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This study aimed to evaluate synergistic effects and molecular mechanisms of the histone deacetylase inhibitor chidamide 
combined with the BCL-2 inhibitor venetoclax in diffuse large B-cell lymphoma (DLBCL) cell lines. Human DLBCL cell 
lines (U2932, SUDHL-4) were cultured in vitro and treated with chidamide and venetoclax. Cell proliferation inhibition 
rates were measured using the CCK-8 assay, and IC50 values were calculated. Cells were also treated with a 5:1 combination 
of chidamide and venetoclax, along with p53 or p21 siRNA. Cell viability, HDAC activity, apoptosis, cell cycle, the amount 
of p53 and p21 proteins, and BCL-2-BIM binding were analyzed via CCK-8, enzyme activity assays, the Caspase 3/7 Activity 
Apoptosis Assay Kit, flow cytometry, RT-qPCR, western blot, and co-IP. The binding of p53 and p21 was verified by dual-
luciferase reporter assay and chromatin immunoprecipitation. Chidamide and venetoclax exhibited dose- and time-depen-
dent anti-proliferative effects in U2932 and SUDHL-4 cells, with IC50 values of 3.54 μM (chidamide) and 0.67 μM (veneto-
clax) in the SUDHL-4 cell line and 5.6 μM (chidamide) and 0.91 μM (venetoclax) in the U2932 cell line. Combination 
treatment significantly enhanced HDAC inhibition, histone H3/H4 acetylation, and p53 expression, leading to increased 
cell apoptosis. p53 knockdown partially reversed these effects and increased BCL-2/BIM complex formation. The combina-
tion also upregulated p53 expression to increase p21 expression, inducing G1/S phase arrest, which was partially reversed 
by p21 knockdown. To conclude, the chidamide-venetoclax combination synergistically activates the p53-p21 signaling 
pathway, leading to cell cycle arrest and apoptosis, representing a potential therapeutic strategy for DLBCL. 
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Diffuse large B-cell lymphoma (DLBCL) is the most 
prevalent and aggressive form of non-Hodgkin lymphoma, 
known for its significant heterogeneity and poor prognosis 
[1, 2]. Despite advancements in treatment, with rituximab, 
cyclophosphamide, doxorubicin, vincristine, and prednisone 
regimen being the standard first-line treatment paradigm, 
approximately 30–40% of patients with DLBCL still experi-
ence relapse or become resistant to treatment [3]. This 
substantial rate of treatment failure highlights the urgent need 
for novel therapeutic approaches. In recent years, the role of 
epigenetic regulation in cancer progression has garnered 
growing attention, particularly the abnormal activity of 
histone deacetylases (HDACs), which has been linked to the 

pathogenesis of several cancers [4–6]. As a result, HDAC 
inhibitors (HDACis) have emerged as promising agents for 
the treatment of various hematologic malignancies, including 
DLBCL [7, 8].

Chidamide, a novel HDACi, exerts its anti-tumor effects 
by modulating gene expression, inhibiting cell prolifera-
tion, and promoting apoptosis in cancer cells [9, 10]. While 
chidamide has demonstrated therapeutic potential in several 
malignancies, its precise mechanisms of action in DLBCL 
remain incompletely understood. In DLBCL, HDACs are 
highly expressed and frequently mutated, contributing to 
tumor progression. Chidamide has been found to counteract 
rituximab-induced downregulation of CD20, restoring 
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CD20 surface expression and thereby enhancing rituximab-
mediated cytotoxicity [11]. Furthermore, chidamide’s effects 
on DLBCL include modulation of key pathways such as 
PI3K/AKT and mTOR, as well as promoting apoptosis and 
inhibiting cell proliferation [12]. These findings indicate 
that chidamide may be a promising adjuvant for relapsed or 
refractory DLBCL.

Additionally, DLBCL is characterized by the dysregulation 
of the BCL-2 protein family, which is crucial for promoting 
cell survival and contributing to resistance to apoptosis [13]. 
The overexpression of BCL-2 in DLBCL creates an environ-
ment where cancer cells are more resistant to apoptosis, 
making the disease particularly difficult to treat [14]. Veneto-
clax, a selective BCL-2 inhibitor, has shown promise in 
targeting this pathway by binding to BCL-2 and triggering 
apoptosis, leading to clinical efficacy in certain hematologic 
cancers [15, 16]. However, given the complexity and hetero-
geneity of DLBCL, single-agent therapies, including veneto-
clax, often provide limited results, especially in patients with 
relapsed or refractory disease [17]. Thus, combination thera-
pies are increasingly being explored as a means to enhance 
treatment efficacy and overcome resistance [18–20]. Despite 
these advances, the chidamide-venetoclax combination in 
DLBCL remains largely unexplored.

Based on these challenges, the central scientific question 
of this study is whether the combination of chidamide and 
venetoclax can synergistically inhibit DLBCL cell prolif-
eration and enhance the sensitivity of these cells to therapy. 
Furthermore, we aim to uncover the molecular mechanisms 
underlying this potential synergy and propose a new strategy 
for the treatment of DLBCL.

Materials and methods

In vitro culture of DLBCL cell lines. Human DLBCL cell 
lines U2932 (ABC subtype) (Procell, #CM-0838), SUDHL-4 
(GCB subtype, MYC+/BCL-2+) (Procell, #CL-0692), and 
human HEK293T cells (Procell, #CL-0001) were obtained 
from Procell (Wuhan, China). U2932 and SUDHL-4 cells 
were cultured in RPMI-1640 medium (Gibco, #11875093), 
while HEK293T cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) (Gibco, #10564011). Both 
RPMI-1640 and DMEM media were supplemented with 10% 
fetal bovine serum (Ausgenex, C0227), 100 U/ml penicillin, 
and 100 mg/l streptomycin (Gibco, #15140122). Cells were 
maintained in a humidified incubator at 37 °C with 5% CO2 
and were passaged every 48-72 h.

Cell treatment and grouping. DLBCL cells were exposed 
to varying concentrations of chidamide (2.5, 5.0, 7.5, 10, 
or 12.5 μmol/l) and/or venetoclax (0.05, 0.1, 0.5, 1, or 2.5 
μmol/l). Subsequently, a CCK-8 assay was performed to 
assess the inhibition rate of cell proliferation. Drug sensitivity 
curves were plotted using GraphPad 9.5 software to calcu-
late the half maximal inhibitory concentration (IC50) values. 
Using the lower IC50 concentration for each drug, chidamide 

and venetoclax were combined in a fixed ratio of 5:1 for 
subsequent combination treatments [21].

Small interfering RNAs (siRNAs) used in this study were 
obtained from Cell Signaling Technology (p53, #6231; p21, 
#6456; Control siRNA, #6568). Following the manufacturer’s 
protocol, cells were transfected with p53 siRNA, p21 siRNA, 
or negative control siRNA (NC) using Lipofectamine 2000 
(Thermo Fisher, #11668030). After 24 h, cells were treated 
with the chidamide and venetoclax combination.

Cell groups: Blank, Chidamide, Venetoclax, Chidamide 
+ Venetoclax, si-NC+Chidamide + Venetoclax, si-p53 + 
Chidamide + Venetoclax, si-p21 + Chidamide + Venetoclax.

CCK-8 cell viability assay. Logarithmically growing 
U2932 and SUDHL-4 cell lines were seeded into 96-well 
plates at 100 μl of medium per well, in triplicate for each 
group. Cells were seeded into 96-well plates at various cell 
densities (10,000; 8,000; and 5,000 cells/well) according to 
different time points (24, 48, and 72 h). On the following day, 
cells were treated with the drugs, and at 24 h, 48 h, and 72 h 
post-treatment, 10 μl of CCK-8 reagent (Beyotime, #C0038) 
was added to each well to assess the cell proliferation inhibi-
tion rate. After incubation in the dark for 2–3 h, the optical 
density (OD) was measured at 450 nm using a microplate 
reader (Biotek, Synergy HTX, Winooski, VT, USA). The 
cell proliferation inhibition rate was calculated using the 
formula: Cell proliferation inhibition rate (%) = (OD value 
of control group – OD value of experimental group) / (OD 
value of control group – OD value of blank group) × 100%.

CompuSyn 1.0 software [22] was used to perform combi-
nation analysis of chidamide and venetoclax at various doses, 
quantifying the combination index (CI) to evaluate drug 
synergism.

Caspase 3/7 activity apoptosis assay. U2932 and 
SUDHL-4 cells were treated in the same cell number and 
drug administration as the CCK-8 cell viability assay. 
Cell apoptosis was assessed using the Caspase 3/7 Activity 
Apoptosis Assay Kit (Solarbio, Beijing, China; #CA1060). 
Absorbance values at an excitation wavelength of 485 nm and 
an emission wavelength of 515 nm were measured using a 
microplate reader (Biotek).

HDAC fluorescence activity assay. Cells were treated with 
chidamide and venetoclax for 24 h, after which HDAC activity 
in the cell lysates was assessed using an HDAC fluorescence 
activity assay kit (Abcam, #ab1432). A total of 50 μg of cell 
lysate was incubated with the fluorescent substrate at 37 °C 
for 30 min. After incubation, the lysine developer provided 
in the kit was added to terminate the reaction, followed by 30 
min incubation at 37 °C. Fluorescence was then measured at 
405 nm using a microplate reader (Biotek).

Flow cytometric analysis of apoptosis and cell cycle. 
Cell apoptosis following 24 h treatment with chidamide 
and/or venetoclax was analyzed using an Annexin V-FITC/
PI apoptosis detection kit (KeyGen, China). Following the 
manufacturer’s instructions, cells were washed with PBS, 
digested with trypsin without EDTA, and resuspended in 
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100 μl of 1× Binding Buffer. The cells were then incubated 
in the dark for 15 min with 5 μl of Annexin V-FITC and 5 μl 
of PI.

For cell cycle analysis, following 24 h treatment with 
chidamide and/or venetoclax, cells were fixed overnight in 
70% ethanol at 4 °C. The next day, cells were washed twice 
with PBS, treated with RNaseA for 30 min at 4 °C, and stained 
with PI (KeyGen, China) for 30 min at 4 °C.

Samples were analyzed using a BD FACSCanto II flow 
cytometer (Becton Dickinson, USA), and data on apoptosis 
and cell cycle phases were processed using FlowJo software 
(FlowJo, USA).

Quantitative real-time reverse transcription 
polymerase chain reaction (qRT-PCR). Total RNA was 
isolated from cells using a Total RNA Isolation kit (Axygen, 
NY, USA, #AP-MN-MS-RNA-250) and reverse-transcribed 
into complementary DNA (cDNA) using the Primescript 
RT reagent kit (Takara, Dalian, China, #RR037Q). cDNA 
was quantified by qRT-PCR, and the data were acquired 
with SYBR Premix Ex TaqTM II (Takara, #RR390Q) using 
ABI7900HT Fast Real-Time PCR system (Applied Biosys-
tems, Foster City, CA). The PCR reaction conditions 
consisted of 10 min pre-denaturation at 95 °C; 40 cycles of 
10 s denaturation at 95 °C, 20 s annealing at 60 °C, and 34 s 
extension at 72 °C. β-actin was used as an internal control, 
and the fold changes were calculated by the 2–ΔΔCt method. 
The primers are listed in Table 1.

Western blot analysis. Cells were lysed with radio-
immunoprecipitation assay (RIPA) lysis buffer (#P0039, 
Beyotime) containing a protease inhibitor cocktail (#P1006, 
Beyotime), mixed thoroughly, and incubated on ice for 30 
min. The lysate was then centrifuged at 13,000 × g for 10 
min, and the supernatant was collected. The protein concen-
tration was subsequently measured using a BCA protein 
assay kit (Beyotime, #P0010). Samples of the cell protein 
were loaded and separated via sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Following 
electrophoresis, the proteins were transferred to a PVDF 
membrane (Millipore, #IPVH 20200). The membrane was 
blocked with 5% non-fat milk at room temperature for 2 
h. Diluted primary antibodies were then added, including 
rabbit anti-β-actin (CST, #4970), rabbit anti-Ac-H3 (AC-K9, 
CST, #9649), rabbit anti-Ac-H4 (AC-K8, CST, #2594), mouse 
anti-p53 (Abcam, #ab26), rabbit anti-BCL-2 (CST, #3498), 
rabbit anti-BAX (CST, #5023), rabbit anti-cleaved caspase 
3 (Abcam, #ab32042), rabbit anti-BIM (Abcam, #ab32158), 
rabbit anti-p21 (CST, #2947), rabbit anti-Cyclin E (CST, 
#20808), and rabbit anti-Cdk2 (Abcam, #ab32147). The 

membrane was incubated overnight at 4 °C. After washing, 
HRP-conjugated secondary antibodies, goat anti-rabbit IgG 
(Servicebio, GB23303) or goat anti-mouse IgG (Abcam, 
#ab205719), were added and incubated at room tempera-
ture for 1 h. Detection was performed using ECL detection 
reagents (Millipore, #WBKLS0500). Bands in the western 
blot images were quantified using Image Pro Plus 6.0 (Media 
Cybernetics, USA), with β-actin as a loading control. Each 
experiment was conducted in triplicate.

Co-immunoprecipitation (co-IP) assay. Cells were lysed 
with RIPA lysis buffer (Beyotime, P0039) containing protease 
inhibitor cocktail (Beyotime, #P1006), thoroughly mixed, 
and lysed on ice for 30 min. The lysate was centrifuged at 
13,000 × g for 10 min, and the supernatant was collected 
as the cell lysate. Next, 50 μl of the cell lysate was used for 
the western blot analysis to determine BCL-2 and BIM 
proteins in the Input sample. The 50 μl cell lysis buffer was 
incubated with anti-BCL-2 (CST, #3498) or negative control 
IgG (Abcam, #ab313801) at 4 °C overnight and then with 
PureProteome™ Protein A/G Mix Magnetic Beads (Merck 
Millipore, Burlington, MA, USA) for 2 h. Following centrifu-
gation, supernatants and agarose beads were separated and 
collected. Subsequently, the agarose beads were washed with 
ice-cold PBS, and the bound proteins were eluted. After 
centrifugation, precipitated proteins were then subjected to 
western blot analysis to examine BCL-2 and BIM protein 
levels.

Dual luciferase reporter assay. Using the Jaspar 
database (https://jaspar.elixir.no/), we identified a predicted 
binding site for p53 at the p21 promoter, specifically 
5’-AACATGTCCCAACATGTT-3’ (NC_000006.12). This 
sequence was amplified and cloned into the pGL3-Basic 
vector to generate the promoter-reporter gene plasmid 
pGL3-p21-WT. Additionally, the sequence was mutated to 
5’-AACAAAAAAAAAAATGTT-3’ to construct the mutant 
plasmid pGL3-p21-MUT, and all constructed plasmids were 
validated by sequencing. HEK293T cells were seeded in 
24-well plates. The pGL3-p21-WT/pGL3-p21-MUT, along 
with the phRL-TK (as a control), were transiently transfected 
into p53-overexpressing cells using the plasmid pCMV-3X 
Flag-p53 (Beyotime, #D3031). After 48 h of incubation, lucif-
erase activity was assessed using a dual luciferase reporter 
assay kit (Promega, #E1910).

Chromatin immunoprecipitation (ChIP) assay. U2932 
and SUDHL-4 cells, treated with drugs for 24 h, were cross-
linked at room temperature with 1% formaldehyde for 10 
min, followed by quenching with glycine to a final concen-
tration of 0.125 M. After two washes with PBS, the cells 

Table 1. Primer sequences for qRT-PCR.
Gene Forward 5’–3’ Reverse 5’–3’
p53 ACCTATGGAAACTACTTCCTGAAA CTGGCATTCTGGGAGCTTCA
p21 AGGAGACAGACAACTCACTCG CATGGCGCCTGAACAGAAGA
β-actin GAGAAAATCTGGCACCACACC GGATAGCACAGCCTGGATAGCA
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the Chou-Talalay method; the drugs’ combined effect is 
synergistic at concentrations that induce no more than a 50% 
effect on viability; if the fraction affected is >50%, the effect 
is additive and then inhibitory, as shown in Figure 1D. At 
50% cell proliferation [fraction affected (Fa) = 0.5], the CI 
values for SUDHL-4 and U2932 cell lines were 0.87 and 0.89, 
respectively, suggesting a synergistic interaction between the 
two drugs (CI <1). Meanwhile, we also employed the Caspase 
3/7 Activity Apoptosis Assay Kit to evaluate cell apoptosis. 
Consistent with the CCK-8 results, single-agent treatment 
with chidamide or venetoclax exhibited pro-apoptotic effects 
on the two cells in a dose- and time-dependent manner 
(Figure 1E); as expected, the combined treatment with 
chidamide and venetoclax showed a superior promoting 
effect to the single-agent treatment (Figure 1F).

Chidamide combined with venetoclax inhibits HDAC 
activity, enhancing acetylation of histones H3/H4. To eluci-
date the impact of the chidamide and venetoclax combina-
tion on HDAC activity in tumor cell lines, we treated U2932 
cells with 5 μmol/l of chidamide and/or 1 μmol/l of veneto-
clax, while SUDHL-4 cells were treated with 2.5 μmol/l 
of chidamide and/or 0.5 μmol/l of venetoclax for 24 h. As 
shown in Figures 2A and 2B, chidamide or venetoclax single 
treatment reduced DLBCL cell viability and augmented cell 
apoptosis; however, these alterations were more pronounced 
following combined treatment with chidamide and veneto-
clax relative to single treatment (all p<0.001). Subsequent 
assessments of HDAC activity were conducted using an 
HDAC activity assay kit. As illustrated in Figure 2C, treat-
ment with chidamide resulted in a significant inhibition of 
HDAC activity compared to treatment with venetoclax, but 
there was no significant difference. Notably, the combination 
treatment exhibited a more pronounced inhibitory effect on 
HDAC activity in tumor cells compared to chidamide or 
venetoclax administered alone (all p<0.05).

Evidence has shown that HDAC enzymes can inhibit the 
acetylation of histone H3 and histone H4 [23]. Here, the 
current results of western blot analysis demonstrated that 
treatment with chidamide significantly increased acetyla-
tion of histone H3 at the Lys9 position and histone H4 at the 
Lys8 position in comparison with treatment with venetoclax. 
Furthermore, the combination treatment with chidamide 
or venetoclax resulted in even greater increases in acetyla-
tion levels of histone H3 and histone H4 than treatment with 
either single agent (all p<0.05) (Figure 2D). These results 
indicate that the HDACi chidamide promotes the acetylation 
of lysine residues on histones H3 and H4. The concomitant 
use of venetoclax appears to amplify the therapeutic efficacy 
of chidamide in this context.

Chidamide combined with venetoclax induces 
apoptosis in DLBCL through upregulation of p53. To 
clarify the molecular mechanisms that contribute to the 
synergistic enhancement of drug sensitivity in DLBCL cells 
by chidamide and venetoclax, we employed flow cytom-
etry to assess apoptosis across the experimental groups. 

were collected and resuspended in ChIP lysis buffer (50 mM 
HEPES-KOH, pH 7.5; 140 mM NaCl; 1 mM EDTA, pH 8; 1% 
Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS; and 1% 
protease inhibitor). Following 10 min incubation on ice, the 
nuclei were collected, resuspended in ChIP lysis buffer, and 
sonicated to obtain DNA fragments of 50–200 base pairs. 
Magnetic beads coated with p53-specific antibody (Abcam, 
#ab26) or IgG (negative control) were then added to the lysate 
and incubated overnight. The following day, the beads were 
washed seven times with washing buffer (50 mM HEPES, pH 
7.5; 500 mM LiCl; 1 mM EDTA; 1% NP-40; and 0.7% sodium 
deoxycholate) and once with TE buffer (10 mM Tris, pH 8.0; 
1 mM EDTA). The protein-DNA complexes were then eluted 
from the beads. Finally, specific primers for p21 were used 
to perform PCR on the purified DNA, with the following 
sequences: Forward: 5’-GTGTCTGCTGCAAATCTCA-3’, 
Reverse: 5’-TCTTCCTGTTCCTGGCTC-3’. The amplifica-
tion conditions were as follows: pre-incubation at 95 °C for 
120 s, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, 
and 72 °C for 30 s, with a final extension at 72 °C for 5 min. 
The presence of target gene sequences was assessed to deter-
mine potential interactions between the target protein and 
the gene.

Statistical analysis. All data were processed using 
GraphPad 9.5 software (San Diego, CA, USA). Quantitative 
data are expressed as mean ± standard deviation. A t-test 
was employed for comparisons between two groups, whereas 
one-way ANOVA was applied for comparisons among 
multiple groups. A p-value of <0.05 was deemed statistically 
significant, denoted by an asterisk (*).

Results

Synergistic effects of chidamide and venetoclax on 
DLBCL cells. To determine the sensitivity of U2932 and 
SUDHL-4 cell lines to chidamide and venetoclax, we treated 
these cells with various concentrations of chidamide (0, 2.5, 
5.0, 7.5, 10, or 12.5 μmol/l) and/or venetoclax (0, 0.25, 0.5, 
0.75, 1, or 1.25 μmol/l). Cell viability was measured using the 
CCK-8 assay at 24, 48, and 72 h, as illustrated in Figure 1A. 
The single-agent treatment demonstrated a dose- and time-
dependent inhibitory effect on both cell lines. Specifically, 
the IC50 values for chidamide and venetoclax after 24 h of 
treatment in U2932 cells were 5.6 μM and 0.91 μM, respec-
tively, while in SUDHL-4 cells, the IC50 values were 3.54 μM 
and 0.67 μM, respectively, as detailed in Figure 1B.

Next, we evaluated the impact of the combination of both 
drugs on U2932 and SUDHL-4 cells after 24 h. Using the 
Chou-Talalay method for drug combination, we established 
a constant ratio of 5:1 for chidamide and venetoclax using 
several concentration points above or below the 24 h IC50 
values in a two-fold dilution series [21]. The results indicated 
that the combined treatment had a greater inhibitory effect 
than either single-agent treatment (Figure 1C). Furthermore, 
we performed graphical analysis of the CI values following 
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As illustrated in Figure 3A, treatment with chidamide or 
venetoclax significantly increased apoptosis in DLBCL 
cells, and the latter caused more profound effects. Notably, 
apoptosis levels were markedly increased following the 

combined treatment compared to single-agent therapy (all 
p<0.001). Western blot analysis revealed that treatment with 
chidamide and venetoclax led to elevated expression levels 
of apoptosis-related proteins p53, BAX, and cleaved caspase 

Figure 1. Effects of chidamide and venetoclax on DLBCL cells. A, E) U2932 and SUDHL-4 cell lines were exposed to chidamide (2.5, 5.0, 7.5, 10, or 
12.5 µmol/l) or venetoclax (0.25, 0.5, 0.75, 1, or 1.25 µmol/l) for 24, 48, or 72 h. Cell viability was assessed using the CCK-8 assay, and cell apoptosis 
was evaluated by the Caspase 3/7 Activity Apoptosis Assay Kit. B) IC50 values at 24 h were calculated based on the cell viability analysis. C, F) U2932 
and SUDHL-4 cells were treated for 24 h with a drug combination at a constant ratio of 5:1 (chidamide:venetoclax). Cell viability was measured using 
the CCK-8 assay, and cell apoptosis was evaluated by the Caspase 3/7 Activity Apoptosis Assay Kit. D) Graphical analysis of CI values was performed 
according to the Chou-Talalay method. Cell experiments were performed independently in triplicate, and data are expressed as mean ± standard 
deviation. Abbreviations: DLBCL-Diffuse Large B-Cell Lymphoma; CCK-8-Cell Counting Kit-8; IC50-Half Maximal Inhibitory Concentration; CI-
Combination Index; Caspase 3/7-cysteine aspartase 3/7
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Figure 2. Effects of chidamide combined with venetoclax on HDAC activity and histone H3/H4 acetylation in DLBCL cells. A) Cell viability was as-
sessed using the CCK-8 assay. B) Cell apoptosis was evaluated by the Caspase 3/7 Activity Apoptosis Assay Kit. C) Assessment of HDAC activity was 
performed using an HDAC activity assay kit. D) Western blot analysis was conducted to evaluate the acetylation of lysine residues in histones H3 and 
H4. All cellular experiments were conducted in triplicate independently, and the data are presented as mean ± standard deviation. Comparisons among 
groups were analyzed using one-way ANOVA, followed by Tukey’s multiple comparisons test. Statistical significance is indicated as *p<0.05, **p<0.01, 
and ***p<0.001. Abbreviations: HDAC-Histone deacetylase; AC-H3-Acetylated histone H3; AC-H4-Acetylated histone H4
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Figure 3. Assessment of apoptosis in DLBCL cells treated with chidamide and venetoclax. A) Flow cytometry was utilized to measure the rate of 
apoptosis in the treated cells. B) qRT-PCR was conducted to evaluate the expression of p53 in DLBCL cells following p53 knockdown. C) Western blot 
analysis was conducted to evaluate the expression of p53/apoptosis-related proteins in DLBCL cells following p53 knockdown. D) Co-IP assay was 
performed to assess the interaction between BCL-2 and BIM. All cellular experiments were performed in triplicate independently, with data presented 
as the mean ± standard deviation. Intergroup comparisons were conducted using one-way ANOVA, followed by Tukey’s multiple comparisons test for 
post hoc analysis. Statistical significance was denoted as *p<0.05, **p<0.01, and ***p<0.001. Abbreviations: BAX-BCL-2-associated X protein; BIM-
BCL2L11; BCL-2-B-cell lymphoma 2
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3, while BCL-2 declined in DLBCL cells. When comparing 
the combined treatment to single-agent therapy, the expres-
sion levels of p53, BAX, and cleaved caspase 3 were signifi-
cantly enhanced, but BCL-2 was remarkably decreased (all 
p<0.01) (Figure 3C). Subsequently, DLBCL cells were trans-
fected with p53 siRNA and then subjected to combined treat-
ment with chidamide and venetoclax for 24 h. qRT-PCR and 
western blot analyses confirmed the successful knockdown 
of p53 (Figures 3B, 3C). Furthermore, following silencing of 
p53, apoptosis in DLBCL cells was significantly reduced (all 
p<0.01), along with a notable decrease in the expression of 
BIM, BAX, and cleaved caspase 3, and a substantial increase 
in BCL-2 expression (all p<0.01) (Figure 3C). It has been 
reported that venetoclax disrupts the BCL-2-BIM interaction 
and promotes apoptosis of DH-DPL cells [24]. Consequently, 
the interaction between BCL-2 and BIM in cells following 
p53 knockdown was assessed using the co-IP assay. It was 
found that elevated BCL-2 protein levels contributed to 
enhanced BCL-2/BIM complex formation in the si-p53 cell 
line (Figure 3D). These findings suggest that the combined 
treatment of chidamide and venetoclax effectively induces 
apoptosis in DLBCL cells, while the downregulation of p53 
expression can partially reverse the apoptotic effects of the 
combined treatment.

Upregulation of the p53-p21 pathway induced by the 
combination of chidamide and venetoclax results in G1/S 
phase cell cycle arrest in DLBCL cells. To further investigate 
the effects of the combination of chidamide and venetoclax on 
the cell cycle of DLBCL cell lines, we employed flow cytom-
etry to evaluate cell cycle distribution. As illustrated in Figure 
4A-B, relative to cells receiving no treatment, treatment with 
venetoclax had no significant effect on cell cycle, but treat-
ment with chidamide and its combination with venetoclax 
contributed to a notable increase in the proportion of DLBCL 
cells in the G1/S phase, indicating that the cell cycle was 
predominantly arrested at the G1/S transition. Furthermore, 
the G1/S phase arrest was significantly more pronounced 
with the combination treatment than with chidamide alone 
(p<0.01). Western blot analysis was conducted on cell cycle-
related proteins, including Cyclin E, Cdk2, and p21, demon-
strating that treatment with chidamide and venetoclax led to 
an elevation in p21 protein level, accompanied by a reduc-
tion in Cyclin E and Cdk2 levels, when compared to cells 
receiving no treatment (Figures 4C, 4D). The alterations in 
protein expression were significantly greater with the combi-
nation treatment compared to monotherapy (p<0.05).

Additionally, it has been reported that p21 is a transcrip-
tional target of p53 [25]. We conducted predictive analysis 
using the Jaspar database to identify potential binding sites of 
p53 within the p21 promoter region (Figure 4E). Dual-lucif-
erase reporter assay demonstrated that co-transfection of the 
oe-p53 and p21-MUT plasmids did not result in a significant 
change in luciferase activity (p > 0.05), whereas co-trans-
fection with the oe-p53 and p21-WT plasmids resulted in a 
significant increase in luciferase activity (p<0.001) (Figure 

4F). A ChIP assay was conducted to evaluate the enrichment 
of p53 at the p21 promoter region. As shown in Figure 4G, 
treatment with chidamide led to a significant increase in p53 
enrichment at the p21 promoter, and the combination treat-
ment further enhanced this effect (p<0.01).

Inhibition of p21 partially reverses the regulatory effects 
of combination treatment with chidamide and venetoclax 
on cell cycle arrest and apoptosis in DLBCL cells. In this 
study, we utilized p21 siRNA to transfect DLBCL cells for 
24 h, followed by treatment with chidamide and venetoclax 
for an additional 24 h. The results demonstrated a signifi-
cant reduction in p21 expression levels within the DLBCL 
cells transfected with p21 siRNA (Figures 5A, 5B) (both 
p<0.01). Concurrently, cell apoptosis rate was markedly 
decreased (Figure 5C) (p<0.001), but cell proliferation was 
enhanced following p21 knockdown in DLBCL cells treated 
with chidamide and venetoclax, in addition to reduced 
apoptosis and notably alleviated G1/S phase cell cycle arrest 
(Figures 5D, 5E, 5G) (all p<0.01) led to a close G0/G1 value 
to that of control cells (Figures 4A, 4B) (all p<0.01). Further-
more, an increase was observed in the BCL-2 protein level, 
while the level of pro-apoptotic proteins BIM, BAX, and 
cleaved caspase 3 was significantly diminished in DLBCL 
cells treated with p21 siRNA, chidamide, and venetoclax 
(Figure 5F) (all p<0.001). Additionally, under this condi-
tion, the expression of cell cycle-related factors Cyclin E and 
Cdk2 was significantly elevated (Figure 5H) (all p<0.001) 
and the formation of the BCL-2/BIM complex was enhanced 
(Figure 5I). These findings indicate that the knockdown of 
p21 expression can partially reverse the regulatory effects of 
chidamide and venetoclax combination on cell cycle arrest 
and apoptosis in DLBCL cells.

Discussion

In this study, we demonstrated that the combined use 
of chidamide with venetoclax can induce the acetylation 
of histones H3 and H4 and promote p53 expression, thus 
resulting in cell cycle arrest and promoting cell apoptosis 
of DLBCL cells. Compared to treatment with chidamide or 
venetoclax alone, their combination treatment exerted syner-
gistic effects on cell apoptosis and cell cycle arrest in U2932 
(ABC subtype) and SUDHL-4 cells (GCB subtype). There-
fore, the current study was conducted to explore the potential 
mechanisms underlying the synergistic effect of chidamide 
with venetoclax on promoting apoptosis of DLBCL cells, 
with the expectation of offering new insights into DLBCL 
treatment and clinical implications.

It has been reported that the GCB subtype DLBCL 
generally has a better prognosis than the ABC subtype 
[26]. In our research, SUDHL-4 cells also exhibited greater 
sensitivity to chidamide and venetoclax compared to 
U2932 cells, which is consistent with previously reported 
work [12]. Studies have shown that HDACis can reduce 
the expression of c-MYC by affecting chromatin structure, 
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Figure 4. Cell cycle assessment and interaction between p53 and p21 following combination treatment. A, B) Flow cytometric analysis of cell cycle dis-
tribution. C, D) Western blot analysis of the expression of cell cycle-related proteins. E) Predicted binding sites of p53 in the p21 promoter region by the 
Jaspar database (https://jaspar.elixir.no/). F) Dual-luciferase reporter assay was conducted to assess the interaction between p53 and p21 by measuring 
firefly luciferase activity normalized to Renilla luciferase activity. G) A ChIP assay was conducted to determine the binding of p53 at the p21 promoter 
region. Cell experiments were conducted in triplicate independently, and data are presented as the mean ± standard deviation. For comparisons among 
multiple groups, one-way ANOVA was employed, followed by Tukey’s multiple comparisons test; comparisons between two groups were performed 
using an independent samples t-test. *p<0.05, **p<0.01, and ***p<0.001. Abbreviations: p21-cyclin-dependent kinase inhibitor; Cyclin E-cyclin E; 
Cdk2-cyclin-dependent kinase 2; ChIP-chromatin immunoprecipitation
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Figure 5. Role of p21 in 
cells treated with chidam-
ide and venetoclax. A) 
qRT-PCR was conducted 
to evaluate the expression 
of p21 in cells with and 
without p21 knockdown. 
B) Western blot analysis 
to assess the expression 
level of p21 in cells with 
and without p21 knock-
down. C) Flow cytometric 
analysis of apoptosis rates 
following p21 knock-
down. D) CCK-8 assay 
was conducted to evaluate 
cell proliferation follow-
ing p21 knockdown. E) 
Cell apoptosis was evalu-
ated by the Caspase 3/7 
Activity Apoptosis Assay 
Kit. F, H) Western blot de-
tection of apoptosis-relat-
ed proteins and cell cycle-
associated proteins after 
p21 knockdown. G) Flow 
cytometric analysis of cell 
cycle distribution post 
p21 knockdown. I) Co-IP 
assay detection of the in-
teraction between BCL-2 
and BIM. Cell experi-
ments were conducted in 
triplicate independently, 
and data are expressed as 
mean ± standard devia-
tion. Between-group com-
parisons were performed 
using one-way ANOVA, 
followed by Tukey’s mul-
tiple comparisons test. 
**p<0.01, and ***p<0.001. 
Abbreviations: p21-cy-
clin-dependent kinase 
inhibitor; Cyclin E-cyclin 
E; Cdk2-cyclin-dependent 
kinase 2; BAX-BCL-2-as-
sociated X protein; BIM-
BCL2L11; BCL-2-B-cell 
lymphoma 2; Caspase 
3/7-cysteine aspartase 3/7
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thereby inhibiting cell proliferation and enhancing drug 
sensitivity [27–29]. As a crucial transcription factor, c-MYC 
is closely associated with tumorigenesis and drug resistance 
when overexpressed [29, 30]. Venetoclax has demonstrated 
the ability to displace the pro-apoptotic proteins that are 
bound to BCL-2, such as BIM, BAX, and BAK, leading 
to mitochondrial outer membrane permeabilization, 
cytochrome c release, and caspase activation, ultimately 
inducing apoptosis [31, 32]. Further, aberrant expression 
or mutations of MYC and BCL-2 genes in DLBCL cells is 
associated with the disease aggressiveness and resistance to 
some chemotherapeutic agents. Although neither SUDHL-4 
cells nor U2932 cells carry MYC gene mutations [28, 33], 
the differences in chromosomal alterations and signaling 
pathway activation between GCB and ABC subtypes 
of DLBCL may contribute to higher drug sensitivity in 
SUDHL-4 than in U2932 [34, 35]. Besides, we also noted 
that the HDACi chidamide, by inhibiting HDAC activity, 
leads to increased p53 expression, a mechanism crucial 
for both chidamide monotherapy and combined therapy 
with the BCL-2 inhibitor venetoclax. HDACis are known 
to reverse post-translational deacetylation in cancer cells. 
It has also been demonstrated that HDACs interact with 
p53, inhibiting its acetylation and affecting its role in gene 
expression regulation [36]. HDACis can enhance p53 acety-
lation, increasing its transcriptional activity and inducing 
apoptosis in cancer cells [37, 38]. As a tumor suppressor, 
p53 activation promotes apoptosis of cancer cells [39]. In 
our study, chidamide treatment significantly suppressed 
HDAC activity in DLBCL cells, and its combination with 
venetoclax exhibited stronger inhibition of HDAC activity, 
leading to a more pronounced increase in p53 expression. 
Consistently, the current study also revealed that chidamide 
and venetoclax significantly induced apoptosis in DLBCL 
cells, while p53 knockdown partially reversed this effect. 
In conclusion, our study demonstrated that chidamide-
induced inhibition of HDAC activity leads to increased 
p53 expression, and the therapeutic efficacy of chidamide, 
either as monotherapy or in combination with venetoclax, 
is dependent on p53 expression.

Further investigation on the effect of chidamide and 
venetoclax on the cell cycle of DLBCL cells demonstrated 
that the enrichment expression of p53 in the p21 promoter, 
highlighting the implication of the p53-p21 pathway in 
DLBCL cell apoptosis mediated by chidamide and veneto-
clax. As a crucial regulator of the cell cycle and apoptosis, 
p53 activates the downstream p21-CyclinE-Cdk2 signaling 
pathway, promoting apoptosis and inducing cell cycle arrest 
[40, 41]. Furthermore, p53 regulates the expression of p21 
at the transcriptional level. There is evidence showing that 
p21, a cell cycle-dependent kinase inhibitor, blocks cell 
cycle progression and thereby suppresses cell proliferation 
[42, 43]. In this signaling pathway, p21 inhibits the activity 
of the CyclinE-Cdk2 complex, blocking the G1/S phase 
transition, further suppressing cell proliferation. The BCL-2 

family proteins, which are key regulators of apoptosis, 
are broadly expressed in DLBCL cells, where their anti-
apoptotic function is targeted by the BCL-2 inhibitor 
venetoclax [44]. Venetoclax promotes the permeabiliza-
tion of the mitochondrial outer membrane by disengaging 
pro-apoptotic proteins BIM and BAX from BCL-2, which 
in turn activates apoptosis [45, 46]. BIM is a pro-apoptotic 
protein, and the amount of free BIM is decreased when 
BCL-2 binds with BIM to form the BCL-2/BIM complex 
[47]. BIM binds to the hydrophobic groove of BCL-2 via 
its BH3 domain, inducing conformational changes and 
forming a stable complex [48]. Following dissociation and 
release of BIM from BCL-2, the apoptotic cascade is initi-
ated [49]. Venetoclax has been suggested to disrupt the 
BCL-2-BIM interaction to promote apoptosis of DH-DPL 
cells [24]. Our study data found that knockdown of p53 or 
p21 partially reversed the pro-apoptotic effect of chidamide 
combined with venetoclax on DLBCL cells, and increased 
the formation of the BCL-2/BIM complex. Chidamide, by 
upregulating p53 expression, further enhances the inhibi-
tory effect of venetoclax on BCL-2, with their synergistic 
action markedly amplifying the apoptotic response of 
DLBCL cells. This synergy indicates that the combined 
use of venetoclax and chidamide plays a critical role in 
reducing anti-apoptotic signaling while enhancing cancer 
cell sensitivity to therapy via the p53-p21 pathway. A prior 
study has demonstrated that the combination of chidamide 
and venetoclax reduces the BCL-2/BIM ratio and decreases 
TP53 expression in DLBCL, thereby inhibiting DLBCL 
growth [21]. These data indicate that although the effects 
of HDACi in DLBCL all depend on the p53 pathway, their 
regulatory mechanisms are diverse and complex.

However, certain limitations remain in our study, such 
as the lack of further investigation into whether the syner-
gistic effects of chidamide and venetoclax enhance drug 
sensitivity in resistant cell lines, and the absence of in vivo 
validation of combination therapy efficacy. Additionally, 
further exploration of other epigenetic mechanisms, such 
as DNA methylation and nucleosome positioning, will help 
elucidate the molecular mechanisms underlying the combi-
nation therapy of chidamide and venetoclax in DLBCL, 
providing insight into the feasibility of epigenetic inhibition 
in DLBCL treatment.

In summary, this study’s findings suggest that the combi-
nation of the HDACi chidamide and the BCL-2 inhibitor 
venetoclax can regulate apoptosis and cell cycle arrest 
in DLBCL cells by the p53-p21-CyclinE-Cdk2 signaling 
pathway, offering a promising therapeutic strategy for 
DLBCL. Future research should focus on refining this 
mechanism and validating its clinical potential through 
in vivo studies, with the goal of achieving further break-
throughs in DLBCL treatment.
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