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Abstract. Aberrant histone deacetylase (HDAC) has a key 
role in the neoplastic process associated with the epigen-
etic patterns of tumor‑related genes. The present study 
was performed to investigate the effects and determine 
the mechanism of action of the HDAC inhibitor, valproic 
acid (VPA), on the CAL27 cell line derived from oral 
squamous cell carcinoma (OSCC). The effects of VPA on 
the viability of CAL27 cells were investigated using MTT 
assays. Alterations in the cell cycle and apoptosis were also 
examined using propidium iodide (PI) and Annexin V‑PI 
assays, and were subequently analyzed by flow cytometry. 
Small ubiquitin‑related modifier (SUMO)‑related genes were 
evaluated by reverse transcription‑quantitative polymerase 
chain reaction analysis. In addition, the effects of VPA were 
assessed using a xenograft model in vivo. The present results 
demonstrated significant dose‑dependent inhibition of cell 
viability following VPA treatment. Treatment with VPA 
increased the distribution of CAL27 cells in the G1 phase 
and reduced cells in the S phase, and significantly increased 
the expression levels of SUMO1 and SUMO2 (P<0.01). Using 
a xenograft model, the mean tumor volume in VPA‑treated 
animals was demonstrated to be significantly reduced, and 
the rate of apoptosis was significantly increased, as compared 
with the control animals. These results suggested that VPA 
may regulate SUMOylation, producing an anticancer effect 
in vivo. Further investigation into the role of VPA in tumori-
genesis may identify novel therapeutic targets for OSCC.

Introduction

Oral squamous cell carcinoma (OSCC) is the most frequent 
malignant tumor of oral cancer, accounting for at least 90% of 
all oral malignancies (1). OSCC is a complex disease associated 
with numerous changes in genetic and epigenetic interactions; 
however, the mechanisms remain poorly understood  (2). 
Alterations in the histone acetylation/deacetylation balance, 
have been suggested to underpin the altered gene expression 
patterns detected in various pathological conditions, including 
cancer (3) and cardiac hypertrophy (4,5). Histone deacety-
lases (HDACs) are enzymes that remove acetyl moieties 
from ε‑N‑acetylated lysine residues in histones, resulting in 
chromatin condensation and epigenetic repression of gene 
transcription. HDACs also catalyse deacetylation of various 
non‑histone proteins, such as the tumor suppressor p53, 
resulting in the inhibition of its proapoptotic transcriptional 
activity (6,7). In line with their profound antiapoptotic activity, 
HDACs are upregulated in various types of cancer and thus are 
efficiently inhibited by chelating agents. Notably, these HDAC 
inhibitors (HDACi) have been reported to be successful anti-
cancer agents. Due to their antitumor potential, HDACi have a 
long history of use in antitumor therapy (8). Previous studies 
have reported additive effects when HDACi were used in vitro 
to treat prostate cancer cells (9,10). Valproic acid (VPA) is a 
HDACi with a safety profile that permits its long‑term use in 
patients (11). However few studies have assessed its use in oral 
cancer. Therefore, knowledge of the effects of VPA on OSCC 
and its underlying mechanisms may improve understanding 
of OSCC processes, and provide future therapeutic targets for 
OSCC patients.

Post‑translational modification of proteins can be modu-
lated through acetylation, controlled by HDACs and augmented 
by small ubiquitin‑related modifier (SUMO)‑mediated gene 
regulation (12). Post‑translational modification of proteins 
via conjugation to SUMO‑SUMOylation, has been shown to 
influence protein functions associated with numerous cellular 
processes, including transcription, signal transduction, subcel-
lular localization and gene expression (13).

SUMOylation is a reversible modification of a dynamic 
process and SUMO‑specific proteases (SENPs) are able 
to remove SUMO from modified proteins  (14). Few 
studies have examined SUMO modification in oral cancer. 
Katayama et al (15) reported that expression levels of SUMO1 
were significantly increased in OSCC tissues and cell lines 
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compared with normal oral mucosa, and SUMO1 expression 
was also demonstrated to be correlated with a poor patient 
prognosis. Ding et al (16) reported that SENP5 was increased 
and associated with tumor differentiation in 48 cases of OSCC, 
and Sun et al (17) found that SENP3 was overexpressed and 
positively correlated with OSCC tumor differentiation. 

In the present study, the role of VPA as a HDACi on the 
oral tongue cancer cell line, CAL27, was investigated, and its 
interactions with SENPs were characterized. Furthermore, 
the therapeutic potential of VPA in treating OSCC was exam-
ined using a xenograft model of the disease.

Materials and methods

Cell culture. Tongue cancer cell line, CAL27, was purchased 
from Shanghai Key Laboratory of Stomatology, Ninth People's 
Hospital, Shanghai Jiao Tong University School of Medicine, 
(Shanghai, China) and cultured in Dulbecco's Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS; both Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), 100 IU/ml penicillin and 100 mg/ml streptomycin 
(both Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C in 
an atmosphere containing 5% CO2. Cells were harvested 
at 80‑90% confluency by trypsinization with 0.25 mg/ml 
trypsin/EDTA (Gibco; Thermo Fisher Scientific, Inc.), nad 
subsequently suspended in DMEM prior to use. Cells were 
incubated in DMEM for 24‑48 h before treatment with VPA 
dissolved in DMSO (Gibco; Thermo Fisher Scientific, Inc.). 
Control cells were treated with DMSO only.

Cell growth assay. Viability of CAL27 cells treated with 
VPA was determined by standard MTT assays. Cells were 
seeded in 96‑well plates at a density of 1x103 cells per well 
and grown overnight in DMEM supplemented with 10% FBS, 
1% glutamine and 1% penicillin‑streptomycin at 37˚C and 
5% CO2. FBS‑supplemented medium was removed and cells 
were cultured in serum‑free DMEM for 2 h. VPA (99‑66‑1; 
Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany) was 
dissolved in DMSO and used at final concentrations of 0.5, 
1.0, 1.5, 2.0, 2.5, and 3.0 mmol/l, respectively. Following 
exposure to VPA for 24, 48, 72, 96, and 120 h, respectively, 
supernatants were removed and 20 µl MTT solution (5 µg/ml; 
Sigma‑Aldrich; Merck Millipore) was added to each well for 
an additional 4 h at 37˚C. Supernatants were subsequently 
discarded and 100  µl DMSO was added to each well. 
Absorbance was read at 540 nm using a microplate reader 
(Model 550; Bio‑Rad Laboratories, Inc., Hercules, CA, USA). 
Proliferation rates were calculated by comparing the cell 
density of the VPA‑treated cells with that of DMSO‑treated 
cells.

Flow cytometric analysis of apoptotic cells. Apoptosis was 
measured by flow cytometry using a Annexin V‑fluorescein 
isothiocyanate/PI propidium iodide (PI) apoptosis detection 
kit (Nanjing Keygen Biotech, Nanjing, China), according to the 
manufacturer's instructions. CAL27 cells (1x106) were seeded 
into 6‑well plates and treated with VPA at final concentrations 
of 0.5, 1.0, 1.5, 2.0 and 3.0 mmol/l, respectively. Following 
treatment for 48 h, the cells were trypsinized, washed with 
PBS, and resuspended in 500 µl binding buffer containing 

Annexin V‑Fluos labeling reagent and PI at 2x104 cells/ml. 
Cells were then incubated in the dark for 15 min at room 
temperature and analyzed using a FACS Aria flow cytom-
eter (BD Biosciences, Franklin, NJ, USA). For each sample, 
20,000 cells were analyzed. Apoptotic rates were calculated 
using FlowJo 7.6.3 software (Tree Star, Inc., Ashland, OR, 
USA).

Flow cytometric analysis of the cell cycle. Cells (1x106) 
were seeded into 6‑well plates and treated with VPA at final 
concentrations of 0.5, 1.0, 1.5, 2.0 and 3.0 mmol/l for 24 h, 
respectively. Cells were harvested from each well, washed 
in cold phosphate‑buffered saline (PBS), and fixed overnight 
with cold 70% ethanol. Cells were then incubated with PBS 
buffer containing 50 µg/ml PI and 50 µg/ml RNase (both 
Sigma‑Aldrich; Merck Millipore) for 30 min at room temper-
ature. Cellular PI fluorescence intensity was determined 
using a FACS Aria flow cytometer. Data were analyzed using 
FlowJo software to model various cell populations. Apoptosis 
ratios in the VPA‑treated cells were compared with those of 
DMSO‑treated cells.

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR) analysis. Total RNA was 
isolated from CAL27 cells treated with VPA at final concen-
trations of 0.5, 1.0, 1.5, 2.0 and 3.0 mmol/l for 12, 24, and 
48 h, respectively, using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) and DNase treatment to remove 
genomic DNA. First strand cDNA was synthesized with 1 µg 
total RNA using a cDNA synthesis kit (Takara Bio, Inc., Otsu, 
Japan) and an RNase‑free DNase kit (Qiagen, Inc., Valencia, 
CA, USA). Total reaction volume was 20 µl consisting of 4 µl 
5X RT Buffer, 2 µl dNTP mixture, 1 µl RNase inhibitor, 1 µl 
Oligo (dT)20 (Thermo Fisher Scientific, Inc.), 1 µl ReverTra 
Ace (Toyoba Co., Ltd., Osaka, Japan), 1 µg total RNA and 
RNase‑free H2O. cDNA was stored at ‑80˚C for the following 
experiments. SYBR Green (Qiagen, Inc.) was used to detect 
PCR products using the Bio‑Rad Mini Opticon real‑time PCR 
system in a total volume of 20 µl, consisting of 2 µl cDNA, 
10  µl SYBR® Green Real‑Time PCR MasterMix, 0.8  µl 
forward primer (10 µmol/l), 0.8 µl reverse primer (10 µmol/l), 
and 6.4 µl RNase‑free H2O. Reaction conditions were 95˚C 
for 1 min, followed by 40 cycles of 95˚C for 5 sec, 60˚C for 
30 sec, and 72˚C for 45 sec, with final extension at 72˚C for 
10 min. GAPDH transcripts were also analyzed for quality 
assurance.

Dissociation curves were calculated and gene expres-
sion levels were analyzed using the standard curve method. 
To normalize samples, GAPDH was used. All experiments 
were repeated a minimum of three times. qPCR assays were 
performed in 96‑well optical plates, Cq values were normal-
ized to GAPDH Cq values, and relative expression was 
calculated using the 2‑ΔΔCq method (18). Primer pairs were 
synthesized by Sangon Biotech Co., Ltd., (Shanghai, China) 
and are presented in Table I.

Animal studies and xenograft tumor formation assays. 
Four‑week‑old female BALB/c nu/nu mice (n=5 per group; 
weight, 14.5±1.87 g) were purchased from the Laboratory 
Animal Center of the Chinese Academy of Science 
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(Shanghai, China) and maintained in a pathogen‑free animal 
facility. Animals were placed under controlled environmental 
conditions in iron cages (n=5 in each cage) at 23±1˚C (60% 
humidity) and a 12‑h dark/light cycle. Animals were subjected 
to acclimatization for at least one week before the experiment. 
They were provided with commercially available laboratory 
rodent diet and water was provided ad libitum throughout 
the period of the study. All experimental procedures 
involving animals were approved by the Animal Care and 
Use Committee of Zhongshan Hospital of Fudan University. 
CAL27 cells were collected and resuspended in DMEM, prior 
to subcutaneous injection into the right flank of BALB/c nude 
mice at a density of 5x106 cells in 200 µl DMEM. When the 
tumors were palpable, the mice were randomly divided into 
control or VPA‑treated groups. Control group mice received 
DMSO only and the VPA‑treated group received 300 mg/kg 
VPA via intraperitoneal injection (19‑21) administered daily 
for 28 days. Tumor volumes were regularly measured using 
Vernier calipers, twice per week, and calculated according to 
the formula: length x width x height x 0.52 (mm3). Following 
treatment, the mice were immediately euthanized via cervical 
dislocation and tumors were excised. Tumors were washed 
with PBS and fixed with 4% paraformaldehyde for immuno-
histochemical examination and terminal deoxynucleotidyl 
transferase dUTP nick‑end labeling (TUNEL) assay analysis.

Immunohistochemical staining. Tumor specimens from the 
xenograft models were cut into 5 µm slices, fixed in 10% neutral 
buffered formalin, and embedded in paraffin. Slides were 
preincubated in 5% goat serum in PBS and immunostained 

with anti‑Ki67 (ab15580) and anti‑proliferating cell nuclear 
antigen (PCNA; ab29) primary antibodies (both Abcam, 
Cambridge, UK) diluted 1:100 at 4˚C overnight. Slides were 
treated with hematoxylin for 30 sec for visualization under a 
light microscope.

TUNEL assay. Half of each xenograft tumor was fixed in 
4% paraformaldehyde and embedded in paraffin. Slides were 
washed after deparaffinization and the sections were permea-
bilized with 0.1% Triton X‑100 for 5 min on ice. Sections were 
subsequently incubated with proteinase K (Sigma‑Aldrich; 
Merck Millipore) for 10 min at room temperature. Following 
this, TUNEL staining was performed using an in situ apop-
tosis detection kit (KeyGen Biotech Co., Ltd., Nanjing, China), 
according to the manufacturer's instructions. Sections were 
counterstained with hematoxylin, and TUNEL‑positive cells 
were counted at x100 magnification in 10 randomly chosen 
fields using a light microscope. Results were expressed as the 
mean percentage of apoptotic cells.

Statistical analysis. SPSS 16.0 software (SPSS Inc., Chicago, 
IL, USA) was used for statistical analyses. Comparisons 
among the CAL27 cell cycle data sets following VPA treat-
ment were performed using nonparametric statistical tests. 
Comparisons among the CAL27 cell apoptosis data were 
conducted using one‑way analysis of variance, and post‑hoc 
comparisons between the groups were analyzed by the least 
significant test. Data were expressed as the mean ± standard 
deviation and P<0.05 was considered to indicate a statistically 
significant difference.

Table I. Primer sequences. 

Primer 	 Direction		  Sequence

GAPDH	 Forward	 5'‑CTGCACCACCAACTGCTTAG‑3'
	 Reverse	 5'‑GTCTTCTGGGTGGCAGTGAT‑3'
SENP1	 Forward	 5'‑ACTGATAGTGAAGATGAATTTCCTGA‑3'
	 Reverse	 5'‑CATCCTGATTCCCATTACGAA‑3'
SENP3	 Forward	 5'‑ACTGGCTCAATGACCAGGTGATGAACATG‑3'
	 Reverse	 5'‑CCAGGTGGATGGGGATTAGCAGTAG‑3'
SENP5	 Forward	 5'‑TGCTAGATCACCTCGTCTTCA‑3'
	 Reverse	 5'‑AGTGCTTAGTGGTTTTCATGATA‑3'
SUMO1	 Forward	 5'‑GGATCCATGGCCGACGAAAAGCCCAAG‑3'
	 Reverse	 5'‑CCCGGGTCAGTAGACACCTCCCGTCTG‑3'
SUMO2	 Forward	 5'‑GACGAGAAACCCAAGGA‑3'
	 Reverse	 5'‑CTGCCGTTCACAATAGG‑3'
SUMO3	 Forward	 5'‑GGATCCATGTCCGAGGAGAAGCCCAAG‑3'
	 Reverse	 5'‑CCCGGGCTAGAAACTGTGCCCTGCCAG‑3'
SAE1	 Forward	 5'‑AGACACAGATGAATTGGCCAA‑3'
	 Reverse	 5'‑TCTGTGTCTACTTAACCGGAA‑3'
SAE2	 Forward	 5'‑GAGGTGACTGTGCGGCTGAATG‑3'
	 Reverse	 5'‑TCTTGAGCTGTGGAGGTGGAGG‑3'
UBC9	 Forward	 5'‑CAGCCATTACCATCAAACAGA‑3'
	 Reverse	 5'‑GTCGGTAATGGTAGTTTGTCT‑3'

SUMO,  small ubiquitin‑related modifier; SENP,  SUMO‑specific proteases; SAE, SUMO‑activating enzyme subunit; UBC, 
ubiquitin carrier protein.
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Results

VPA decreases the growth of CAL27 cells in  vitro. The 
anti‑proliferative effect of VPA was examined by incubating 
CAL27 cells with increasing concentrations of VPA. Cell 
viability, as assessed by MTT assay, demonstrated appropriate 
concentration‑ and time‑dependent inhibitory effects by VPA as 
displayed in Fig. 1. The concentrations and incubation times of 
VPA required for significant inhibition of cell viability (P<0.05) 
were >0.5  mmol/l and 24  h, respectively. A pronounced 
dose‑dependent decrease in viability was observed at VPA 
concentrations of 0.5‑3.0 mm/l at each time point from 24‑120 h.

VPA induces apoptosis. The findings of the MTT assay 
showed that VPA reduced the viability of CAL27 cells, which 
suggested a relationship between cell growth and the cell cycle 
and/or cell apoptosis (Fig. 1). Consequently, the effects of VPA 
on CAL27 apoptosis were analyzed using Annexin V and PI 
staining assays (Fig. 2) with the same dosage range as used 
in the previous experiments. Cells that were positive for both 
Annexin V and PI positive were deemed to be in the later 
stages of apoptosis, while Annexin V‑positive cells were in the 
earlier stages of apoptosis. The present findings demonstrated 
that CAL27 cells underwent apoptosis after 48 h of incuba-
tion with VPA in a significant and dose‑dependent manner, as 
compared with the control (P<0.05).

VPA‑induces cell cycle arrest. To investigate the effect of VPA 
on the cell cycle of CAL27 cells, flow cytometry experiments 
were performed. The results indicated that cells treated with 
0.5, 1.0, 1.5, 2.0 and 3.0 mmol/l VPA, respectively, were in 
the S phase for less time than the control cells. G1 cell popula-
tions increased significantly at these concentrations of VPA, 
compared with the control cells (P<0.05; Fig. 3; Table II).

VPA increases the mRNA expression levels of various 
SUMOylation genes. To determine the effect of VPA on 
CAL27 inhibition, RT‑qPCR was used to demonstrate 
that SUMO1 and SUMO2 mRNA expression significantly 
increased with the increasing VPA dosage (P<0.01). A 
significant increase in SENP3 was also detected after 48‑h 
treatment with 1.0, 1.5, 2.0 and 3.0 mmol/l VPA (P<0.01). In 
contrast, expression of SENP1 initially decreased, declining to 
a minimum at 24 h, and subsequently exhibited a significant 
increase at 24 h with 1.0 and 1.5 mmol/l VPA (P<0.01). mRNA 
expression levels of SAE1, SAE2, SUMO3, SENP5 and UBC9 
were also measured; however, but no significant dose‑ and/or 
time‑dependent effects were observed (Fig. 4).

VPA reduces the speed of tumor growth in vivo. To further 
evaluate the therapeutic potential of VPA in vivo, a xenograft 
model was established in nude mice via subcutaneous injec-
tion of CAL27 cells. The volumes of established tumors were 
examined every four days, and the time course of changes in 
xenografted tumor volumes are shown in Fig. 5. Following 
treatment with VPA, tumors generated from CAL27 cells grew 
more slowly than control tumors treated with the vehicle only.

VPA decreases proliferation potential and increases 
apoptosis in xenograft tumors in  vivo. Ki67 and PCNA 

are considered to be pivotal markers of tumor prolifera-
tion (22,23). Xenograft tumors were fixed with formalin and 
embedded in paraffin, followed by immunohistochemistry to 
visualize the expression levels of both markers. Representative 
images of the immunohistochemical findings for Ki67 and 
PCNA are shown in Fig. 6, indicating the decreased expres-
sion of both proteins in the tumors of VPA‑treated mice. The 
effect of VPA on apoptosis in xenograft tumors originating 
from CAL27 cells was also characterized by a TUNEL 
assay. Representative results are presented in Fig. 7, demon-
strating increased DNA fragmentation in the sections from 
VPA‑treated mice as a result of activated apoptotic signaling 
cascades.

Discussion

The function of VPA in various malignant tumors has been 
widely studied in recent years. As such, it has been demonstrated 
that treatment with VPA induces a significant reduction in 
tumor proliferation through the induction of S phase arrest (24), 
and this anticancer effect may have been acquired through the 
alteration of cell cycle proteins, including cyclins D1 and D3 
and cyclin‑dependent kinase 4  (25). Previous studies have 
also indicated that VPA markedly increased the enrichment 
of reactive oxygen species in leukemia cells, which led to the 
upregulation of growth inhibitory pathway (26,27). Ki67, as 
a functional component of proliferating cells during mitosis, 
was reduced by VPA in murine neural stem cells, resulting in 
growth inhibitory effects (28). In addition, VPA also induced a 
significant reduction in tumor proliferation through the induc-
tion of apoptosis (29). Previous investigation in leukemia cells 
demonstrated that inhibition of HDAC activity by VPA led to 
the induction of apoptosis via the disturbance of normal epigen-
etic processes (29). Furthermore, studies have confirmed that 
VPA treatment resulted in the induction of differentiation in 
murine neural stem cells and some malignant cells via HDAC 
inhibition (30‑32). Thus, the anticancer effects of VPA have 
been well‑documented.

Oral squamous cell carcinoma is the most frequently occur-
ring malignant oral tumor in the oral cancer group (2); however, 

Figure 1. Inhibitory effect of various doses of VPA on CAL27 cell prolifera-
tion. CAL27 cells were treated with 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mm/l VPA 
for 24, 48, 72, 96 and 120 h, respectively, in vitro. Cell viability was deter-
mined using MTT assay and analyzed as the percentage of the absorbance 
value compared with control. *P<0.05 vs. 0.0 mmol/l; #P<0.05 vs. 0 h. Error 
bars represent the standard error of the mean. VPA, valproic acid. 
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to the best of our knowledge, the effectiveness of VPA on OSCC 
has not been widely investigated. In the present study, the effects 
of VPA on OSCC were examined in vivo and in vitro. Treatment 
with VPA inhibited the growth of CAL27 cells and xenografted 
OSCC. This effect may be attributed to VPA‑induced increases 
in G1 phase arrest rates as well as elevated rates of apoptosis 
in carcinoma cells. The inhibitory effects of VPA on OSCC 
were manifested by its effects on the viability, differentiation, 
and apoptosis of cancer cells, which is consistent with previous 
research (33).

Post‑translational modification has emerged as an impor-
tant method of regulating the extent of cellular signaling 
by pathway components  (34). For example, the specific 
acetylation activity pattern of SUMO was shown to alter 
protein phosphorylation patterns, thus affecting the activity 
of certain regulatory proteins (35). It has been hypothesized 
that SENPs modulate the cell cycle and tumorigenesis, 
utilizing divergent mechanisms (36‑38). In the present study, 
SUMO modification of mRNA expression levels in CAL27 
cells differed according to the VPA concentration. The 
mRNA expression level sof SUMO ligases, SAE1 and SAE2, 
exhibited no significant alterations. Moreover, the mRNA 

expression levels of SUMO1 and SUMO2 in CAL27 cells 
exposed to different concentrations of VPA did not initially 
change after 24 h exposure, but rose rapidly after 48 h with 
1.0 and 1.5 mmol/l VPA. Treatment with VPA at 1.0, 1.5, 
and 3.0 mmol/l produced fold changes of 1.8, 2.2, 2.1 and 

Figure 2. Flow cytometric analysis of various doses of VPA on CAL27 cells apoptosis. CAL27 cells were incubated with 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mm/l 
VPA for 48 h, respectively, and apoptotic cells were stained with propidium iodide and measured by flow cytometry. *P<0.05; **P<0.01. VPA, valproic acid.

Figure 3. Statistical analysis of the effect of various doses of VPA on the cell 
cycle of CAL27 cells over 24 h compared with the control. *P<0.05; **P<0.01. 
VPA, valproic acid.
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2.1, 2.6, 3.0‑fold in SUMO1 and SUMO2 mRNA expres-
sion levels, respectively,. At 1.0, 1.5 and 3.0 mmol/l VPA, 
the changes in the mRNA expression levels of SUMO1 and 
SUMO2 were statistically significant. Regarding SENP 
mRNA expression, the findings of the present study showed 
that SENP1 mRNA expression levels transiently declined 

12 h after VPA exposure regardless of the concentration 
used. In contrast, mRNA expression levels of SENP3 were 
significantly increased following 48 h exposure to 1.0, 1.5, 
2.0 and 3.0 mmol/l VPA. SENP5 mRNA expression levels 
were not demonstrated to be statistically correlated with 
VPA concentration or exposure time.

Table II. Alterations in the cell cycle progression of CAL27 cells after treatment with VPA for 24 h.

Phase	 Control group	 0.5 mm/l VPA	 1 mm/l VPA	 1.5 mm/l VPA	 2 mm/l VPA	 3 mm/l VPA	 P‑value

G0/G1	 51.53±5.99	 64.43±8.89	 62.24±6.76	 75.63±7.38	 67.66±7.07	 64.31±6.26	 <0.05
S	 30.66±6.56	 21.5±6.92	 17.42±4.70	 13.3±2.57	 12.41±2.34	 12.25±2.56	 <0.05
G2/M	 22.43±11.00	 18.85±5.76	 18.71±3.27	 21.65±7,14	 18.86±4.46	 21.18±5.99	 >0.05

VPA, valproic acid. 
 

Figure 4. Effect of VPA on related genes. Reverse transcription‑quantitative polymerase chain reaction results of known tumor suppressor genes, including 
(A) SUMO1, (B) SUMO2, (C) SUMO3, (D) SENP1, (E) SENP3, (F) SENP5, (G) SAE1, (H) SAE2 and (I) UBC9 in VPA‑incubated CAL27 cells compared  
with the control. *P<0.05; **P<0.01. VPA, valproic acid.

  A   B   C

  D   E   F

  G   H   I
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The alterations in SUMO and SENP expression levels 
observed in the present study suggest that SUMO modifica-
tions are not involved in the early differentiation of OSCC 
induced by VPA. One possible reason is that SUMO modi-
fication and conversion occur on different proteins. While 
some proteins may be selectively SUMOylated, SUMO 
modifications do not increase overall and SENP1 and SENP3 
may have important roles in regulating the timing of SUMO 
modifications. However, position changes of SUMO proteins 
and SUMO‑related proteins SENP1, SENP3, SENP5 were 

not examined in the present study. Therefore, the cellular 
location and volume changes of SUMO‑related proteins 
should be examined in future studies in order to fully eluci-
date the specific mechanisms.

In conclusion, VPA, which is a HDACi, was demonstrated 
to be associated with cell cycle inhibition and apoptosis induc-
tion in OSCC. Targeted therapy with VPA may decrease cell 
viability and induce significant antitumor effects by promoting 
the differentiation of OSCC. These findings indicate that 
VPA may be useful for the clinical treatment of OSCC, and 

Figure 6. Immunohistochemistry for Ki67 and PCNA in xenograft tumors in vivo. Ki67 staining was strong in the tumor cells and reduced in tumor tissue of 
mice treated with VPA. Similar expression patterns were observed for the staining of PCNA. Magnification, x100. PCNA, proliferating cell nuclear antigen.

Figure 5. Inhibitive effect of VPA on the growth of tumor xenografts. Once the tumors were palpable, the mice were randomly divided into control or 
VPA‑treated groups. Drug injections were administered daily for 28 days. Tumors size was measured using vernier caliper and the volumes were calculated 
by formula: length x width x height x 0.52 (mm3). **P<0.01. VPA, valproic acid.
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that alterations in SUMO‑related pathway may mediate the 
anti‑cancer effect of VPA.
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