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Background: Diffuse large B-cell lymphoma (DLBCL) is a type of highly heterogeneous malignancy. Histone deacetylase 1
(HDAC1) plays a key role in various malignancies, but its function remains elusive in DLBCL. This study aims to explore the
pivotal role and the mechanism of HDAC1 in DLBCL.
Methods: HDAC1 expression was detected in DLBCL tissues and cells. The glycolytic activity was assessed using pyruvate,
lactic acid and glucose consumption assay kits. Cell apoptosis and proliferative capacity were measured by flow cytometry,
3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT) and 5-Ethynyl-2′-deoxyuridine (EdU) assays. Western
blotting was used to detect the expression of HDAC1, phosphatidylinositol 3-kinase/protein kinase B/mammalian target of ra-
pamycin (PI3K/AKT/mTOR) and glycolysis-related proteins. The effects of HDAC1 on tumor growth in vivo were explored by
establishing a xenotransplantation model. Expressions of HDAC1, Ki-67, and c-myc in mouse tumors were detected by means of
immunohistochemistry.
Results: High levels of HDAC1 were found in DLBCL tissues and cells (p < 0.05). HDAC1 knockdown repressed cell prolif-
eration, glycolysis, and PI3K/AKT/mTOR pathway in DLBCL cells (p < 0.05). Moreover, 740Y-P (PI3K/AKT/mTOR pathway
activator) partly reversed the inhibition ofHDAC1 knockdown on cell proliferation and glycolysis (p< 0.05). Importantly, tumor
xenotransplantation models showed that HDAC1 knockdown inhibited tumor growth in vivo (p < 0.05).
Conclusions: HDAC1 facilitates the proliferation and glycolysis of DLBCLbymediating the PI3K/AKT/mTORpathway, offering
a therapeutic target for DLBCL.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is a highly
aggressive diffuse malignant proliferation disease of the
lymphatic system, and exhibits extremely rapid growth and
high malignancy [1,2]. DLBCL is classified into multiple
subtypes, including germinal center B-cell (GCB) and acti-
vated B-cell (ABC), in view of their heterogeneity in etiol-
ogy, genetics, histology, and clinical outcomes, which com-
plicate both treatment and prognosis [3,4]. In-depth explo-
ration of the molecular mechanism underlying the develop-
ment of DLBCL can uncover therapeutic targets leading to
potential gene-targeted therapies for this malignant disease.

A malignant tumor is an uncontrolled neoplasm char-
acterized by abnormal cell proliferation, division, and dif-
ferentiation under the action of a series of initiating and
promoting factors [5,6]. Proliferation forms a crucial part
of tumor progression. In normal cells, DNA replication,
as well as cell division and death, are strictly regulated
by genes, whereas cells in malignant tumors can prolif-
erate uncontrollably when their proliferation capacity be-
comes unchecked. The undeterred proliferation of malig-
nant cells arises from various factors, including oncogene
activation, mutations in tumor suppressor genes, telomerase
overexpression, and dysregulation of signaling pathways
[7,8]. Other than this, abnormal energy metabolism is a
core pathological characteristic of tumor cells [9]. Stud-
ies have shown that even under aerobic conditions, tumor
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cells will prioritize glucose for aerobic glycolysis, in a phe-
nomenon known as the Warburg effect that creates a fa-
vorable environment for tumor growth and proliferation
[10,11]. Another study has confirmed that abnormal en-
ergy metabolism pathways in tumor cells can serve as ther-
apeutic targets for tumors [12]. Therefore, it is important to
elucidate the energy regulation mechanism and abnormal
energy metabolism of tumor cells.

Histone deacetylase 1 (HDAC1) is an important mem-
ber of the intracellular metalloproteinase family, which can
regulate cell growth and apoptosis, as well as the transcrip-
tion and expression of related genes [13]. According to
several reports, HDAC1 is involved in the development of
various tumors [14–16]. For instance,HDAC1 silencing in-
hibited cell growth and promoted cell death in breast can-
cer [17]. Another study showed that HDAC1 expression
was dramatically elevated in patients with ovarian cancer,
positioning it as a potential diagnostic biomarker [18]. It
has been found that increased HDAC1 expression in gas-
tric cancer (GC) was related to tumor size and stage, lymph
node metastasis, and differentiation degree [19]. More-
over, abnormal expression of HDAC1was observed in lym-
phoma, and HDAC1 overexpression was related to poor
prognosis [20]. Nevertheless, the role of HDAC1 in DL-
BCL progression, especially in proliferation and glycolysis,
remains unclear.

Phosphatidylinositol 3-kinase/protein kinase
B/mammalian target of rapamycin (PI3K/AKT/mTOR)
pathway is the central regulator of physiological changes
in human tumor cells and participates in various biological
processes, including cell cycle, survival, epithelial-
mesenchymal transition, substance metabolism, and angio-
genesis [21]. By mediating the activation of p85 and p110,
PI3K catalyzes the synthesis of phosphatidylinositol 4,5-
bisphosphate into phosphatidylinositol 3,4,5-trisphosphate
(PIP3) [22]. PIP3 regulates AKT and 3-phosphoinositide-
dependent kinase 1 localization and activation. Activated
AKT transmits signals to downstream factors, thereby af-
fecting metabolism, proliferation, angiogenesis, and other
processes of tumor cells [23]. Recent studies have demon-
strated that activation of the PI3K/AKT pathway promotes
tumor development and reprograms glucose metabolism
by capitalizing on its anti-apoptosis and pro-proliferation
effects [24,25]. HDAC1 also plays a promoting role in
the glycolysis and progression of tumors [19,26]. HDAC1
promotes glioblastoma progression by stimulating the
PI3K/AKT pathway [27]. The utilization of MS-275, a
specific HDAC1 inhibitor, has been shown to suppress the
malignant behavior and stemness of esophageal squamous
cell carcinoma cells by inhibiting the PI3K/AKT/mTOR
pathway [28]. However, whether HDAC1 plays a role
in DLBCL cell proliferation and glycolysis by regulating
PI3K/AKT/mTOR signaling remains to be elucidated.

In the present study, the effects of HDAC1 on the pro-
liferative potential and glycolytic activities of DLBCL cells

were preliminarily explored. Furthermore, to delineate
its pivotal role in cellular dynamics, we explored whether
HDAC1 regulates the PI3K/AKT/mTOR pathway in DL-
BCL.

Materials and Methods

Patient Specimens
Forty-six tumor specimens were obtained from pa-

tients diagnosed with DLBCL in Yantaishan Hospital from
April 2024 to April 2025. All patients belong to the GCB
subtypes. Inclusion criteria of this study are as follows:
(1) patients diagnosed with DLBCL; (2) patients receiving
first-time treatment, with no history of having received anti-
tumor treatments such as chemotherapy or radiotherapy; (3)
patients with complete pathological data; and (4) patients or
their families who voluntarily signed the informed consent
form. Patients with the following criteria were excluded:
(1) patients with recurrent disease; (2) patients with primary
mediastinal large B-cell lymphoma; (3) patients with other
hematological disorders or other congenital immune disor-
ders; (4) patients with other malignant tumors; (5) patients
with severe functional failure of organs such as the heart,
liver, lungs, and kidneys; (6) patients with mental disorders
and cognitive dysfunction; and (7) women during lactation
or pregnancy. In addition, lymphoid tissues were meticu-
lously harvested from a cohort of 28 patients exhibiting re-
active lymphoid hyperplasia during the same period, serv-
ing as a control for this study (normal group). The tissues
obtained were preserved at –80 °C for subsequent experi-
ments.

Bioinformatics Analysis
The Gene Expression Profiling and Interactive Anal-

yses (GEPIA) database (http://gepia.cancer-pku.cn/) con-
tains RNA sequences based on tumor and normal samples
from The Cancer Genome Atlas (TCGA) and Genotype-
Tissue Expression (GTEx) databases for the purpose of an-
alyzingHDAC1 expression in DLBCL tissues. HDAC1 ex-
pression in DLBCL was searched in adherence to the fol-
lowing screening criteria: (1) Expression DIY: Boxplot; (2)
Datasets Selection: DLBC; (3) Matched TCGA normal and
GTEx data; (4) Other settings are the default settings of the
online analysis tool. A total of 47 DLBCL tissues and 337
normal tissues fulfilling these conditions were found and
gathered.

Cell Culture
Human DLBCL cell lines used in the current study

were GCB-DLBCL subtype SU-DHL-8 (CL-0871, Pri-
cella, Wuhan, China) and OCI-LY-7 (XY-H736, Xybio,
Shanghai, China), along with human B-lymphoblastoid cell
line GM12878 (YB-72035HC, Yu Bo, Shanghai, China).
The cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM, PM12206, PERFEMIKER, Shanghai,
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China) supplemented with 10% fetal bovine serum (abs972,
absin, Shanghai, China) and 1% penicillin/streptomycin
(CSH9024, Chemstan, Wuhan, China). These cells were
cultivated within an incubator at 37 °C and enriched with an
atmosphere comprising 5% CO2. All cell lines were sub-
jected to rigorous short tandem repeat authentication and
mycoplasma detection.

Transfection
Lentiviral vectors carrying HDAC1 short-hairpin

RNA (sh-HDAC1#1, sh-HDAC1#2, and sh-HDAC1#3) and
non-targeted shRNA (sh-NC) sequences were provided
by GenePharma (Shanghai, China). Lentiviruses were
transfected into cells according to the manufacturer’s in-
structions. After transfection, PI3K activator 740Y-P (20
µM, 1983, R&D, Minneapolis, MN, USA) was added
for rescue experiments [29]. Cells were divided into
control (OCI-LY-7 or SU-DHL-8 cells without any treat-
ment), sh-NC, sh-HDAC1#1, sh-HDAC1#2, sh-HDAC1#3,
sh-HDAC1#1+dimethyl sulfoxide (DMSO [the solvent of
740Y-P], 67-68-5, Sinopharm, Shanghai, China), and sh-
HDAC1#1+740Y-P groups. Targeting sequences are listed
as follows.

sh-NC:
Sense: 5′-GUAUGUUCCGGUAAGAUAUTT-3′;
Antisense: 5′-AUAUCUUACCGGAACAUACTT-

3′.
sh-HDAC1#1:
Sense: 5′-CCCGGAGGAAAGUCUGUUATT-3′;
Antisense: 5′-UAACAGACUUUCCUCCGGGTG-

3′.
sh-HDAC1#2:
Sense: 5′-GCUUCAAUCUAACUAUCAATT-3′;
Antisense: 5′-UUGAUAGUUAGAUUGAAGCAA-

3′.
sh-HDAC1#3:
Sense: 5′-CGACUGUUUGAGAACCUUATT-3′;
Antisense: 5′-UAAGGUUCUCAAACAGUCGCT-

3′.

Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR)

Total RNA was isolated with TRIzol reagent
(PM11648, PERFEMIKER, Shanghai, China), and reverse
transcription of cDNA was performed with Transcript
cDNA Synthesis kit (RP1100, Solarbio, Beijing, China).
Amplification was conducted utilizing SYBR Green kit
(SR1110, Solarbio, Beijing, China) with a PCR system
(LightCycler 480, Roche, Basel, Switzerland). Relative
expression of HDAC1 was calculated using the 2−∆∆CT

method with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as endogenous control. Primer sequences are as
follows:

HDAC1:
Forward: 5′-GCTGTGGTACTTGGTCATCT-3′;
Reverse: 5′-GAAT CCGCATGACTCATAAT-3′.
GAPDH :
Forward: 5′-GTCTCCTCTGACTTCAACAGCG-3′;
Reverse: 5′-ACCACCCTGTTGCTGTAGCCAA-3′.

3-(4,5)-dimethylthiahiazo
(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) Assay

The transfected cells were inoculated into a 96-well
plate (2 × 103 cells/well). After the cells were incubated
for 24, 48, 72, and 96 hours, 20 µL MTT reagent (M1020,
Solarbio, Beijing, China) was added. Following a 4-hour
incubation, absorbance at 490 nm was recorded with a mi-
croplate reader (ELx800, Bio-Tek, Windim, VT, USA).

Western Blotting
Protein was isolated by radioimmunoprecipitation

assay buffering solution (P0013B, Beyotime, Shanghai,
China). Bicinchoninic acid assay kit (P0010S, Beyotime,
Shanghai, China) was utilized for identifying protein con-
centration. Equal amounts of proteins were separated by
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis and then transferred to polyvinylidene fluoride mem-
branes (YA1701, Solarbio, Beijing, China). The mem-
branes were blocked with 5% non-fat milk solution for
1 hour at 37 °C. Afterwards, the membranes were incu-
bated with primary antibodies against HDAC1 (1:1000,
ab109411, Abcam, Waltham, MA, USA), Glucose trans-
porter type 1 (GLUT1, 1:1000, AF5462, Affinity, Cincin-
nati, OH, USA), Hexokinase 2 (HK2, 1:1000, DF6176,
Affinity, Cincinnati, OH, USA), Pyruvate kinase isozyme
M2 (PKM2, 1:1000, AF5234, Affinity, Cincinnati, OH,
USA), Lactate dehydrogenase A (LDHA, 1:1000, DF6280,
Affinity, Cincinnati, OH, USA), phosphorylated phos-
phoinositide 3-kinase (p-PI3K, 1:1000, phospho Tyr607,
AF3241, Affinity, Cincinnati, OH, USA), PI3K (1:1000,
AF6241, Affinity, Cincinnati, OH, USA), phosphorylated
protein kinase B (p-AKT, 1:1000, phospho Ser473, 4060S,
CST, Danvers, MA, USA), AKT (1:1000, 9272S, CST,
Danvers, MA, USA), phosphorylated mammalian target of
rapamycin (p-mTOR, 1:1000, phospho Ser2448, 2971S,
CST, Danvers, MA, USA), mTOR (1:1000, 2972S, CST,
Danvers, MA,USA), andGAPDH (1:3000, AF7021, Affin-
ity, Cincinnati, OH, USA), followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary an-
tibody (1:5000, S0001, Affinity, Cincinnati, OH, USA).
The immunoreactions were visualized using an enhanced
chemiluminescence (ECL) reagent (PE0010, Solarbio, Bei-
jing, China) and observed under a luminescent image ana-
lyzer (5200, Tanon, Shanghai, China). Gray values were
analyzed using the Quantity-One software (v4.4, Biorad
laboratory, Hercules, CA, USA).
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5-Ethynyl-2′-deoxyuridine (EdU) Staining
Logarithmic DLBCL cells were inoculated into 96-

well plates with 4 × 105 cells/well. EdU (C0071S-1, Be-
yotime, Shanghai, China) was added to each well at a vol-
ume of 100 µL. After a 2-hour cultivation, cells were fixed
with 4% paraformaldehyde (P0099, Beyotime, Shanghai,
China) for 30 minutes. Then, the cells were meticulously
stained with Hoechst 33342 reaction solution (C0071S-6,
Beyotime, Shanghai, China) at ambient temperature for 30
minutes. Subsequently, images were photographed under
microscopy (FV3000, Olympus, Tokyo, Japan). The EdU-
positive cells were enumerated in terms of percentages us-
ing the following formula:

Percentage of EdU-positive cells (%) = (EdU-positive
cells/Total number of cells) × 100.

Flow Cytometry
Cell apoptosis was detected through Annexin V-

FITC/PI kit (C1383M, Beyotime, Shanghai, China). After
resuspending with binding buffer, DLBCL cells (1 × 105)
were stained using Annexin V-FITC/PI reagents in the dark.
The apoptotic cells were analyzed by means of flow cytom-
etry (FACScan, BD Biosciences, San Jose, CA, USA).

Glycolytic Analysis
The processed cells of each group were digested

and centrifuged; subsequently, the supernatant was dis-
carded, and the cell pellet was resuspended in an appropri-
ate medium. The cell suspension was adjusted to a density
of 1 × 105 cells/100 µL and then inoculated into 6-well
plates. The plates were cultured in a 37 °C, 5%CO2 incuba-
tor. After the cells adhered to the plate, the pyruvate assay
kit (S0299S, Beyotime, Shanghai, China), lactic acid assay
kit (S0208S, Beyotime, Shanghai, China), and glucose as-
say kit (BC2505, Solarbio, Beijing, China) were adopted
to measure the production of pyruvate, lactic acid, and glu-
cose consumption in DLBCL cells. The absorbance val-
ues of pyruvic acid, lactic acid, and glucose were detected
at wavelengths of 570 nm, 450 nm, and 505 nm, respec-
tively, using a microplate reader (BioTek Synergy, BioTek,
Winooski, VT, USA), which can automatically determine
the samples’ corresponding concentrations. Taking the con-
trol group as the standard, the relative contents of pyruvate
and lactic acid were expressed as the ratio of the experimen-
tal group to the control group. Using value in the control
well containing only culture medium without cells as the
initial glucose concentration, the concentration of glucose
consumed was determined using the formula in following:

Concentration of glucose consumed = Initial glucose
concentration – Measured glucose concentration.

Relative glucose consumption = Concentration of glu-
cose consumed in the experimental group/Concentration of
glucose consumed in the control group.

Xenograft Tumor Model
TenBALB/c nudemice aged 4–6weeks obtained from

Shandong Aileke Biotechnology Co., Ltd. (SCXK (Lu)
2022 0001) were randomly divided into two groups, with
five mice in each group. The mice were subcutaneously ad-
ministered with sh-NC and sh-HDAC1#1 OCI-LY-7 cells (1
× 104), respectively. All the mice were raised in a specific
pathogen-free environment, with the room temperature set
at 25 °C and the humidity at 70%. The tumor formation
rate was observed 7 days after injection (tumor modeling
was considered successful if the tumor had grown to a vol-
ume of 3 to 4 mm3). All the nude mice in both groups de-
veloped tumors subcutaneously. After 28 days, the mice
were sacrificed through CO2 inhalation. Tumors were re-
moved for measurements of volume, weighing, sectioning
and immunohistochemical analysis. The tumor volumewas
determined using the following formula:

Volume = 0.5 × Length ×Width2.

Immunohistochemical Analysis
Tissue sections were dewaxed and dehydrated in xy-

lene and a gradient of ethanol solutions, respectively. Sub-
sequently, the sections were subjected to heating at an el-
evated temperature of 98 °C for 15 minutes in a 0.01 M
citrate buffer, followed by the application of 3% hydro-
gen peroxide for an additional period of 10 minutes. Af-
ter a 30-minute incubation with normal serum, the tissue
sections were successively incubated with primary anti-
body against HDAC1 (1:100, ab109411, Abcam, Waltham,
MA, USA), Ki67 (1:200, AF0198, Affinity, Cincinnati,
OH, USA), c-myc (1:500, ab32072, Abcam,Waltham,MA,
USA), followed by incubation with secondary antibody
(1:200, S0001, Affinity, Cincinnati, OH, USA). After stain-
ing with 3, 3′-diaminobenzidine (P0202, Beyotime, Shang-
hai, China), the sections were evaluated under a microscope
(DM3000, Leica, Wetzlar, Germany).

Statistical Analysis
GraphPad Prism software (v8.0, GraphPad Software,

Inc., San Diego, CA, USA) was adopted for data process-
ing. All data are presented as mean ± standard deviation.
To compare two groups, the Student’s t-test was utilized,
whereas the analysis of variance (ANOVA) followed by
Tukey’s test was employed for comparisons involving mul-
tiple groups. A p < 0.05 was defined as statistically signif-
icant.

Results

HDAC1 was Elevated in DLBCL
HDAC1 expression in 46DLBCL and 28 reactive lym-

phoid hyperplasia was examined using RT-qPCR. HDAC1
expression was increased in DLBCL tissues versus nor-
mal tissues (Fig. 1a) (p < 0.05). Meanwhile, bioinfor-
matics analysis demonstrated that HDAC1 expression was
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Fig. 1. HDAC1 was up-regulated in DLBCL. (a) HDAC1 expression in 46 DLBCL samples and 28 reactive lymphoid hyperplasia
samples was assessed by means of RT-qPCR (normal: n = 28; DLBCL: n = 46). (b) TCGA data from the GEPIA showed that HDAC1
expression was up-regulated in DLBCL tissues (normal (N): n = 337; tumor (T): n = 47). (c,d) HDAC1 protein levels in three DLBCL
samples (n = 3) and three normal samples (n = 3). (e) HDAC1 expression in DLBCL cell lines, including OCI-LY-7 and SU-DHL-8,
was assessed by RT-qPCR assay (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with normal or GM12878
group. Abbreviations: DLBCL, Diffuse large B-cell lymphoma; HDAC1, Histone deacetylase 1; RT-qPCR, Real-time quantitative
polymerase chain reaction; TCGA, The Cancer Genome Atlas; GEPIA, Gene Expression Profiling and Interactive Analyses; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

also remarkably elevated in DLBCL tissues (Fig. 1b) (p
< 0.05). Western blotting was then adopted for analyz-
ing the HDAC1 protein levels in three DLBCL samples and
three normal controls. Results revealed that HDAC1 pro-
tein level was notably elevated in DLBCL tissues versus
normal tissues (Fig. 1c,d) (p < 0.05). In addition, HDAC1
expression was also detected in DLBCL cell lines, with the
expression being higher in the DLBCL cells than in the
GM12878 cells (Fig. 1e) (p < 0.05). Taken together, these
findings point to the potential involvement of HDAC1 in
DLBCL development.

HDAC1 Silencing Repressed DLBCL Cells’
Proliferation and Glycolysis

Next, a lentivirus-mediated loss-of-function assaywas
adopted for knocking down HDAC1 expression in DLBCL
cells. RT-qPCR results illustrated that HDAC1 expression
was notably decreased after sh-HDAC1 transfection, and
sh-HDAC1#1 has the best gene silencing effect (Fig. 2a,b)
(p < 0.05). Subsequently, both Western blotting and RT-
qPCR results showed a consistent trend of HDAC1 knock-
down (Fig. 2c–f) (p < 0.05). Given that HDAC1 was suc-
cessfully knocked down, the sh-HDAC1#1 was selected for
the follow-up experiments.
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Fig. 2. HDAC1 expression was detected after sh-HDAC1 transfection. (a,b) HDAC1 mRNA expression was detected in cells after
HDAC1 knockdown (n = 3). (c–f) HDAC1 protein expression was detected in cells after HDAC1 knockdown (n = 3). ###p< 0.001, ####p
< 0.0001, compared with sh-NC. Abbreviations: HDAC1, Histone deacetylase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

This research was conducted to investigate whether
HDAC1 knockdown affects the proliferation of the DL-
BCL cells, given that uncontrolled proliferation is a hall-
mark of malignant tumors. It was shown that inhibition
of HDAC1 expression repressed the viability of DLBCL
cells (Fig. 3a,b) (p< 0.05). Meanwhile, EdU assay showed
that HDAC1 knockdown inhibited DLBCL cell prolifer-
ation (Fig. 3c–f) (p < 0.05). Additionally, according to
flow cytometry results, HDAC1 knockdown promoted cell
apoptosis in DLBCL cells (Fig. 4a–d) (p < 0.05). HDAC1
silencing also reduced the production of pyruvate, lactic
acid, glucose consumption, and glycolysis-related protein
expression in DLBCL cells (Fig. 5a–g) (p < 0.05). There-
fore,HDAC1 knockdown could inhibit the proliferation and
glycolysis of DLBCL cells.

HDAC1 Silencing Inactivated PI3K/AKT/mTOR
Pathway

The PI3K/AKT/mTOR pathway plays an indispens-
able role in the proliferation and metabolism of tumor

cells. By analyzing expression of PI3K/AKT/mTOR
pathway-related proteins in DLBCL cells following sh-
HDAC1#1 transfection via Western blotting, we found
that expression of p-PI3K, p-AKT and p-mTOR was re-
duced in the sh-HDAC1#1 group versus the sh-NC group
in OCI-LY-7 and SU-DHL-8 cells (Fig. 6a–d) (p < 0.05).
These findings indicate that HDAC1 knockdown represses
PI3K/AKT/mTOR pathway.

HDAC1 Regulated Proliferation and Glycolysis of
OCI-LY-7 Cells Through PI3K/AKT/mTOR Pathway

HDAC1 knockdown inhibited the proliferation and
glycolysis of DLBCL cells. To further clarify whether
the impact of HDAC1 knockdown on the prolifera-
tion and glycolysis of DLBCL cells is related to the
PI3K/AKT/mTOR signaling pathway, a rescue experiment
was conducted by using 740Y-P. The results confirmed
that inhibition of HDAC1 knockdown on cell proliferation
was partly reversed by the addition of 740Y-P (Fig. 7a–
c) (p < 0.05). The addition of 740Y-P also improved

https://www.discovmed.com/


1980

Fig. 3. HDAC1 knockdown repressed the proliferation of DLBCL cells. (a,b) Viability of OCI-LY-7 and SU-DHL-8 cells with and
without HDAC1 knockdown as assessed using MTT assay (n = 3). (c–f) Effect of HDAC1 knockdown on proliferation of OCI-LY-7
and SU-DHL-8 cells as measured by means of EdU assay (scale bar: 50 µm) (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001, compared
with sh-NC. Abbreviations: DLBCL, Diffuse large B-cell lymphoma; HDAC1, Histone deacetylase 1; MTT, 3-(4,5)-dimethylthiahiazo
(-z-y1)-3,5-di-phenytetrazoliumromide; EdU, 5-Ethynyl-2′-deoxyuridine.

https://www.discovmed.com/


1981

Fig. 4. HDAC1 knockdown promoted apoptosis of DLBCL cells. (a–d) The effect ofHDAC1 knockdown on the apoptosis of OCI-LY-
7 and SU-DHL-8 cells was measured using a flow cytometry assay (n = 3). #p< 0.05, ##p< 0.01, compared with sh-NC. Abbreviations:
DLBCL, Diffuse large B-cell lymphoma; HDAC1, Histone deacetylase 1.

cell apoptosis after HDAC1 knockdown (Fig. 7d,e) (p
< 0.05). In addition, the inhibiting effect on the gly-
colytic metabolism of sh-HDAC1#1+DMSO could be re-
versed by sh-HDAC1#1+740Y-P in cells (Fig. 8) (p <

0.05). These findings highlight that HDAC1 regulates the
proliferation and glycolysis of DLBCL cells through the
PI3K/AKT/mTOR pathway.

HDAC1 Knockdown Suppressed the Tumor Growth
of DLBCL

In order to further verify the effect of HDAC1 expres-
sion level on tumor growth, OCI-LY-7 cells transfected with
sh-HDAC1#1 were injected into mice to establish xenograft
tumor model. HDAC1 level was decreased in the sh-

HDAC1#1 group versus the sh-NC group (Fig. 9a–c) (p <

0.05). Injection of sh-HDAC1#1 significantly suppressed
tumor volume (Fig. 9d,e) (p < 0.05). Moreover, tumor
weight in the sh-HDAC1#1 group was decreased versus the
sh-NC group (Fig. 9f) (p< 0.05). Based on the immunohis-
tochemical staining results, HDAC1 down-regulation sig-
nificantly inhibited the HDAC1, Ki-67, and c-myc protein
expression in mice (Fig. 10a–f) (p < 0.05), indicating that
HDAC1 contributed to tumor growth of DLBCL in vivo.

Discussion

With existing therapies, approximately 40% of DL-
BCL patients can achieve sustained remission, but a sig-
nificant proportion still face a prolonged clinical course
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Fig. 5. HDAC1 knockdown repressed glycolysis of DLBCL cells. (a–g) The effect of HDAC1 knockdown on glucose consumption,
pyruvate production, lactate production, and glycolysis-related protein expression in OCI-LY-7 and SU-DHL-8 cells (n = 3). ##p <

0.01, ###p < 0.001, ####p < 0.0001, compared with sh-NC. Abbreviations: DLBCL, Diffuse large B-cell lymphoma; HDAC1, Histone
deacetylase 1; GLUT1, Glucose transporter type 1; HK2, Hexokinase 2; PKM2, Pyruvate kinase muscle isoform 2; LDHA, Lactate
dehydrogenase A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

and unfavorable prognosis [30]. Therefore, this warrants
the continued search for new biomolecular markers and
therapeutic targets. The present study demonstrated that
HDAC1 knockdown repressed DLBCL proliferation and
aerobic glycolysis through the PI3K/AKT/mTOR pathway
topic which has rarely been discussed. This study also fur-
ther explores the role of HDAC1 during the development of
DLBCL, providing new therapeutic ideas and insights for
the treatment of DLBCL. This also contributes to a deeper
understanding of the regulatory networks and mechanisms
underlying DLBCL development, facilitating the transla-
tion of fundamental research into clinically relevant molec-
ular markers and potential therapeutic targets. However,
the precise mechanisms and their clinical application still
require further investigation and validation.

HDAC is an important epigenetic regulator of tumors.
Increased HDAC activity leads to silencing of tumor sup-

pressor genes, resulting in abnormal growth of lymphoma
[31]. Marquard et al. [32] reported higher expression of
HDAC1, HDAC2 and HDAC6 in tumor tissues of DL-
BCL patients compared to lymphatic tissues of normal con-
trols. Another study found that 89.7% of DLBCL patients
were HDAC1-positive [33]. Notably, a previous study con-
firmed that HDAC1 and HDAC2 modulated B cell prolif-
eration and apoptosis [34]. However, studies reporting the
direct role of HDAC1 in DLBCL cell proliferation and gly-
colysis remain scarce. Ye [35] found that patients with high
HDAC1 expression exhibited significantly poorer overall
survival and progression-free survival compared to those
with low expression, and that VPA (a selective HDAC in-
hibitor) could inhibit the growth and induce apoptosis of
DLBCL cells with high HDAC1 expression. Min et al.
[33] found that the proliferation index was correlated with
HDAC1 expression level in cases of DLBCL. In the cur-

https://www.discovmed.com/


1983

Fig. 6. HDAC1 knockdown inactivated PI3K/AKT/mTOR pathway. (a–d) The expression of phosphorylated PI3K, AKT and mTOR
in cells following sh-HDAC1#1 transfection, as measured using Western blotting (n = 3). #p < 0.05, ####p < 0.0001, compared with sh-
NC. Abbreviations: HDAC1, Histone deacetylase 1; PI3K, Phosphatidylinositol 3-kinase; AKT, protein kinase B; mTOR, mammalian
target of rapamycin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

rent research, we also found that HDAC1 knockdown sup-
pressed DLBCL cell proliferation and promoted apoptosis.
Moreover, HDAC1 knockdown repressed tumor growth of
DLBCL in vivo. Multiple studies have shown that HDAC1
also plays a critical role in the glycolysis process of ma-
lignant tumors. HDAC1 has been found to promote gly-
colysis in GC progression [19], whereas in endometrial
cancer, HDAC1 facilitates aerobic glycolysis and growth
[26]. A published bioinformatics analysis revealed that the
glioblastoma tissues with high HDAC1 levels exhibited re-
markable expression of cancer markers, including those re-
lated to glycolysis [16]. This study found that HDAC1
silencing reduced the production of pyruvate, lactic acid,
glucose consumption, and expression of glycolysis-related
proteins in DLBCL cells. This indicates that HDAC1 plays
a crucial role in regulating the glucose metabolism and pro-
liferation of DLBCL cells.

The PI3K/AKT/mTOR pathway plays a crucial role
in cell proliferation, survival, metabolism, and metastasis,
and has been found to be abnormally activated in many
cancer types [36]. It has been reported that HDAC1 pro-
moted the malignant development of glioblastoma through
the MEK/ERK and PI3K/AKT pathways [27]. As the
main signal transduction pathway in tumor progression,
the PI3K/AKT/mTOR pathway has been reported to be
involved in the regulation of tumor growth and glycoly-
sis of several cancer types [37–39]. A study found that
pretreatment with either PI3K/AKT inhibitor or mTOR
inhibitor aggravated the effects of KLK10 on colorectal
cancer cell growth and glucose metabolism [40]. More-
over, andrographolide inhibited glycolysis via suppress-
ing the PI3K/AKT/mTOR pathway, thereby enhancing the
radiosensitivity of colorectal cancer [41]. Notably, the
PI3K/AKT/mTOR pathway was abnormally activated in
primary lymphoma of the central nervous system, con-
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Fig. 7. 740Y-P reversed the inhibitory effect of HDAC1 knockdown on the proliferation of OCI-LY-7 cells. (a–c) Evaluations of
proliferative capacity of OCI-LY-7 cells treated with HDAC1 knockdown and 740Y-P by means of MTT and EdU assays (scale bar: 50
µm) (n = 3). (d,e) Flow cytometric evaluations of the apoptosis of OCI-LY-7 cells treated with HDAC1 knockdown and 740Y-P (n = 3).
#p < 0.05, ###p < 0.001, ####p < 0.0001, compared with sh-NC. $p < 0.05, $$$p < 0.001, compared with sh-HDAC1#1+DMSO. Ab-
breviations: HDAC1, Histone deacetylase 1; MTT, 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide; EdU, 5-Ethynyl-
2′-deoxyuridine; DMSO, dimethyl sulfoxide.

tributing to an unfavorable prognosis [42]. Moreover,
ROR1 knockdown notably inhibited the phosphorylation of
PI3K, AKT and mTOR, but PI3K, AKT and mTOR protein
levels in DLBCL cells were not significantly different be-
tween the ROR1 knockdown group and the control group
[43]. However, whether HDAC1 affects cell proliferation
and glycolysis in DLBCL through the PI3K/AKT/mTOR
pathway remains unclear. Our results revealed that HDAC1
knockdown was able to inhibit phosphorylation of PI3K,
AKT, and mTOR proteins in cells. Moreover, the inhibitory
effect of HDAC1 knockdown on cell proliferation and gly-
colysis could be reversed by 740Y-P. Therefore, our find-
ings suggest that HDAC1 plays a critical role in DLBCL
development by promoting tumor cell proliferation and gly-
colysis, while inhibiting apoptosis, through activation of the
PI3K/AKT/mTOR pathway.

Based on the heterogeneity of tumor energy
metabolism, DLBCL can be classified into oxidative
phosphorylation (OxPhos) and non-oxidative phospho-
rylation (non-OxPhos) subtypes [44]. In the OxPhos
subtype of DLBCL, genes related to mitochondrial ox-
idative phosphorylation are upregulated, and cells show
increased dependence on fatty acid β-oxidation (FAO) for
energy production. In contrast, the non-OxPhos subtype
exhibits abnormally elevated glycolytic activity [45,46].
Approximately 60% of the total energy of DLBCL cells
is derived from aerobic glycolysis [47]. Targeting the
energy metabolism pathways involved in DLBCL may
provide new insights for improving treatment strategies and
prognostic assessment. Metabolic heterogeneity among
DLBCL subtypes highlights the potential for individual-
ized, precision treatment. Identifying differences in energy
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Fig. 8. 740Y-P reversed inhibitory effect of HDAC1 knockdown on the glycolysis of OCI-LY-7 cells. (a–c) Effect of 740Y-P on
glucose consumption, pyruvate production, and lactate production of OCI-LY-7 cells treated with HDAC1 knockdown (n = 3). (d,e)
Effect of 740Y-P on the expression of glycolysis-related proteins in OCI-LY-7 cells treated with HDAC1 knockdown, as analyzed using
Western blotting (d), and the corresponding quantitative measurements of the protein expression (n = 3). ###p < 0.001, ####p < 0.0001,
compared with sh-NC. $$p < 0.01, $$$p < 0.001, $$$$p < 0.0001, compared with sh-HDAC1#1+DMSO. Abbreviations: HDAC1,
Histone deacetylase 1; DMSO, dimethyl sulfoxide; GLUT1, Glucose transporter type 1; HK2, Hexokinase 2; PKM2, Pyruvate kinase
muscle isoform 2; LDHA, Lactate dehydrogenase A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

metabolism among different subtypes of DLBCL, as well
as biomarkers and therapeutic targets for these subtypes,

could open new avenues for the personalized treatment of
DLBCL patients. Here, HDAC1 plays a certain regulatory
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Fig. 9. HDAC1 knockdown repressed tumor growth of DLBCL. (a–c) Expression of HDAC1 mRNA and protein in xenograft tumor
model (n = 5). (d,e) Effect of sh-HDAC1#1 on tumor growth and volume in mice (n = 5). (f) Effect of sh-HDAC1#1 on tumor weight
in mice (n = 5). ####p < 0.0001, compared with sh-NC. Abbreviations: DLBCL, Diffuse large B-cell lymphoma; HDAC1, Histone
deacetylase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

role in the energy metabolism of DLBCL tumor cells
by regulating the PI3K/AKT/mTOR pathway. With the

in-depth study of tumor epigenetics, the role of HDAC
inhibitors in tumor occurrence and development has in-
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Fig. 10. Immunohistochemical detection and quantitative analysis of HDAC1 (a,b), Ki-67 (c,d), and c-myc expression (e,f) in mice
tumor (n = 5). ####p < 0.0001, compared with sh-NC. Abbreviations: HDAC1, Histone deacetylase 1.

creasingly attracted the attention of researchers. Currently,
HDAC inhibitors have been used in the treatment and
clinical research of DLBCL [48–51]. Inhibitors targeting
the PI3K/AKT/mTOR pathway have also shown promising
progress in the clinical treatment of DLBCL [52,53]. Com-
pared to single-agent treatments, combination therapies
may offer superior clinical efficacy, highlighting their
promising potential in clinical application. In light of this,
gaining a deeper understanding of drugs and treatment
methods related to HDAC1 and the PI3K/AKT/mTOR
pathway may yield new insights for treating DLBCL and
improving patient prognosis.

This study is not without limitations. Firstly, the
present study utilized a relatively small-sized sample and
limited subtypes of patients, necessitating a larger cohort

to support our viewpoint. Additionally, only two cell lines
were employed in the functional experiments; therefore,
incorporating a broader range of cell line types in future
studies is necessary to more accurately elucidate the func-
tion of HDAC1. Due to the less competent laboratory con-
ditions and insufficient research funds, we were unable
to further investigate the regulatory relationship between
HDAC1 and the PI3K/AKT/mTOR pathway. Aside from
the above-mentioned shortcomings, several research ques-
tions remain unanswered: For example, how does HDAC1
regulate PI3K/AKT/mTOR? Does HDAC1 directly bind
to the regulatory regions of PI3K, AKT or mTOR genes?
Does HDAC1 participate in other mechanisms related to
the progression of DLBCL through the PI3K/AKT/mTOR
pathway? In summary, the regulatory mechanisms underly-
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ing DLBCL development remain incompletely understood,
but they represent a key focus for our future investigations.

Conclusions

This study demonstrated that HDAC1 expression is
markedly elevated in DLBCL tissues and cells. Knock-
down of HDAC1 suppresses cell proliferation and glycol-
ysis in DLBCL through the PI3K/AKT/mTOR pathway.
These findings highlight the pivotal role of the HDAC1 in
DLBCL development and provide a theoretical foundation
for establishing HDAC1 as a promising therapeutic target in
the development of novel treatment strategies for DLBCL.
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