (Beckman Coulter,

USA), and cell cycle distribution (G0 /G1 , S, G2/M phases) was

analyzed using FlowJo software (Tree Star Inc., USA). All

conditions were analyzed in technical triplicates, and each

experiment was independently repeated at least three times (n = 3).
Western blot analysis

Cells or tissue were lysed in RIPA buffer (Beyotime, China)

supplemented with protease and phosphatase inhibitor cocktails

(Thermo Fisher Scientific, USA). Lysates were centrifuged at 12,000

× g for 15 minutes at 4°C to remove cellular debris. The supernatant

was collected, and protein concentrations were determined using

the BCA Protein Assay Kit (Thermo Fisher Scientific, USA)

according to the manufacturer’s instructions. 20μg protein were

separated by SDS-PAGE and transferred onto polyvinylidene

fluoride (PVDF) membranes (Millipore, USA). Membranes were

blocked with 5% non-fat milk in TBST for 1 hour at room

temperature and then incubated overnight at 4°C with primary

antibodies against GLUL (1:1000; abcam, ab64613), HNF1A

(1:1000; Cell Signaling Technology[CST], 89670), HNF3A

(1:1000; CST, 58613), PKM1 (1:1000; CST, 7067), PKM2 (1:1000;

CST, 4053), PKM1/2 (1:1000; CST, 3190), GAPDH (1:1000; CST,

2146),Hexokinase I (1:1000; CST, 2024), Hexokinase II (1:1000;

CST, 2867), PD (1:1000; Abcam, ab110335), PFKP(1:1000; CST,

3190),LDHA (1:1000; CST, 3582), and b-tubulin (1:1000; CST,

2146). After washing, membranes were incubated with

appropriate HRP-conjugated secondary antibodies for 1 hour at

room temperature. Protein bands were detected using enhanced

chemiluminescence (ECL) reagents (Bio-Rad, USA) and imaged

with a digital chemiluminescence system. All immunoblots were

performed in at least three independent biological replicates.
Immunofluorescence

For immunofluorescence staining, HUH-7 and Hep-3B cells

were seeded at a density of 5 × 104 cells per well onto cells were

seeded onto coverslips placed in 24-well plates (1.9 cm² surface area

per well) and allowed to adhere overnight. Cells were then fixed

with 4% paraformaldehyde for 10 minutes at room temperature,

followed by washing with PBS. Permeabilization was performed
Frontiers in Immunology 05
using 0.1% Triton X-100 in PBS for 20 minutes. After additional

washes, cells were blocked with 5% donkey serum in PBS for 1 hour

at room temperature to prevent nonspecific antibody binding.

Primary antibodies against PKM1 (1:200;CST, 7067), GLUL

(1:200; abcam, ab64613), HNF1A (1:100;CST, 89670)and HNF3A

(1:100; CST, 58613) at 4°C were applied and incubated overnight at

4°C. The following day, cells were washed and incubated with Alexa

Fluor-conjugated secondary antibodies for 1 hour at room

temperature in the dark:Alexa Fluor 488-conjugated goat anti-

rabbit IgG (CST, 4412) for PKM1 and HNF1A; Alexa Fluor 594-

conjugated goat anti-mouse IgG (Abcam, ab150116) for GLUL; and

Alexa Fluor 594-conjugated goat anti-rabbit IgG (CST, 8889) for

HNF3A. Nuclei were counterstained with DAPI for 5 minutes.

After final washes, coverslips were mounted using antifade

mounting medium. All staining procedures were performed in

triplicate, and experiments were repeated independently at least

three times (n = 3). Fluorescent images were acquired using

epifluorescence microscope under identical exposure settings

across conditions.
Xenograft mouse model

Animal experiments were conducted in accordance with

institutional ethical guidelines. Male BALB/c nude mice (4–6

weeks old) were housed under specific pathogen-free (SPF)

conditions with ad libitum access to food and water. For

xenograft studies, HUH-7 cells (5 × 106 cells/mouse) were

subcutaneously injected into the right flank of each mouse. Based

on our previous studies (31), the dosage regimen of MS275 (20 mg/

kg, intraperitoneally every three days) was adopted. Mice were then

randomly assigned to two groups: one group received MS275, while

the control group received vehicle (DMSO or PBS) on the same

schedule. Treatments continued for three weeks. Body weight and

tumor size were monitored every 3 days, and tumor volume was

calculated using the formula V = (length × width²)/2. At the

experimental endpoint, mice were euthanized, and tumors were

excised, weighed, and processed for downstream analyses including

immunohistochemistry and western blotting. All animal

experiments were conducted in accordance with the Animal Care

and Use Principles approved by the Ethics Committee at Sun Yat-

sen University Cancer Center (Approval ID: 2022001429).
Immunohistochemistry

5 μm thick paraffin-embedded sections were deparaffinized,

rehydrated through graded alcohols, and subjected to antigen

retrieval using citrate buffer (pH 6.0) at high temperature. After

blocking endogenous peroxidase activity with 3% hydrogen

peroxide for 15 minutes, the sections were incubated with

primary antibodies against Ki-67 (1:200; abcam, ab16667), PKM1

(1:100; CST, 7067), GLUL (1:100; abcam, ab64613), HNF1A (1:100;

CST, 89670), and HNF3A (1:100; CST, 58613) overnight at 4°C.

The following day, sections were incubated with horseradish
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peroxidase (HRP)-conjugated secondary antibodies and visualized

using diaminobenzidine (DAB) substrate solution (Yeasen, China).

Counterstaining was performed with hematoxylin. Slides were

dehydrated, cleared, and mounted using standard procedures.

Immunostaining was performed on tumor sections from at least

three biological replicates per experimental group. Images were

captured using a bright-field microscope under consistent settings.
Statistical analysis

All experiments were independently repeated three times, and

data were expressed as mean ± standard deviation (SD). Western

blot (WB) band intensities were quantified using ImageJ from three

independent blots. Statistical analyses were performed with

GraphPad Prism 9.0 (GraphPad Software, USA). Comparisons

between two groups were conducted using a two-tailed Student’s

t-test, and multiple group comparisons were analyzed by two-way

ANOVA followed by Bonferroni post hoc test. A p-value < 0.05 was

considered statistically significant.
Result

HDAC inhibitors suppresses HCC cell
growth by inducing cell cycle arrest and
promoting differentiation

HDAC inhibitors, MS275 and SAHA, significantly reduced cell

viability, with a more pronounced effect at higher concentrations

and longer exposure times (Figure 1A). Moreover, both MS275 and

SAHA significantly suppressed the proliferation in a dose-

dependent manner (Figure 1B). To investigate whether these

HDAC inhibitors induces apoptosis, To investigate whether these

HDAC inhibitors induce apoptosis, we examined Caspase-3/7

activation and nuclear morphology. It revealed no appreciable

increase in Caspase-3/7 signal, nuclear condensation, or

fragmentation at 24, 48, or 72 h (Figure 1C), suggesting that

MS275 and SAHA primarily suppressed proliferation rather than

inducing cell apoptosis. Further analysis using flow cytometry

revealed that MS275 and SAHA treatment led to a marked

reduction in the percentage of cells in the S-phase, while an

accumulation of cells in the G0/G1 phase was observed

(Figure 1D), indicating that MS275 and SAHA inhibited cell cycle

progression and thus suppressed proliferation. In addition to its role

in inhibiting proliferation, MS275 was found to promote the

differentiation of HCC cells. qRT-PCR analysis showed a

significant increase in the mRNA levels of GLUL, HNF1A, and

HNF3A following MS275 and SAHA treatment in both HUH-7 and

Hep-3B cells (Figure 1E). Immunofluorescence staining and

western blot analysis further confirmed the upregulation of these

differentiation markers (Figures 1F, G), suggesting that MS275 not

only suppressed HCC cell proliferation but also induces a more

differentiated hepatocyte-like phenotype. Taken gather, these

findings indicated that HDAC inhibitors inhibited the growth of
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HCC cells primarily by reducing the population of proliferating

cells and inducing cell cycle arrest in the G0/G1 phase, with a

significant decrease in the S-phase population. Additionally, HDAC

inhibitors promoted cell differentiation by upregulating hepatocyte-

specific markers, suggesting that HDAC inhibition may play a dual

role in suppressing tumor growth and inducing hepatocyte

differentiation, which could have therapeutic implications for

hepatocellular carcinoma treatment.
MS275 reprogram metabolic pathways and
enhance energy metabolism in HCC cells

Although both MS275 and SAHA inhibited proliferation and

promoted differentiation in HCC cells, we focused primarily on

MS275 due to its selective inhibition of Class I HDACs, which offers

a more targeted epigenetic approach compared to the broader

activity of SAHA, a pan-HDAC inhibitor that inhibits both Class

I and Class II HDACs (32, 33). To gain deeper insight into the

mechanisms underlying MS275-mediated effects in HCC, we

performed RNA-seq analysis on MS275-treated cel ls .

Transcriptome analysis revealed that MS275 induce significant

changes in gene expression. A total of 7791 DEGs were identified,

with 4843upregulated genes and 2948 downregulated genes

(Figures 2A, B). GO enrichment analysis of differentially

expressed genes in MS275-treated HCC cells revealed a clear

functional divergence between upregulated and downregulated

gene sets (Figure 2C). Upregulated genes were significantly

enriched in biological processes related to neuronal function and

intercellular signaling, including modulation of chemical synaptic

transmission, regulation of trans-synaptic signaling, axonogenesis,

synapse organization, and regulation of membrane potential. These

results suggest that MS275 may induce transcriptional programs

associated with enhanced cellular communication or neuronal-like

differentiation. In contrast, downregulated genes were

predominantly involved in mitotic processes and genomic

maintenance, such as chromosome segregation, organelle fission,

nuclear division, DNA replication, and mitotic nuclear division.

This pattern indicates a suppression of cell cycle progression and

proliferative activity in response to MS275. Collectively, these

findings highlight that MS275 treatment shifts the cellular

transcriptional landscape away from proliferation and toward

specialized signaling and potentially differentiated states. KEGG

pathway enrichment analysis revealed significant functional

divergence between upregulated and downregulated genes in

MS275-treated HCC cells (Figure 2D). Upregulated genes were

predominantly enriched in pathways related to cellular signaling

and communication. Interestingly, pathways included cytoskeleton

regulation in muscle cells, cell adhesion molecules, and adrenergic

signaling in cardiomyocytes, all pointing toward enhanced

intercellular signaling, structural reorganization, and potential

shifts in cell identity. Conversely, downregulated genes were

significantly associated with pathways essential for cell

proliferation, DNA maintenance, and metabolic homeostasis.

These included cell cycle, DNA replication, complement and
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FIGURE 1

HDACi induces a G0/G1 phase cell cycle arrest and cell differentiation in HCC cells. (A) Cell viability analyses of HUH-7 and Hep-3B HCC cells
treated with MS275 and SAHA at different concentrations for 24, 48, and 72 hours. (B) Cell proliferation assay showing the number of viable cells
over 5 days following treatment with MS275 or SAHA at concentrations of 2.5, 5, and 10 µM, compared to the 0 µM control. (C)
Immunofluorescence images of Caspase-3/7 combined with Hoechst 33342 nuclear staining in HUH-7 cells treated with MS275 or SAHA at different
time points (24h, 48h, 72h). Corresponding quantification indicate no significant apoptosis induction. (D) Flow cytometry analysis using EDU and
DAPI staining. (E) qRT-PCR analysis of mRNA expression levels of GluL, HNF1A, and HNF3A in HUH-7 and Hep-3B cells treated with MS275 or SAHA.
(F, G) Immunofluorescence staining (F) and Western blot analysis (G) of GluL, HNF1A, and HNF3A in HUH-7 cells treated with MS275. Scale: 100 mm.;
N.S., Not Significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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coagulation cascades, base excision repair, homologous

recombination, and mismatch repair. Additionally, pathways such

as cholesterol metabolism, steroid hormone biosynthesis, and

biosynthesis of cofactors were also suppressed. Together, these

findings suggest that MS275 treatment suppresses proliferative
Frontiers in Immunology 08
and metabolic gene programs while enhancing signaling and

structural pathways, consistent with a shift toward a more

differentiated or regulated cellular state. Both GO and KEGG

analyses revealed a dyresgulated metabolic processes after MS275

treatment. The heatmap revealed a pronounced alteration in the
FIGURE 2

Transcriptome profiles reveal enhanced energy metabolism in MS275-treated cells. (A, B) Heatmap (A) and Volcano plot (B) illustrating DEGs in
MS275-treated HCC cells, with significantly upregulated (red) and downregulated (green) genes compared to controls. (C) GO enrichment analysis
of upregulated and downregylated DEGs. (D) KEGG pathway analysis of upregulated and downregylated DEGs. (E) A heatmap of differentially
expressed genes related to metabolic processes.
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expression of genes associated with glycolysis, indicating significant

transcriptional reprogramming of glycolytic pathways in response

to treatment (Figure 2E). These findings provide further evidence

for a shift in energy metabolism, which may underlie the observed

phenotypic responses in the cells subjected to treatment.

Considering that the GO and KEGG pathway analyses

consistently showed strong enrichment in metabolic processes

and hepatocyte differentiation, we further explored the functional

implications of these gene expression changes (Supplementary

Figure S1). Specifically, metabolic GO terms such as glucose

catabolic process, fatty acid oxidation, and lipid biosynthesis were

significantly enriched, indicating a broad reprogramming of cellular

metabolism in response to MS275. In parallel, enrichment in

chromatin-related processes, including histone modification,

chromatin remodeling, and protein-containing complex

remodeling, suggests that epigenetic regulation may be a central

mechanism driving these transcriptional changes. Importantly, the

DEGs involved in liver development, regeneration, and hepatocyte

differentiation implies that MS275 may promote hepatic lineage

commitment or restore hepatic identity. Together, these findings

support the hypothesis that MS275 treatment modulates both the

metabolic and epigenetic landscape to drive functional re-

differentiation in HCC cells.
MS275 reprograms metabolism in HCC
cells by enhancing both glycolysis and
oxidative phosphorylation

To investigate the metabolic effects of MS275, we assessed

mitochondrial respiration and glycolysis in HCC cell lines Huh-7

and Hep-3B using Seahorse extracellular flux analysis. Treatment

with increasing concentrations of MS275 (0 μM, 2.5 μM, 5 μM, and

10 μM) led to a progressive elevation in mitochondrial respiration

in Huh-7 cells. The OCR time course showed significant increases

in both baseline and maximal respiration, with the highest effect

observed at 10 μM (Figure 3A). Quantification confirmed

statistically significant enhancement in OCR at all doses,

especially at 5 μM and 10 μM. These results suggest that MS275

promotes oxidative phosphorylation in a dose-dependent manner.

Interestingly, when the OCR was assessed at Day 1, Day 2, and Day

3 post-treatment with MS275, it showed a different pattern

(Figure 3B). While Day 1 and Day 2 showed increased OCR,

consistent with initial mitochondrial activation, Day 3 revealed a

marked decline in both baseline and maximal respiration. This

suggests that MS275 initially boosts mitochondrial activity, but

prolonged exposure may lead to mitochondrial exhaustion or a shift

away from oxidative metabolism. In parallel, ECAR measurements

revealed a dose-dependent enhancement in glycolytic activity upon

MS275 treatment. Glycolytic capacity was significantly increased at

5 μM and 10 μM, indicating that MS275 reprograms cells toward

greater reliance on glycolysis, potentially as a metabolic adaptation

to HDAC inhibition. This is consistent with an energy-demanding

process such as cellular differentiation (Figure 3C). Unlike the OCR

trend, ECAR remained elevated throughout MS275 treatment from
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Day 1 to Day 3 (Figure 3D). Both baseline glycolysis and glycolytic

capacity showed a steady increase over time, with the most

significant elevation observed on Day 3. This suggests that even

as mitochondrial respiration declines with prolonged treatment,

cells compensate by upregulating glycolysis, indicating a metabolic

shift toward glycolytic dependence. The inability of 2-DG (the

glycolysis inhibitor) to fully reverse this effect suggests additional

mechanisms or compensatory pathways are involved in the

metabolic rewiring induced by HDAC inhibition. To further

confirm these metabolic changes, ATP production and lactate

levels were assessed. ATP levels increased upon MS275 treatment,

consistent with enhanced oxidative phosphorylation (Figure 3E).

Additionally, lactate production was significantly reduced in a time-

dependent manner, further supporting the induction of glycolysis

(Figure 3F). Oligomycin treatment reduced OCR and significantly

increased cell viability in MS275-treated cells (Figure 3G),

indicating that MS275 enhances mitochondrial respiration.

Western blot analysis showed that Oligomycin decreased the

MS275-induced differentiation markers, including GLUL,

HNF3A, and HNF1A. Similarly, treatment with the glycolysis

inhibitor 2-DG further reduced ECAR but had minimal impact

on MS275-induced growth suppression at low doses, suggesting

that glycolysis inhibition alone was not the primary mechanism of

MS275’s effects (Figure 3H). Mitochondrial metabolism was further

assessed using DCA, an inhibitor of mitochondrial pyruvate import

(34). DCA treatment significantly increased maximal OCR and the

expression of key metabolic differentiation markers, including

GLUL, HNF3A, and HNF1A (Figure 3I), indicating that

mitochondrial metabolism plays a crucial role in MS275-induced

hepatocyte differentiation. These findings suggest that the increase

in oxidative metabolism, rather than glycolysis, is responsible for

MS275-induced differentiation and proliferation inhibition in HCC

cells. Together, these findings suggest that MS275 induces a

metabolic state favoring oxidative metabolism, which is essential

for its differentiation-promoting and anti-proliferative effects in

HCC cells.
MS275 induces ROS production via
enhanced oxidative phosphorylation,
leading to differentiation and loss of
proliferation in HCC cells

Flow cytometry analysis showed that MS275 treatment resulted

in a significant, time-dependent increase in ROS levels in HCC cells

(Figure 4A). Quantification of ROS confirmed that levels

progressively increased at 24, 48, and 72 hours post-treatment.

Fluorescence imaging further validated this increase, with a strong

ROS signal observed in MS275-treated cells at 72 hours (Figure 4B).

To determine whether ROS plays a functional role in MS275-

induced effects, cells were co-treated with NAC, a ROS scavenger

(35). NAC partially rescued cell viability in MS275-treated cells

(Figure 4C), suggesting that ROS production contributed to MS275-

induced growth suppression. Moreover, NAC treatment effectively

suppressed MS275-induced ROS accumulation (Figure 4D),
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indicating that MS275 enhanced oxidative stress through

mitochondrial respiration. Further analysis demonstrated that

MS275 significantly increased mitochondrial ROS levels, while

NAC treatment effectively reduced ROS back to baseline levels

(Figure 4E). Western blot analysis revealed that MS275 upregulated
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GLUL, HNF1A, and HNF3A (Figure 4F). However, co-treatment

with NAC diminished this upregulation, indicating that ROS

production was required for MS275-induced differentiation.

Together, these findings demonstrate that MS275 enhances

mitochondrial oxidative phosphorylation, leading to increased
FIGURE 3

HDACi MS275 reprogramme the glycometabolism, characterized by stimulated glycolysis and oxidative phosphorylation. (A, B) OCR measurements
in HUH-7 (A) and Hep-3B (B) cells treated with different concentrations of MS275, demonstrating increased baseline and maximal respiration in a
dose- and time-dependent manner. (C, D) ECAR measurements in HUH-7 (C) and Hep-3B (D) cells treated with MS275, showing an increase in
glycolysis and glycolytic capacity in a dose- and time-dependent manner. (E) Relative ATP levels in HUH-7 and Hep-3B cells, showing increased ATP
production in response to MS275 treatment. (F) Lactate production in HUH-7 and Hep-3B cells, demonstrating an induction in glycolysis-derived
lactate following MS275 treatment over time. (G) Effect of the oxidative phosphorylation inhibitor oligomycin on MS275-treated cells, showing
reduced OCR and cell viability. (H) Effect of the glycolysis inhibitor 2-DG on MS275-treated cells, indicating that glycolysis inhibition further reduces
ECAR but did not significantly affect MS275-induced growth suppression at low doses. (I) Treatment with the mitochondrial pyruvate carrier inhibitor
DCA increased maximal OCR and the expression of metabolic markers (GLUL, HNF3A, and HNF1A) *: p<0.05 ; **: p<0.01; ***: p<0.001.
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ROS production, which in turn drives HCC cell differentiation and

inhibits proliferation.
MS275 induces PKM1 expression to
enhance oxidative phosphorylation, ROS
production, and cell differentiation in HCC
cells

We observed that MS275 treatment led to significant

morphological changes in HCC cells over time (Figure 5A).

Western blot analysis revealed that MS275 treatment upregulated

PKM1, the key isoform of pyruvate kinase associated with oxidative

metabolism (36), while PKM2 expression remained unchanged

(Figure 5B). Additionally, enzymes involved in glycolysis and

oxidative phosphorylation, including hexokinase I, hexokinase II,

PFKP, and PD, were elevated, while LDHA did not change.

Immunofluorescence staining indicated an increase in PKM1

expression following MS275 treatment (Figure 5C). To determine

whether PKM1 plays a functional role in MS275-induced effects,

PKM1 was knocked down using siRNA (siPKM1). CCK-8 assays

demonstrated that MS275 significantly reduced cell viability, while

knockout of PKM1 restraint this reduction (Figure 5D), indicating

that MS275 suppressed cell viability by up-regulating PKM1.
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Western blot analysis demonstrated that PKM1 knockdown

prevented MS275-induced upregulation of hepatocyte

differentiation markers GLUL, HNF1A, and HNF3A (Figure 5E),

indicating that PKM1 is required for differentiation. qRT-PCR

analysis showed that MS275 upregulated PKM1 and metabolic

genes involved in oxidative phosphorylation, while genes related

to glycolysis remained largely unchanged (Figure 5F). Taken

together, these results illustrate that PKM1-mediated oxidative

phosphorylation is associated to cell differentiation and metabolic

reprogramming (Figure 5G). MS275 promotes HCC cell

differentiation and inhibits proliferation by upregulating PKM1,

thereby enhancing oxidative phosphorylation and ROS production.
MS275 suppresses tumor growth and
promotes hepatocyte differentiation in
HCC xenografts

To evaluate the effects of MS275 on tumor growth in vivo, we

established a HCC xenograft model. Mice treated with MS275

showed no significant change in body weight compared to

controls (Figure 6A), suggesting that MS275 did not cause

systemic toxicity. However, tumor volume measurements revealed

that MS275 treatment significantly reduced tumor size compared to
FIGURE 4

ROS production by boosted oxygen phosphorylation is responsible for MS275 induced differentiation and proliferation-loss. (A) Flow cytometry
analysis of ROS levels in HUH-7 cells treated with MS275 for 12, 24, 48, and 72 hours, showing a time-dependent increase in ROS production. (B)
Immunofluorescence images of ROS in control and MS275-treated cells at 72 hours, showing elevated ROS levels. (C) Cell viability assay
demonstrating that MS275 reduced cell viability, while NAC partially rescued cell survival, suggesting that ROS contributes to MS275-induced
proliferation inhibition. (D) Quantification of ROS levels in cells treated with MS275 alone or co-treated with NAC, showing that NAC effectively
reduced ROS production. (E) Flow cytometry analysis of mitochondrial ROS levels in control, MS275, NAC, and MS275+NAC-treated cells,
confirming that MS275-induced ROS was mitochondrial-derived. (F) Western blot analysis of differentiation markers (GLUL, HNF1A, HNF3A) in
control and MS275-treated cells, with or without NAC, showing that ROS inhibition suppressed MS275-induced differentiation *: p<0.05; ***:
p<0.001.
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FIGURE 5

PKM1 expression contributes to ROS production and cell differentiation by MS275. (A) Morphological changes over time (0h, 24h, 48h, 72h) after
MS275 treatment. (B) Western blot analysis showing time-dependent upregulation of PKM1 and metabolic enzymes involved in oxidative
phosphorylation and glycolysis in MS275-treated cells. (C) Immunofluorescence images showing increased PKM1 expression in MS275-treated cells
compared to controls. (D) Cell viability assay showing reduced proliferation upon MS275 treatment, suggesting that PKM1 upregulation contributed
to growth inhibition. (E) Western blot analysis of PKM1, GLUL, HNF1A, and HNF3A in control, MS275-treated, siPKM1, and siPKM1+MS275-treated
cells, indicating that PKM1 knockdown blocked MS275-induced differentiation. (F) qRT-PCR analysis of metabolic and differentiation-related genes in
control and MS275-treated cells, showing significant upregulation of PKM1 and differentiation markers. (G) Schematic representation of PKM1’s role
in oxidative phosphorylation and glycolysis, showing how PKM1-mediated oxidative metabolism promotes differentiation and inhibits proliferation in
HCC cells *: p<0.05 ; **: p<0.01; ***: p<0.001. "N.S" means not significant.
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controls (Figures 6B, C), indicating MS275 suppressed tumor

growth. Ki-67 staining demonstrated a significant reduction in

proliferating cells in MS275-treated tumors (Figures 6D, E),

suggesting that MS275 inhibits tumor cell proliferation.

Additionally, PKM1 expression was significantly increased, along

with the hepatocyte differentiation markers GLUL, HNF1A, and

HNF3A (Figures 6D, E), indicating that MS275 promoted

differentiation in HCC cells. These results demonstrate that

MS275 effectively suppresses tumor growth in HCC xenografts by

inhibiting proliferation and promoting differentiation, without

causing systemic toxicity.
Discussion

In this study, we identified the Class I HDAC inhibitor MS275 as a

potent suppressor of HCC cell proliferation and a promoter of

hepatocyte-like differentiation. Our findings reveal that MS275

treatment results in cell cycle arrest at the G0/G1 phase. Importantly,

MS275 induces the expression of key hepatic markers such as HNF1A,

HNF3A, and GLUL, supporting a shift toward a more differentiated

phenotype. Transcriptomic analysis further corroborates these effects,

showing activation of hepatocyte-specific gene signatures and

metabolic remodeling. These results reveal MS275’s dual capacity to

inhibit tumor growth and promote cellular differentiation, suggesting

its promise as a differentiation-based therapeutic strategy for HCC.

In HCC, MS275 has demonstrated antitumor effects through

inducing apoptosis and potentially enhance the immune response

against cancer cells (19, 20). Here, we also observed MS275

significantly inhibited proliferation and induced cell cycle arrest

in the G0/G1 phase. Studies show that MS275 induces cell cycle
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arrest in the G0/G1 phase, a stage where cells are typically quiescent

or preparing for DNA replication. Previous study has shown that

MS275 induces cell cycle arrest and apoptosis on malignant ascites

cells and prostate cancer cells (37, 38). Interestingly, MS275 induced

cell cycle arrest without triggering apoptosis in HCC cells.

Importantly, MS275 also triggered a differentiation program in

HCC cells. This was evidenced by increased expression of

hepatocyte-specific markers including GLUL, HNF1A, and

HNF3A, at both the mRNA and protein levels. Moreover, MS275

treated cells exhibited morphological changes indicative of

maturation, consistent with a differentiated HCC phenotype,

which is closely resemble normal hepatocytes, exhibiting minimal

nuclear atypia and intact cell membranes (39). Cell cycle analysis

revealed significant accumulation of cells in the G1 phase,

supporting the concept that MS275 promotes cell cycle exit,

which is a key feature of terminal differentiation (40). HCC

differentiation is commonly associated with a permanent exit

from the proliferative cycle and entry into a quiescent,

functionally mature state (41).These phenotypic and molecular

changes collectively indicate that MS275 promotes a shift from a

malignant to a more differentiated cellular state. Well-differentiated

tumors tend to grow more slowly and respond better to therapy,

while poorly differentiated tumors are more aggressive and resistant

(1, 39). Therefore, differentiation therapy, which aims to reprogram

malignant cells toward a more normal, differentiated phenotype, is

an area of active research with substantial therapeutic potential (42).

Our results suggest that MS275 could induces a more mature,

hepatocyte-like phenotype, a process that could help attenuate

tumor aggressiveness and improve therapeutic response.

Transcriptomic and functional metabolic analysis revealed that

MS275 induces a metabolic shift from glycolysis to oxidative
FIGURE 6

MS275 treatment represses tumor growth and induces differentiation in HCC xenograft models. (A) Body weight measurements of mice showing no
significant difference between control (CTL) and MS275-treated groups. (B) Tumor volume measurements over time, demonstrating a significant
reduction in tumor growth in MS275-treated mice compared to controls. (C) Representative images of xenograft-bearing mice and excised tumors,
showing markedly smaller tumors in the MS275-treated group. (D) Immunohistochemical staining of tumor tissues for Ki-67, PKM1, GLUL, HNF1A,
and HNF3A, showing reduced Ki-67 expression and increased differentiation markers in the MS275-treated group. (E) Quantification of protein
expression levels from IHC staining, indicating significant upregulation of differentiation markers (PKM1, GLUL, HNF1A, HNF3A) and downregulation
of the proliferation marker Ki-67 in MS275-treated tumors. Scale:100 mm.;N.S., Not Significant; **p < 0.01, ***p < 0.001.
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phosphorylation. This shift was associated with increased ATP

production, decreased lactate levels, and a reduction in glycolytic

flux (lower ECAR). At the core of this reprogramming is PKM1, a

pyruvate kinase isoform known for promoting oxidative

metabolism and differentiation (36). MS275 significantly

upregulated PKM1 expression without affecting PKM2.

Knockdown of PKM1 using siRNA abolished MS275-induced

growth suppression and differentiation, proving that PKM1 is

essential for these effects. This reveals a novel PKM1-mediated

association between metabolism and differentiation in HCC. In

glioblastoma, we have demonstrated that activation of the cAMP-

PGC1a pathway reverses the Warburg effect, promoting

mitochondrial biogenesis and a shift toward oxidative

phosphorylation, which drives differentiation into astrocytes (43).

Similarly, in the this study, MS275 treatment enhances oxidative

phosphorylation and induces a more differentiated phenotype in

HCC cells, suggesting that metabolic remodeling may serve as a key

mechanism linking epigenetic modulation to differentiation.

ROS have a dual role in regulating cell fate, acting as key

signaling molecules that can drive differentiation at controlled

levels, but inducing cytotoxicity and impairing differentiation

when elevated excessively (44, 45). The shift to mitochondrial

metabolism was accompanied by a dose- and time-dependent

increase in ROS. These ROS, generated through enhanced

OXPHOS, played a crucial role in mediating differentiation: co-

treatment with the ROS scavenger NAC reduced both ROS levels

and differentiation marker expression, and partially rescued cell

viability. Thus, ROS function as signaling molecules that translate

metabolic changes into gene expression programs favoring

differentiation. Our previous has showed that the Syk inhibitor

R406 enhances oxidative phosphorylation and elevates ROS,

leading to anti-tumor effects in glioma stem cells. This supports

the role of ROS in inducing cell cycle arrest and promoting

differentiation (46). However, the downstream pathways through

which ROS exert these effects remain to be clarified.

In vivo, MS275 effectively suppressed tumor growth in a HCC

xenograft model without causing systemic toxicity, as evidenced by

stable body weight. Tumors showed reduced proliferation and

increased expression of PKM1 and hepatocyte differentiation

markers, confirming the dual action of MS275 in promoting

differentiation and limiting proliferation. These findings position

MS275 as a multi-modal therapeutic agent that not only halts growth

but also reprograms metabolism and promotes differentiation. This is

particularly relevant in HCC, where drug resistance and tumor

heterogeneity limit the success of standard therapies (47).

Our findings position MS275 as a promising epigenetic therapy

for HCC, acting through both metabolic and differentiation

pathways. While HDAC inhibitors are known to induce apoptosis

and cell cycle arrest in various cancers (37, 38), this study reveals

novel insight by elucidating a PKM1-ROS-dependent mechanism of

differentiation. Given that differentiation therapy has had clinical

success in other cancers (e.g., ATRA in acute promyelocytic
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leukemia), similar strategies may be effective in liver cancer where

poor differentiation correlates with worse prognosis (48). Sorafenib

is an oral multikinase inhibitor that has been widely used as a first-

line systemic therapy for advanced HCC, particularly in cases that

are unresectable. It was the first drug to demonstrate a statistically

significant improvement in overall survival in patients with

advanced HCC (49). Mechanistically, sorafenib exerts its

antitumor effects by targeting multiple kinases, including Raf

kinases, VEGFR, and PDGFR, thereby inhibiting tumor cell

proliferation and angiogenesis (50). However, sorafenib primarily

provides cytostatic effects rather than inducing tumor cell

differentiation. In our study, the focus was on MS275’s ability to

promote differentiation and metabolic reprogramming in HCC, a

mechanism that is fundamentally distinct from sorafenib’s.

Importantly, resistance to sorafenib remains a clinical challenge,

and its modest survival benefit underscores the need for alternative

or complementary therapies (51). Given the non-overlapping

mechanisms of sorafenib and MS275, one targeting oncogenic

signaling pathways and angiogenesis, the other modulating gene

expression through epigenetic regulation, future studies should

investigate the potential for combination therapy. This dual

approach may enhance treatment efficacy by simultaneously

suppressing tumor growth and promoting differentiation, possibly

overcoming some limitations of current monotherapies.

Despite the promising data, several limitations should be

addressed. First, the mechanism by which ROS promote

differentiation remains unclear. Identifying redox-sensitive

transcription factors or signaling pathways that drive hepatic

differentiation would deepen our understanding. Second, while

MS275 showed efficacy in xenografts, clinical translation will

require optimization of dosing, scheduling, and possibly

combination therapies to enhance efficacy while minimizing side

effects. Third, our study did not assess the immune-related effects of

MS275. Given the emerging relevance of HDAC inhibition in

reshaping anti-tumor immunity, future work should incorporate

immune-competent models to evaluate the potent ia l

immunomodulatory impact of MS275 in hepatocellular carcinoma.
Conclusion

MS275 suppresses HCC cell proliferation and promotes

differentiation by enhancing oxidative phosphorylation and ROS

production via PKM1 upregulation. These findings reveal its

potential as a differentiation-based therapeutic strategy for

hepatocellular carcinoma.
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