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Abstract. Glioma is the most lethal type of primary brain 
tumor characterized by aggressiveness and a poor prognosis. 
Histone deacetylase 4 (HDAC4) is frequently dysregulated in 
human malignancies. However, its biological functions in the 
development of glioma are not fully understood. The present 
study aimed to evaluate HDAC4 expression in human glioma 
and to elucidate the mechanistic role of HDAC4 in glioma. The 
results suggested that HDAC4 was significantly upregulated in 
glioma tissues and a number of glioma cell lines compared 
with adjacent non-tumor tissues and the non-cancerous human 
glial cell line SVG p12, respectively (P<0.05). The prolifera-
tion, adenosine triphosphate (ATP) levels and invasion ability 
were substantially enhanced in U251 cells with HDAC4 over-
expression, and suppressed in U251 cells with a knockdown 
of HDAC4 compared with that in U251 cells transfected with 
the negative control. Knockdown of HDAC4 resulted in cell 
cycle arrest at the G0/G1 phase and induced the increase of 
reactive oxygen species level in U251 cells. Furthermore, 
HDAC4 overexpression was revealed to substantially inhibit 
the expression of cyclin-dependent kinase (CDK) inhibitors 
p21 and p27, and the expression of E-cadherin and β-catenin 
in glioma U251 cells. Knockdown of HDAC4 substantially 
promoted the expression of CDK1 and CDK2 and vimentin in 
glioma U251 cells. Mechanistically, the results of the present 
study demonstrated that HDAC4 displayed a significant 
upregulation in glioma, and promoted glioma cell prolifera-
tion and invasion mediated through the repression of p21, p27, 
E-cadherin and β-catenin, and the potentiation of CDK1, 
CDK2 and vimentin. Altogether, the present study revealed 
that HDAC4 overexpression was central for the tumorigenesis 

of glioma, which may serve as a useful prognostic biomarker 
and potential therapeutic target for glioma.

Introduction

Glioma is the most lethal type of primary malignant brain 
tumor characterized by extreme proliferation and aggressive 
invasion (1,2). The invasiveness of glioma cells is the most 
difficult obstacle to combat in order to improve prognosis. 
Diffuse infiltrative gliomas account for ~80% of all malignant 
brain tumor types, which results in a poor prognosis despite 
the advancements made in developing therapeutic strategies 
for malignant glioma (3,4). Furthermore, heterogeneity is the 
foremost feature of glioma, which makes the diagnosis and 
selection of appropriate treatments more difficult. Therefore, 
the identification of genes associated with glioma invasiveness 
and heterogeneity has become a research focus. Over the last 
decade, substantial progress has been made in elucidating 
the underlying genetic causes of glioma (5). The expression 
of RAB34, member RAS oncogene family confers a poor 
prognosis in patients with high-grade glioma (6). Suppressor 
of cytokine signaling 3 promoter methylation promotes 
glioma cell invasion through signal transducer and activator 
of transcription 3 and focal adhesion kinase 1 activation (7,8). 
However, the role of histone deacetylase 4 (HDAC4) in glioma 
cells has never been investigated.

HDAC4, a member of the class IIa family of HDACs, is 
known to undergo dynamic shuttling between the nucleus and 
cytoplasm and to function as a transcriptional corepressor that 
has been associated with a number of cellular and epigenetic 
processes (9). Cohen et al (10) revealed that the differential 
phosphorylation and localization of HDAC4 was conducive 
to setting up fiber type-specific transcriptional programs. 
Mitogen-activated protein kinase p38 promoted the degrada-
tion of HDAC4, which released Runt related transcription 
factor 2 and contributed to chondrocyte hypertrophy and 
bone formation (11). Accumulating evidence indicates that 
HDAC4 serves a crucial role in tumorigenesis and is frequently 
dysregulated in human malignancies (12). HDAC4 served 
a central role in breast cancer growth and invasion. HDAC4 
knockdown by RNA interference inhibited breast cancer cell 
growth, migration and invasion through downregulating Ki-67 
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and matrix metalloproteinase-2 (MMP-2) (13). The nuclear 
import of HDAC4 is required for melatonin-induced apoptosis 
in colorectal cancer LoVo cells (14). HDAC4 displayed a signifi-
cant upregulation in multiple myeloma, and the downregulation 
of HDAC4 suppressed survival and migration and promoted 
apoptosis and autophagy of multiple myeloma cells compared 
with multiple myeloma cells with HDAC4 overexpression 
(P<0.05), respectively (15). HDAC4 may bind with RELB 
proto-oncogene, nuclear factor-κβ subunit (RelB)-p52 forming 
an HDAC4-RelB-p52 complex, which maintains repressive 
chromatin around Bcl2 modifying factor and Bcl2 interacting 
mediator of cell death and regulates the survival and growth of 
multiple myeloma cells. Disruption of the HDAC4-RelB-p52 
complex by a HDAC4-mimetic polypeptide blocks the growth 
of multiple myeloma (16). Zeng et al (17) demonstrated that 
HDAC4 was overexpressed in esophageal squamous cell 
carcinoma, and HDAC4 overexpression was associated with an 
advanced clinical stage and poor survival. HDAC4 inhibition 
sensitized lung cancer A549 cells to doxorubicin resistance by 
reducing the phosphorylation of signal transducers and activa-
tors of transcription-1 (STAT1) and the expression of epidermal 
growth factor receptor (EGFR), which suggested an interaction 
between HDAC4, STAT1 and EGFR (18). In summary, HDAC4 
has been revealed to serve an important role in tumorigenesis, 
metastasis and invasion. However, little is known regarding the 
specific function of HDAC4 in glioma.

In the present study, glioma cell lines (U251, U-87MG 
and LN-18) and the non-cancerous human glial cell line SVG 
p12 cells were used to detect the expression of HDAC4 by 
western blotting. The effects of HDAC4 on U251 cell prolif-
eration, adenosine triphosphate (ATP) and reactive oxygen 
species (ROS) generation, the cell cycle and cell invasion were 
analyzed. In addition, the effects of HDAC4 on the expres-
sion of cell cycle-associated proteins p21, p27 and CDK1 
were analyzed, and epithelial-mesenchymal transition (EMT)-
associated proteins vimentin, E-cadherin and β-catenin in 
U251 cells. These data may be useful in the prediction of 
glioma prognosis and the establishment of targeted therapies.

Materials and methods

Specimens. A total of 12 paired glioma tissues and adjacent 
non-tumor tissues were collected from patients (7 male and 
5 female; aged 12-65 years, mean age, 39.4±16.1 years and 
30.5±15.2 years, respectively) with glioma that underwent 
routine resection surgery at the Department of Neurosurgery of 
the Affiliated Hospital of Nantong University (Nantong, China) 
between January 2014 and November 2016. All patients had not 
received any other treatment prior to surgery, including radio-
therapy and chemotherapy. The gliomas included 1 grade I, 
3 grade II, 5 grade III and 3 grade IV [2007 World Health 
Organization classification of tumors of the central nervous 
system (19)]. All tissue specimens were obtained with written 
informed consent and ethically approved by the Human Ethics 
Committee of The Affiliated Hospital of Nantong University. 
All tissue samples were immediately frozen in liquid nitrogen 
and stored at -80˚C for further experiments.

Materials. All cell culture reagents, including fetal bovine 
serum, minimum essential medium (MEM), sodium pyru-

vate, L-glutamine, penicillin, streptomycin and HEPES, 
were purchased from Gibco (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). Human glioblastoma cell lines U251 and 
LN-18, U-87MG (from glioblastoma of unknown origin which 
was authenticated by STR profiling) and non-cancerous human 
glial cell line SVG p12 cells [identified as being infected with 
BK polyomavirus strain UT (20). There was no bearing on the 
results obtained using SVG p12 cells] were purchased from the 
American Type Culture Collection (Manassas, VA, USA). Radio 
immunoprecipitation assay (RIPA) lysis buffer, bicinchoninic 
acid (BCA) assay kit, Beyo electrochemiluminesence (ECL) 
moon, polyvinylidene difluoride (PVDF) membrane, ROS 
assay kit, cell counting kit-8, enhanced ATP assay kit and prop-
idium iodide (PI) were obtained from the Beyotime Institute 
of Biotechnology (Haimen, China). Transwell invasion filter 
was supplied by Costar (Corning Incorporated, Corning, NY, 
USA). Matrigel was purchased from Collaborative Biomedical 
Products (Bedford, MA, USA). The antibodies used in the 
present study include: Rabbit anti-HDAC4 polyclonal antibody 
(cat. no. 2072S; Cell Signaling Technology, Inc., Danvers, 
MA, USA), rabbit anti-p21cyclin dependent kinase (CDK) inhibitor 1A/WAF1, 
anti-p27Kip1/CDK inhibitor 1B and anti-CDK1/cell division cycle 2 poly-
clonal antibodies (cat. nos. LS-C136937-100, LS-C17115-100 
and LS-C402186-60, respectively; LifeSpan BioSciences, Inc., 
Seattle, WA, USA), rabbit anti-vimentin and anti-β-catenin poly-
clonal antibodies (cat. nos. PB9359 and PA1212, respectively; 
Boster Biological Technology, Pleasanton, CA, USA), rabbit 
anti-E-cadherin antibody (cat. no. ab155833; Abcam, Cambridge, 
UK), rabbit anti-GAPDH antibody (cat. no. orb69587; Biorbyt 
Ltd., Cambridge, UK), horseradish peroxidase-conjugated goat 
anti-rabbit immunoglobulin G secondary antibody polyclonal 
antibody (cat. no. NBP2-30348H; Novus Biologicals, LLC, 
Littleton, CO, USA).

Cell culture and treatment. Human glioma cell lines (U251, 
U-87MG and LN-18) and non-cancerous human fetal glial 
(SVG p12) cells were all cultured in MEM complemented 
with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 
2 mM L-glutamine, 50 U/ml penicillin, 50 µg/ml streptomycin 
and 10 mM HEPES at 37˚C in a humidified atmosphere with 
5% CO2.

U251 cells were selected to perform further studies. A total 
of 2x105 U251 cells were cultured in a 6-well plate with 2 ml 
antibiotic-free MEM medium containing 10% FBS. U251 cells, 
grown at 80% confluence, were transfected with HDAC4 small 
interfering RNA (siRNA; 100 nM; cat. no. stB0001595C-1-5; 
Guangzhou RiboBio Co., Ltd., Guangzhou, China) or 
pcDNA3.1-HDAC4 (Shanghai GeneChem Co., Ltd, Shanghai, 
China) for 6 h at 37˚C using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol and negative control (cat. no. siN05815122147-1-5; 
Guangzhou RiboBio Co., Ltd.). Then U251 cells were incubated 
at 37˚C in a CO2 incubator for 4 h. Following this, the transfec-
tion mixture was replaced with fresh MEM medium. After 
48-h transfection, U251 cells were used for further studies.

Western blot analysis. For western blot analysis, glioma tissues 
or cells were lysed for 30 min at 4˚C using RIPA lysis buffer 
containing ethylenediaminetetraacetic acid-free protease 
inhibitor cocktail and phosphatase inhibitor cocktails 1. The 
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total proteins were quantified through BCA protein concentra-
tion assay kit (Beyotime Institute of Biotechnology), and 40 µg 
protein per lane was resolved on 12% sodium dodecyl-sulfate 
polyacrylamide gel electrophoresis, and transferred to a PVDF 
membrane through wet-type transblotting apparatus (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). Then the PVDF 
membrane was blocked with 5% non-fat dry milk diluted in 
phosphate-buffered saline solution for 1 h at 4˚C, and incubated 
with primary antibodies directed against HDAC4 (1:2,000), 
p21 (1:2,000), p27 (1:2,000), CDK1 (1:2,000), vimentin 
(1:2,000), E-cadherin (1:2,000), β-catenin (1:2,000) and 
GAPDH (1:1,000) at 4˚C overnight. Subsequently, the PVDF 
membrane was washed three times with tris-buffered saline 
with 0.1% Tween-20 and incubated with the corresponding 
secondary antibody at a 1:5,000 dilution at room temperature 
for 2 h. Following this, the PVDF membrane was visualized 
using BeyoECL moon. The results were analyzed through 
Quantity One software V4.62 (Bio-Rad Laboratories, Inc.) to 
obtain the optical density ratio of target protein to GAPDH.

Cell counting kit-8 (CCK-8) assay. A CCK-8 assay was used 
to assess the effects of HDAC4 on the proliferation of U251 
cells. Briefly, 200 µl U251 cells (2x103) were seeded in 96-well 
plates. At 0, 1, 2 and 4 days following transfection (overexpres-
sion or knockdown), the U251 cells were incubated with 20 µl 
CCK-8 solution at 37˚C for 2 h. The absorbance was examined 
at a wavelength of 450 nm on a 96-well micro test spectropho-
tometer (BioTek Instruments, Inc., Winooski, VT, USA). The 
experiments were performed in triplicate.

Cell cycle analysis. The effects of HDAC4 on the cell cycle of 
U251 cells were assessed using flow cytometry (with the flow 
cytometer supplied by BD Biosciences, Franklin Lakes, NJ, 
USA). First, U251 cells were harvested using centrifugation 
for 10 min at 4˚C and 1,200 x g, synchronized by incubation 
at 4˚C in serum-free MEM medium for 24 h and incubated 
with complete MEM medium for 24 h at 4˚C. Subsequently, 
U251 cells were washed twice with PBS and fixed with cold 
70% ethanol at -20˚C overnight. U251 cells were washed 
twice with cold PBS and resuspended in PBS containing 
100 µg/ml RNase A at 4˚C for 30 min. Then the resuspended 
U251 cells were further incubated with 100 µg/ml PI at 4˚C 
for 30 min. Finally, the cell cycle was analyzed through flow 
cytometry. The analysis was performed in triplicate with 
CELLQuestPro v5.1 (BD Biosciences).

ATP levels assay. Intracellular ATP levels were determined 
using an ATP assay kit according to the manufacturer's 
protocol. Briefly, U251 cells were lysed with ATP detection 
lysis buffer for 2 min at 4˚C and centrifuged at 12,000 x g 
for 5 min at 4˚C. The supernatants were then mixed with the 
working solution of ATP detection reagent, and the relative 
fluorescence intensity was immediately assessed using a 
luminometer (Thermo Scientific Luminoskan Ascent; Thermo 
Fisher Scientific, Inc.). The fluorescence intensity was normal-
ized by per sample protein content, which was measured 
through a BCA assay kit.

ROS measurement. Production of intracellular ROS was deter-
mined using a reactive oxygen species assay kit according to 

the manufacturer's protocol. Briefly, U251 cells were seeded in 
60-mm dishes and allowed to attach overnight. Then 10 mM 
2',7'-dichlorofluorescin diacetate (DCFH-DA) was added and 
incubated with the U251 cells for 20 min at 37˚C. Serum-free 
cell culture medium was used to wash the U251 cells three 
times to fully remove the inaccessible DCFH-DA. Once the 
U251 cells were collected, the fluorescence in U251 cells 
was assessed through a fluorescence spectrometer at 488 nm 
(excitation wavelengths) and 525 nm (emission wavelengths). 
ROS levels in U251 cells were expressed as relative intensity 
of DCF fluorescence per sample protein content.

Cell invasion assays. The invasive ability of U251 cells was 
assessed through 24 well Transwell permeable filters (Costar; 
Corning Incorporated) with 8 µM pores. Briefly, the filter was 
washed with serum-free MEM medium, and then the upper side 
of the filter was evenly coated with 20 µl Matrigel (1:2 dilution 
with MEM). The chamber was divided into the upper chamber 
and the lower chamber. For invasion assays, subsequent to 
transfection with HDAC4 siRNA, pcDNA3.1-HDAC4 or nega-
tive control, U251 cells (1x105) were resuspended in serum 
free MEM medium and seeded into the upper chamber of 
the Transwell invasion system. The lower chamber was filled 
with complete medium. Following this, the Transwell invasion 
system was incubated for 48 h at 37˚C in an incubator. Those 
U251 cells that invaded into the filter were detached from filter 
by trypsinization and that invaded in the lower chamber were 
collected and analyzed using an 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, U251 
cells were incubated with MTT (5 mg/ml) for 4 h at 37˚C. 
Then 150 µl dimethyl sulfoxide was added to dissolve the crys-
tals. The absorbance values were determined at 570 nm and 
630 nm on a 96-well micro test spectrophotometer (BioTek 
Instruments, Inc.). The analysis was performed in triplicate.

Statistical analysis. All data were presented as the mean 
± standard error of the mean from at least three independent 
experiments. All data were analyzed using an unpaired 
Student's t-test or one-way analysis of variance followed by 
Dunnett's test using SPSS17.0 software (SPSS, Inc., Chicago, 
IL, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

HDAC4 displayed elevated expression in glioma tissues and 
cell lines. The expression of HDAC4 protein was evaluated 
in glioma by western blot analysis. First, HDAC4 expression 
was analyzed in 12 paired glioma tissues and adjacent non-
tumor tissues and revealed that the expression of HDAC4 was 
significantly upregulated in glioma tissues compared with 
glioma-adjacent normal tissues (P<0.01; Fig. 1A). Additionally, 
three glioma cell lines (U251, U-87MG and LN-18) were 
analyzed. HDAC4 displayed higher expression in the three 
glioma cell lines compared with the non-cancerous human 
glial cell line SVG p12 (P<0.01; Fig. 1B). These data revealed 
that the expression profile of HDAC4 in glioma tissues 
coincided with that in glioma cell lines. In other words, the 
results of the present study demonstrated that the expression 
of HDAC4 was upregulated in glioma tissues and cell lines.
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HDAC4 was successfully knocked down or overexpressed 
in U251 cells. In order to address the function of HDAC4 
in the tumorigenesis and progression of glioma, U251 cells 
were selected for further investigation. A pcDNA3.1-HDAC4 
expression vector was used to overexpress HDAC4 in U251 
cells, and HDAC4 siRNA was used to inhibit the expression 

of HDAC4 in U251 cells. Western blot analysis was used to 
evaluate HDAC4 overexpression and gene-silencing efficacy 
in U251 cells. The expression of HDAC4 was significantly 
upregulated in the pcDNA3.1-HDAC4-transfected U251 
cells compared with that in the non-transfected U251 cells 
or negative control transfected U251 cells (P<0.01; Fig. 2A). 

Figure 1. Expression of HDAC4 in glioma tissues and cell lines. Protein levels were determined using western blot analysis in glioma tissues and cell lines. 
(A) Significant upregulation of HDAC4 in glioma tissues compared with adjacent N tissues. **P<0.01 vs. N tissue (n=12). (B) Elevated expression of HDAC4 
in glioma cell lines (U251, U-87MG and LN-18). Data were presented as the mean ± standard error of the mean. **P<0.01 vs. SVG p12 cells. HDAC4, histone 
deacetylase 4; N, non-tumor.

Figure 2. Expression of HDAC4 in transfected glioma U251 cells. The protein levels were determined through western blot analysis in glioma U251 cells 
transfected with pcDNA3.1-HDAC4 (overexpression) or HDAC4 small interfering RNA (knockdown). (A) Significantly higher expression of HDAC4 was 
observed in the overexpression group compared with normal U251 cells (Nor) or the U251 cells transfected with pcDNA3.1 vector (NC). **P<0.01 vs. Nor or 
NC. (B) HDAC4 displayed a significantly lower expression in the knockdown group compared with normal U251 cells (Nor) or the U251 cells transfected with 
negative control (NC). Data were presented as the mean ± standard error of the mean. **P<0.01 vs. Nor or NC. HDAC4, histone deacetylase 4; Nor, normal; 
NC, negative control.
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Conversely, the expression of HDAC4 was significantly 
downregulated in the HDAC4 siRNA-transfected U251 cells 
compared with the non-transfected U251 cells or negative 
control transfected U251 cells (P<0.01; Fig. 2B). These data 
suggested that HDAC4 was successfully knocked down or 
overexpressed in U251 cells.

HDAC4 promoted U251 cell proliferation. In order to inves-
tigate the effect of HDAC4 on the proliferation of glioma 
cells, CCK-8 analysis was performed at 24, 48 and 96 h. The 
proliferation curves demonstrated that when HDAC4 was over-
expressed in U251 cells, the cell proliferation was significantly 
increased 2.0-fold in comparison with U251 cells transfected 
with empty pcDNA3.1 vector on day 4 (P<0.01; Fig. 3A). 

Additionally, the effect of HDAC4 knockdown on cell prolif-
eration in U251 cells was examined. The results revealed that 
HDAC4 knockdown significantly suppressed the proliferation 
capacity of U251 cells (P<0.05; Fig. 3B). In summary, these 
data suggested that elevated HDAC4 may serve a crucial role 
in the augmentation of the proliferation ability of U251 cells.

HDAC4 increased ATP levels and decreased ROS generation. 
Intracellular ATP levels were associated with proliferation 
(21-23). Therefore, ATP content was determined in the present 
study, and results revealed that a significant increase in the 
ATP content in HDAC4 overexpressing U251 cells was 
observed compared with the U251 cells transfected with 
empty pcDNA3.1 vector (P<0.01; Fig. 4A). Furthermore, the 

Figure 3. Effect of the HDAC4 on U251 cell proliferation. (A) Proliferation curve in U251 cells transfected with empty pcDNA3.1 vector (NC) or 
pcDNA3.1-HDAC4 (overexpression). (B) Proliferation curve in U251 cells transfected with HDAC4 siRNA (knockdown) or with siRNA negative control (NC). 
Data were expressed as the mean ± standard error of the mean. *P<0.05 and **P<0.01 vs. NC. HDAC4, histone deacetylase 4; siRNA, small interfering RNA; 
NC, negative control.

Figure 4. Effect of the HDAC4 on the generation of ATP and ROS in U251 cells. Generation of ATP in (A) HDAC4 overexpressing and (B) HDAC4 knockdown 
U251 cells compared with U251 cells transfected with empty pcDNA3.1 vector. Generation of ROS in (C) HDAC4 overexpressing and (D) HDAC4 knockdown 
U251 cells compared with U251 cells transfected with siRNA negative control. Overexpression indicates the U251 cells transfected with pcDNA3.1-HDAC4 
and knockdown indicates the U251 cells transfected with HDAC4 siRNA. Data were expressed as the mean ± standard error of the mean. **P<0.01 vs. NC. 
HDAC4, histone deacetylase 4; ATP, adenosine triphosphate; ROS, reactive oxygen species; NC, negative control; siRNA, small interfering RNA.
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ATP content reduced significantly in HDAC4 knockdown 
U251 cells (P<0.01; Fig. 4B. These data indicated that HDAC4 
enhanced ATP generation. As intracellular ROS generation 
may be associated with mitochondrial dysfunction and ATP 
generation (24,25), the effects of HDAC4 on ROS generation 
in U251 cells were further examined. The results indicated 
that ROS content displayed a significant decrease in the U251 
cells transfected with pcDNA3.1-HDAC4 compared with the 
U251 cells transfected with empty pcDNA3.1 vector (P<0.01; 
Fig. 4C). Meanwhile, downregulation of HDAC4 significantly 
activated ROS generation in U251 cells (P<0.01; Fig. 4D). 
These results demonstrated that HDAC4 inhibited ROS 
generation in U251 cells.

HDAC4 promoted U251 cell cycle progression. In order to 
investigate whether the expression of HDAC4 was associated 
with the cell cycle progression of glioma U251 cells, the cell 
cycle distribution of glioma U251 cells was assessed by flow 
cytometry. Results demonstrated that HDAC4 overexpression 
exhibited a significant increase in the proportion of U251 cells 
at the S and G2 phase, and a significant decrease in the propor-
tion of U251 cells at the G1 phase (P<0.05; Fig. 5A and B). 
On the contrary, there were significantly fewer U251 cells at 
the S and G2 phase, and significantly more U251 cells at the 
G1 phase in the HDAC4 knockdown group (P<0.05; Fig. 5A 
and B), suggesting that HDAC4 knockdown induced U251 
cells G1 arrest. The cell cycle distribution results demonstrated 
that HDAC4 served a central role in the promotion of U251 
cell cycle progression.

As p21, p27, CDK1 and CDK2 are associated with cell 
proliferation and cell cycle (26-28), the expression of p21, p27, 
CDK1 and CDK2 were determined in U251 cells. The present 
results revealed that cyclin-dependent kinase inhibitors 
p21 and p27 displayed a significant decrease in the HDAC4 
overexpressing group, and a significant increase in HDAC4 
knockdown group compared with their respective negative 
controls (P<0.05; Fig. 6). On the contrary, cyclin-dependent 
kinases CDK1 and CDK2 displayed an opposite expres-
sion pattern to p21 and p27, which demonstrated that the 
expression of CDK1 and CDK2 was significantly enhanced 
in the HDAC4 overexpressing group, and was significantly 
inhibited in the HDAC4 knockdown group (P<0.05; Fig. 6). 
These data indicated that HDAC4 enhanced the expression of 
cyclin-dependent kinases CDK1 and CDK2, and suppressed 
the expression of cyclin-dependent kinase inhibitors p21 and 
p27.

HDAC4 promoted the invasiveness of U251 cells. Subsequently, 
the function of HDAC4 in the invasiveness of U251 cells 
was determined through a Transwell invasion assay. The 
results suggested that the invasive ability of U251 cells was 
significantly enhanced in the HDAC4 overexpression group 
compared with in the empty pcDNA3.1 vector group (P<0.01; 
Fig. 7A). On the contrary, the downregulation of HDAC4 
exhibited a significant decrease in the invasive capacity of 
U251 cells compared with the siRNA negative control group 
(P<0.01; Fig. 7B). These data suggested that HDAC4 strength-
ened the invasive ability of U251 cells.

Figure 5. Effect of HDAC4 on the cell cycle distribution U251 cells. (A) Representative flow cytometry plots of the cell cycle. (B) Histogram (left) comparing 
the cell cycle distribution in the overexpression group and empty pcDNA3.1 vector group. Histogram (right) comparing the cell cycle distribution in the 
knockdown group and small interfering RNA NC group. The percentage of U251 cell cycle distribution was expressed as the mean ± standard error of the 
mean. *P<0.05 vs. NC. All experiments were performed in triplicate. HDAC4, histone deacetylase 4; NC, negative control.
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Altogether, these results indicated thee functional impor-
tance of HDAC4 in the invasiveness of U251 cells. Therefore, 
whether there exists any evidence for these molecular events in 
the invasiveness of U251 cells was questioned. Park et al (29) 

demonstrated that HDAC4 may activate the EMT in airway 
epithelial cells, and that HDAC4 knockdown may reduce 
EMT. Therefore, EMT markers, including vimentin, β-catenin 
and E-cadherin, were investigated and results indicated that 

Figure 6. Effect of HDAC4 on the expression of p21, p27, CDK1 and CDK2 in U251 cells. (A) Expression of p21, p27, CDK1 and CDK2 in U251 cells 
transfected with pcDNA3.1-HDAC4 or empty pcDNA3.1 vector, and (B) quantified western blot analysis results. (C) Expression of p21, p27, CDK1 and 
CDK2 in U251 cells transfected with HDAC4 siRNA or siRNA negative control, and (D) quantified western blot analysis results. Overexpression indicates 
the U251 cells transfected with pcDNA3.1-HDAC4 and knockdown indicates the U251 cells transfected with HDAC4 siRNA. Data were expressed as the 
mean ± standard error of the mean. *P<0.05 and **P<0.01 vs. NC. HDAC4, histone deacetylase 4; NC, negative control; CDK1, cyclin-dependent kinase 1; 
CDK2, cyclin-dependent kinase 2; siRNA, small interfering RNA.

Figure 7. Effect of HDAC4 on U251 cell invasion. Histogram compared the invasive potential of U251 cells among different groups. (A) Invasive potential of 
U251 cells transfected with pcDNA3.1-HDAC4 or empty pcDNA3.1 vector. (B) Invasive potential of U251 cells transfected with HDAC4 siRNA or siRNA 
negative control. Data were expressed as the mean ± standard error of the mean. **P<0.01 vs. NC. All experiments were performed in triplicate. HDAC4, 
histone deacetylase 4; NC, negative control; siRNA, small interfering RNA.
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the expression of vimentin was significantly upregulated in the 
HDAC4 overexpression group and was significantly downreg-
ulated in the HDAC4 knockdown group compared with their 
respective negative controls (P<0.01; Fig. 8). Nevertheless, 
the expression of E-cadherin and β-catenin was negatively 

associated with the expression of vimentin expression, which 
revealed that the expression of E-cadherin and β-catenin was 
significantly reduced in the HDAC4 overexpression group and 
was significantly enhanced in the HDAC4 knockdown group 
compared with the negative control (P<0.01; Fig. 8). These data 

Figure 8. Effect of HDAC4 on the expression of vimentin, β-catenin and E-cadherin in U251 cells. (A) Expression of vimentin, β-catenin and E-cadherin in 
U251 cells transfected with pcDNA3.1-HDAC4 or empty pcDNA3.1 vector and (B) quantified western blot results. (C) Expression of vimentin, β-catenin and 
E-cadherin in U251 cells transfected with HDAC4 siRNA or siRNA negative control and (D) quantified western blot results. Data were expressed as the mean 
± standard error of the mean. *P<0.05 and **P<0.01 vs. NC. HDAC4, histone deacetylase 4; siRNA, small interfering RNA; NC, negative control.

Figure 9. A model presenting the function of HDAC4 in the tumorigenesis of glioma. The integrated activation of CDK1, CDK21 and vimentin, and the 
suppression of p21, p27, β-catenin and E-cadherin by HDAC4 results in the tumorigenesis of glioma. HDAC4, histone deacetylase 4; CDK1, cyclin-dependent 
kinase 1; CDK2, cyclin-dependent kinase 2.
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indicated that the aberrant expression of vimentin, β-catenin 
and E-cadherin were potential markers of the malignant trans-
formation of glioma.

Discussion

Glioma is the most lethal type of primary malignant brain tumor. 
Although the current treatment modalities have progressed 
substantially, the recurrence of glioma remains a therapeutic 
challenge (30). Therefore, the survival of patients with glioma 
remains unsatisfactory. This is mainly due to the fact that the 
molecular mechanisms of glioma are unclear (31,32). Growing 
evidence has revealed that HDAC4 was frequently dysregu-
lated in human malignancies (12-15). HDAC5 are increased 
in human glioma tissues and promoted the proliferation of 
glioma cells by the upregulation of Notch 1 (33). However, 
the involvement of HDAC4 in gliomagenesis, migration and 
invasiveness remains elusive.

In the present study, the results revealed that the expression 
of HDAC4 was upregulated in glioma tissues and cell lines, 
which was consistent with the expression profile of HDAC4 
in gastric cancer, colorectal cancer, lung cancer and ovarian 
cancer (14,34-37). These data indicated that elevated HDAC4 
may serve an important role in gliomagenesis and progres-
sion. In order to address the function of HDAC4 in glioma 
cells, the glioma U251 cells were selected for further inves-
tigation. Furthermore, HDAC4 overexpression or knockdown 
was performed in U251 cells. Western blot analysis revealed 
that HDAC4 displayed a higher expression in the HDAC4 
overexpression group and a lower expression in the HDAC4 
knockdown group, which suggested that HDAC4 was success-
fully overexpressed or knockdown in U251 cells. Following 
this, the effects of HDAC4 on the cell proliferation, ATP 
level, ROS generation, cell cycle and invasion of U251 cells 
were determined. The results of the present study revealed 
that the HDAC4 may serve a crucial role in augmenting 
the proliferation ability of U251 cells and in the promotion 
of U251 cell cycle progression, which was consistent with 
and confirmed by previous studies from Zeng et al (17) and 
Kang et al (17,34). Zeng et al revealed that HDAC4 was 
overexpressed in esophageal squamous cell carcinoma, and 
that HDAC4 overexpression was associated with advanced 
clinical stage and poor survival (17). Kang et al revealed that 
HDAC4 was upregulated in gastric cancer and that elevated 
HDAC4 promoted the proliferation of SGC-7901 cells, but 
HDAC4 knockdown inhibited the proliferation of SGC-7901 
cells, resulting in cell cycle arrest at G0/G1 phase in SGC-7901 
cells (34). As intracellular ATP levels were associated with 
cell proliferation and intracellular ROS generation was associ-
ated with mitochondrial dysfunction and served an important 
regulatory role in cell death and proliferation (21-25,38), the 
present study therefore examined the effects of HDAC4 on 
intracellular ATP levels and ROS generation in U251 cells. The 
results of the present study indicated that HDAC4 enhanced 
ATP generation, but inhibited ROS generation in U251 cells, 
which was also consistent with and confirmed by a previous 
study on gastric cancer (34). Elevated HDAC4 in gastric 
cancer promoted the ATP levels in gastric cancer cells, but 
HDAC4 knockdown inhibited the ATP levels of gastric cancer 
cells, resulting in cell cycle arrest at the G0/G1 phase and ROS 

increase in gastric cancer cells (34). Thus, it was speculated 
that lower ATP levels and higher ROS levels may prevent the 
proliferation and tumorigenesis. The present data indicated 
that HDAC4 improved the cell proliferation and cycle progres-
sion of U251 cells through enhancing the ATP generation and 
suppressing the ROS generation.

Cyclin-dependent kinase inhibitors (p21 and p27) and 
cyclin-dependent kinases (CDK1 and CDK2) were associated 
with cell proliferation and the cell cycle (26-28). The present 
data indicated that HDAC4 enhanced the expression of cyclin-
dependent kinases CDK1 and CDK2, and suppressed the 
expression of cyclin-dependent kinase inhibitors p21 and p27, 
which was also consistent with and confirmed by previous 
studies. Zeng et al (17) demonstrated that HDAC4 promoted 
the proliferation of esophageal carcinoma cell and G1/S cell 
cycle progression by inhibiting p21 and p27 and upregulating 
CDK2 and CDK4. Mottet et al (39) reported that HDAC4 
participated in the repression of p21 in a human glioblastoma 
model. These data suggested that HDAC4 improved the cell 
proliferation and cycle progression of U251 cells through 
enhancing the expression of CDK1 and CDK2 and suppressing 
the expression of p21 and p27, and was accompanied by an 
increase in ATP levels and reduced ROS levels. However, the 
potential regulatory mechanism of HDAC4 in the expression 
of CDK1, CDK2, p21 and p27 also needs to be investigated 
further.

Glioma is characterized by diffuse infiltration (1,2,4). 
Therefore, the present study determined the effects of HDAC4 
on the invasiveness of U251 cells and the results revealed 
that HDAC4 strengthened the invasive ability of U251 cells. 
The results were confirmed by the study by Park et al (40), 
which demonstrated that the high expression of HDAC4 was 
associated with the high invasion of MDA-MB-231 cells. 
Ahn et al (41) revealed that the repression of MMP-2 was 
associated with the reduction of HDAC4 in ovarian cancer. 
Generally speaking, these data suggested the functional 
importance of HDAC4 in the invasiveness of U251 cells. 
One previous study demonstrated that HDAC4 may activate 
EMT in airway epithelial cells, and that HDAC4 knockdown 
may reduce EMT (29). Therefore, EMT markers, including 
vimentin, β-catenin and E-cadherin, were investigated and 
the results revealed that HDAC4 enhanced the expression of 
vimentin and suppressed the expression of E-cadherin and 
β-catenin in U251 cells. These data indicated that the aber-
rant expression of vimentin, β-catenin and E-cadherin were 
potential markers of the malignant transformation of glioma. 
However, the potential regulatory mechanism of HDAC4 in 
the expression of vimentin, β-catenin and E-cadherin also 
needs to be investigated further.

In addition, there are a number of shortcomings in the 
present study. First, the small sample size is a limitation of 
the study, and hence it is not possible to analyze the associa-
tion between different grades and the expression of HDAC4 in 
glioma. Future studies will be conducted with a larger sample 
size to investigate this, which will substantiate the present 
study. Second, the expression of HDAC4 was detected only 
by western blot analysis; a morphological examination, for 
example immunohistochemistry, will be performed in future 
studies. Additionally, the present study only examined the 
protein expression of HDAC4 and relevant genes. In future 
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studies, the mRNA level of the HDAC4 and relevant genes will 
be detected, which may further clarify whether abnormalities 
of these genes emerge in transcription and translation, or the 
translation only. All of this will render the present research 
conclusions more reliable.

In summary, the data generated by the present study 
demonstrated that HDAC4 was significantly upregulated in 
glioma, and promoted glioma cell proliferation and invasion 
mediated through, at least partially, the repression of p21, 
p27, E-cadherin and β-catenin, and by the potentiation of 
CDK1, CDK2 and vimentin (Fig. 9). Altogether, the present 
study revealed that HDAC4 overexpression was central for 
the tumorigenesis of glioma, which may serve as a useful 
prognostic biomarker and potential therapeutic target for 
glioma.
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