
Abstract. Histone deacetylase (HDAC) inhibitors have been
shown to modify the expression of a variety of genes related to
cell cycle regulation and apoptosis in several cancer cells.
However, the precise mode of action of HDAC inhibitors in
prostate cancer cells is not completely understood. This study
examined whether an HDAC inhibitor affects cell death in
human prostate cancer cells through the epigenetic regulation
of androgen receptor (AR) expression. The molecular
mechanism of the HDAC inhibitor, sodium butyrate, on the
epigenetic alterations of cell cycle regulators was evaluated in
androgen-dependent human prostate cancer LNCaP cells. The
expression levels of acetylated histone H3 and H4 increased
significantly after 48 h treatment with sodium butyrate. Sodium
butyrate induced the expression of AR after 48 h treatment. In
addition, immunofluorescence assay revealed the nuclear
localization of the AR after sodium butyrate treatment. Sodium
butyrate also significantly decreased the expression of the cell
cycle regulatory proteins (cyclin D1/cyclin dependent kinase
(CDK)4, CDK6, and cyclin E/CDK2) in the LNCaP cells after
48 h treatment. Furthermore, p21Waf1/Cip1 and p27Kip1 were up-
regulated as a result of the sodium butyrate treatment. These
results suggest that sodium butyrate effectively inhibited cell
proliferation and induced apoptosis of human prostate cancer
cells by altering the expression of cell cycle regulators and AR.
This study indicated that sodium butyrate may be a potential
agent in prostate cancer treatment.

Prostate cancer is the most common malignancy and the
second leading cause of cancer-related death in the United
States. Although the disease is relatively uncommon in

Korea (1), it is estimated that prostate cancer is the sixth
most common cancer with about 900 prostate cancer
patients dying in 2005. The incidence of prostate cancer in
Korea is still much lower than in Western countries but has
been rapidly increasing over the past 10 years (2).

The androgen receptor (AR) is a member of the nuclear
receptor superfamily functioning as a ligand-regulated
transcription factor. It is activated by androgens to regulate
the development of the prostate gland and prostate cancer
progression (3). Androgen binding to the AR induces a
conformational change in the AR that leads to dissociation
from the chaperone complex and phosphorylation of the
receptor (4). This conformation change also facilitates the
dimerization of the AR. The AR activated by androgen
translocates to the nucleus where it binds to the androgen
response elements (ARE) of the target genes and modulates
transcriptional factors (5). Androgen deprivation therapy is
the most common primary treatments for prostate cancer
(6). Although most prostate cancer patients initially respond
to these treatments, the cancer eventually progresses as an
androgen-, or hormone-refractory cancer. Several studies
have reported that the androgen refractory condition in
prostate cancer is caused by mutations and overexpression
of the AR (7, 8). These changes can allow the AR to be
activated by low levels of androgens, other steroids, and even
antiandrogens or ligand-independent mechanisms. This
means hormone-refractory prostate cancer cells still depend
on the AR for their growth and proliferation. Therefore, the
regulation of AR would be a better therapeutic strategy than
the ablation of androgen (9).

Acetylation and deacetylation of the nuclear histones are
reversible epigenetic phenomena that occur through two
types of enzymes, histone acetyltransferases (HATs) and
histone deacetylase (HDAC). HATs acetylate at the lysine
residues of the histone (H) and HDAC reverse this process
(10). HDAC regulates a variety of transcription pathways by
forming complexes with transcriptional repressors, co-
repressors and other transcriptional factors, including
unliganded nuclear hormone receptors (11). 
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Several studies have reported that HDAC inhibitors can
suppress cell proliferation and block the G1/M or G2-phase
of the cell cycle in various cancer cells (12-14). Moreover, it
has been reported that HDAC inhibitors could cause
apoptotic cell death in different cancer cell lines (15, 16).
The transcription of the p21Waf1/Cip1 gene has been shown
to be activated through the Sp1 site of the p21Waf1/Cip1

promoter by HDAC inhibitors (17). The HDAC inhibitors
also increase the level of p27Kip1 expression (18). The
inductions of p21Waf1/Cip1 and p27Kip1 inhibit the formation
of the cyclin E/cyclin-dependent kinase (CDK)2 complex.
The cyclin E/CDK2 complex is essential for promoting cell
cycle progression through G1- into the S-phase because it
phosphorylates the retinoblastoma (Rb) protein on
additional sites. Therefore, increased levels of p21Waf1/Cip1

and p27Kip1 may induce cell cycle arrest at the G1-phase in
several cancer cell lines (19, 20).

Sodium butyrate is a short-chain fatty acid that is
generated from the fermentation of dietary fiber by
anaerobic bacteria in the lumen of the intestine (21). It is
also present in fruits, vegetables and milk fat (22). Sodium
butyrate may induce cell cycle arrest and apoptosis (23).
The effect of sodium butyrate might result from its function
as an HDAC inhibitor (17). However, the precise
mechanism of how sodium butyrate inhibits prostate cancer
cell growth is not completely understood. Therefore, this
study examined the effect of sodium butyrate on the
regulation of AR expression and cell cycle regulatory
proteins in human prostate LNCaP cancer cells.

Materials and Methods

Materials. Sodium butyrate was purchased from Sigma-Aldrich
Biotechnology Incorporated (St. Louis, MO, USA). The medium
and its supplements containing antibiotics, Dulbecco’s Phosphate
Buffer Saline (DPBS) and fetal bovine serum (FBS) were
purchased from Gibco® Invitrogen Corporation (Carlsbad, CA,
USA). The Western blot detection reagents were purchased from
Amersham Bioscience Corporation (Little Chalfont, Bucks, UK).
The polyvinylidene difluoride (PVDF) membranes were acquired
from Bio-Rad (Hercules, CA, USA). All other chemical reagents
were obtained from Sigma-Aldrich.

Cell lines and culture condition. The LNCaP cells were obtained
from American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells between the 10th and 30th generation were grown in
Minimum Essential Medium (MEM) supplemented with 10% heat-
inactivated FBS, 2.2 g/L NaHCO3, 1 mM sodium pyruvate and 
100 U/ml antibiotics. The cells were maintained at 37ÆC in a
humidified atmosphere containing 5% CO2. The cells were then
plated on plastic dishes and the culture medium was replaced every
2 days. During the experiments, the cells were maintained in MEM
containing 5% charcoal-dextran treated FBS (CD-FBS).

Preparation of nuclear and cytosolic extracts. Nuclear and cytosolic
extracts from the LNCaP cells were prepared using the following

procedure. Briefly, cells were harvested by trypsinization, washed
with ice-cold PBS, centrifuged at 3,000 rpm for 5 min and
incubated for 20 min in 50 Ìl of lysis buffer I (10 mM HEPES, pH
7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM phenylmethylsulfonyl
fluoride (PMSF) and 0.5 mM dithiothreitol). The mixture was
incubated for 10 min on ice and then centrifuged at 12,000 rpm for
10 min. Following collection of the supernatant which contained
the cytosolic fraction, the pellet was resuspended by syringe/needle
in 30 Ìl of ice-cold buffer II (2.75% lysis buffer I and 0.05%
Nonidet P-40) and incubated for 20 min on ice. After
centrifugation at 12,000 rpm for 10 min, the pellet was resuspended
in 40 Ìl of lysis buffer III (5 mM Hepes, pH 7.9, 300 mM NaCl, 1.5
mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM PMSF
and 26% glycerol) for 40 min. After final centrifugation at 12,000
xg for 40 min, the supernatant (nuclear extract) was collected. The
protein content from extracts was determined using the protein
assay reagent (Bio-Rad).

MTT assay. Cell viability was determined using the microculture
tetrazolium technique (MTT). The cultures were initiated in 96-
well plates at a density of 2,500 cells per well. The cells were
allowed to reattach for 48 h and were then exposed to various
concentrations of sodium butyrate. At the end of the 48 h
treatment period, 15 Ìl of a 5 mg/ml MTT reagent (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide in PBS)
were added to each well. The plates were incubated in the dark for
4 h at 37ÆC. The supernatant was aspirated and formazan crystals
dissolved in 100 Ìl DMSO at 37ÆC for 10 min with gentle agitation.
The absorbance at 540 nm of each well was measured using a
VERSA@max Microplate Reader (Molecular Devices Corp.,
Sunnyvale, CA, USA).

Immunofluorescence staining. The LNCaP cells were seeded on 
6-well dishes, so that on the day of the experiment the cells were
50% confluent. After 48 h, the medium was replaced with fresh
MEM containing 5% CD-FBS and 5 mM sodium butyrate. The
cells were fixed with 4% paraformaldehyde in PBS for 30 min and
then permeabilized with 0.1% Triton X-100 for 20 min at room
temperature. After washing three times in PBS, the cells were
blocked for 1 h with 10% goat serum in PBS and were incubated
overnight with the anti-AR polyclonal antibody (diluted 1:50, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA) at 4ÆC. After
removal of the primary antibody, the cells were rinsed three times
with PBS. The cells were then incubated with Alexa Fluor 488-
conjugated goat anti-rabbit IgG (diluted 1:100, Invitrogen,
Carlsbad, CA, USA) for 30 min in the dark. For nuclei staining,
the cells were incubated with 2.5 Ìg/ml propidium iodide (PI) at
room temperature for 3 min. The fluorescence-localized patterns
of AR were visualized using a fluorescence microscope (Axiovert
200 Carl Zeiss Inc., Jena, Thurigen, Germany).

Western blot analysis. The LNCaP cells were harvested and washed
twice with cold PBS. Total proteins were prepared using a PRO-
PREPì protein extract solution (iNtRON, Seongnam, Korea) and
assayed using a protein assay reagent (BioRad). Fifty micrograms of
the proteins were denaturated by boiling at 96ÆC for 5 min in a
sample buffer (0.5 M Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 0.1%
bromphenol blue, 10% ‚-mercaptoethanol). Each sample was
separated by 10-15% SDS polyacrylamide gel (PAGE), and
transferred to a PVDF membrane at 100 V for 1 h in a transfer
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buffer. The membrane was blocked for 1 h with the TNT buffer (10
mM Tris-HCl, pH 7.6, 100 mM NaCl and 0.5% Tween 20)
containing 5% non-fat dried milk at room temperature. The
membrane was then incubated at 4ÆC overnight with the specific
primary antibodies including anti-AR polyclonal (1:200; Santa Cruz),
anti-acetylated H3 polyclonal (1:5,000; Upstate, Lake Placid, NY,
USA), anti-acetylated H4 polyclonal (1:1,000; Upstate), anti-cyclin
D1 polyclonal (1:1,000; Santa Cruz), anti-cyclin E polyclonal (1:200;
Santa Cruz), anti-CDK2 mAb (1:200; Santa Cruz), anti-CDK4
polyclonal (1:200; Santa Cruz), anti-CDK6 polyclonal (1:200; Santa
Cruz), anti-prostate-specific antigen (PSA) mAb (1:200; Santa Cruz),
anti-p21 mAb (1:200; Santa Cruz), anti-p27 polyclonal (1:1,000;
Santa Cruz), anti-Rb polyclonal (1:500; Santa Cruz), and anti-pRb
polyclonal (1:1,000; Santa Cruz). After washing for 1 h with the TNT
buffer, the membrane was incubated with horseradish peroxidase-
conjugated anti-mouse antibody or anti-rabbit antibody (diluted
1:10,000, Santa Cruz) at room temperature for 30 min, and then
washed for 60 min with TNT buffer. Antibody labeling was detected
using enhanced chemiluminescence (ECL) plus (Amersham)
detection system.

Immunoprecipitation. For immunoprecipitation, the cells were
lysed in a buffer containing 150 mM NaCl, 10 mM Tris-HCl, pH
7.4, 1 mM EDTA, 1 mM EGTA, pH 8.0, 0.2 mM sodium
orthovanadate, 1% Triton X-100, 0.5% Nonidet P-40, 0.2 mM
PMSF, 1 mM pepstatin A, and 1 mM aprotinin. Five hundred Ìg
of protein from cell lysates were pre-cleared with protein A/G
plus-Agarose (Santa Cruz), followed by immunoprecipitation
using polyclonal anti-cyclin E antibodies (Santa Cruz). Immune
complexes were harvested with protein A/G Agarose beads, and
analyzed by SDS-PAGE. Immunodetection was carried out using

monoclonal anti-CDK2 antibody (Santa Cruz). Antibody
conjugated with horseradish peroxidase was used for the
secondary antibodies (Santa Cruz). Visualization of membrane-
bound proteins was performed by ECL plus (Amersham)
detection system. 

Flow cytometry analysis. The LNCaP cells were treated with
various concentrations of sodium butyrate for 48 h. The cells
were then washed with PBS and harvested by trypsinization,
washed in 1% bovine serum albumin (BSA) and fixed with 75%
ethanol containing 0.5% Tween 20 for at least 1 h at 4ÆC. The
cells were washed in 1% BSA and resuspended in a cold PI
staining solution (100 Ìg/ml RNase A and 10 Ìg/ml PI in PBS) 1
ml for 40 min at 4ÆC. Data acquisition and analysis were carried
out using a flow cytometry system (Beckman Coulter, Inc.,
Fullerton, CA, USA).

Statistical analysis. The data were represented as means ± SD of
determinations from either 3 or 4 independent experiments.
Statistical differences between the untreated control and the
treated groups were determined using one-way analysis of variance
(ANOVA).

Results 
Cytotoxicity. As shown in Figure 1, low concentrations of sodium
butyrate had only a minor effect on the viability of the LNCaP
cells. The viability of the LNCaP cells decreased significantly at
sodium butyrate concentrations of 5 and 10 mM. Based on
these results, 1, 5, and 10 mM of sodium butyrate were selected
as the concentrations for further experiments. 

Acetylation of histone proteins. No acetylated histone H3 or
H4 proteins were detected in the control culture, whereas
48 h treatment with sodium butyrate significantly increased
the levels of acetylated histone H3 and H4 in a dose-
dependent manner (Figure 2). 
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Figure 1. Effect of sodium butyrate on the cell viability measured by the
MTT assay. The LNCaP cells were cultured in 96-well dishes for 48 h and
then treated with various concentrations of sodium butyrate for 48 h.
Statistical significance: *p<0.05.

Figure 2. Effect of sodium butyrate on the acetylation of histone proteins
in nuclear extracts. Nuclear extracts were isolated from the LNCaP cells
treated with the indicated concentration of sodium butyrate for 48 h.
Western blot analysis was performed using anti-acetylated histone H3 and
anti-acetylated histone H4 antibodies. The quantitative results were
represented from one of the three independent experiments.



Expression of AR and PSA. The levels of AR and PSA
expression were measured using Western blot analysis. In
the cytoplasmic proteins AR expression levels were
increased dose-dependently by sodium butyrate, but not
significantly (Figure 3A). However, high concentrations (5
and 10 mM) of sodium butyrate significantly increased the
levels of nuclear AR expression (Figure 3B). However, the
levels of the PSA proteins were relatively constant after
sodium butyrate treatment (Figure 3C).

Nuclear localization of AR. As shown in Figure 4, the AR
was mainly located in the cytoplasm in the absence of
sodium butyrate. After treatment with 5 mM sodium
butyrate for 48 h, the AR moved into the nucleus. 

Cell cycle distribution. Figure 5 shows representative histograms.
Sodium butyrate caused the apparent accumulation of cells in
the G1-phase. In the control culture, the cells remaining at the
G1-stage of cell cycle were 60%. At 1 mM sodium butyrate, the
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Figure 3. Effect of sodium butyrate on the expression of AR and PSA. The level of AR was measured in the cytoplasm (A) and nucleus (B) by Western
blot analysis. Cells were treated with sodium butyrate for 48 h and then proteins were extracted from the cytoplasm and nucleus separately. The level of
PSA was measured in the whole protein after 24 or 48 h treatment (C). The quantitative results were represented from one of the three independent
experiments. Diagrams show the relative units (mean±SD) of three independent experiments. Statistical significance: *p<0.05.



proportion of cells at the G1-phase had increased slightly, up
to 68%. This profile, which is typical for cell cycle arrest at the
G1-phase, was enhanced by treatment with high concentrations
(5 and 10 mM) of sodium butyrate when the majority of cells
were in the G1-phase (90~93%). 

Expression of cell cycle regulatory proteins. Sodium butyrate
significantly decreased the cyclin D1 levels in the LNCaP
cells at 5 and 10 mM concentrations (Figure 6A). As
expected, the levels of CDK4 and CDK6 expression were
lower in the LNCaP cells treated with sodium butyrate. The
expression of cyclin E and CDK2 was down-regulated by
sodium butyrate treatment for 48 h. The levels of the
expression of CDK inhibitors p21Waf1/Cip1 and p27Kip1 were
higher in the LNCaP cells treated with sodium butyrate than
the untreated control cells (Figure 6A). The levels of the
phosphorylated Rb protein were significantly lower, even
though the level of Rb did not change (Figure 6A). In
addition, sodium butyrate treatment inhibited the formation
of the cyclin E/CDK2 complex (Figure 6B).

Discussion

Recently, considerable attention has been focused on the use
of HDAC inhibitors as anticancer agents. This is because
HDAC inhibitors have the ability to induce either apoptosis
or cell cycle arrest (15). HDAC inhibitors maintain the
acetylation of the lysine residues of the histones and
modulate the transcriptional factors of various genes. Many
studies have examined the ability of HDAC inhibitors to
induce the expression of genes such as p21Waf1/Cip1, p27Kip1,
and p53 and also induce cell cycle arrest at the G1- or G2/M-
phase (24-27). In this study, it was found that sodium butyrate
inhibited growth of the LNCaP cells through cell cycle arrest
at the G1-phase. Like other HDAC inhibitors, sodium
butyrate blocks the deacetylation of histone H3 and H4
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Figure 4. Effect of sodium butyrate on cellular localization of AR. The
LNCaP cells were seeded on 6-well dishes and treated with 5 mM sodium
butyrate for 48 h followed by immunofluorescence staining. The green
signal represents the AR and the red PI staining shows the localization of
nuclei. (A, C, E and G) control, (B, D, F and H) 5 mM sodium butyrate. 

Figure 5. Effect of sodium butyrate on the cell cycle distribution. The LNCaP cells were treated with the indicated concentrations of sodium butyrate for
48 h. After treatment, the cells were subjected to cell cycle analysis using flow cytometry. 



proteins. The increase in acetylated histone proteins may
influence the activation of AR-mediated transcriptional
factors and cell cycle regulators.

One of the main findings in this study was that sodium
butyrate regulated expression and transcriptional activity of
the AR gene through an epigenetic mechanism. In general,
the interaction between androgen and AR is essential for the
growth and survival of primary prostate cancer cells (28). In
this study, the level of nuclear AR expression was increased
significantly by sodium butyrate treatment. Western blot
analysis carried out to compare the subcellular expression of

AR in both the cytosolic and nuclear extracts revealed that
AR was significantly up-regulated in the nucleus compared
with the cytoplasm. Immunofluorescence staining confirmed
that sodium butyrate significantly induced the nuclear
translocation of AR. This suggested that the hyperacetylation
of histones by sodium butyrate might increase the
transcriptional activity of AR and its co-regulators. Although
many studies have reported that HDAC inhibitors alter AR-
and co-regulator-mediated transcription (29-33), the
molecular mechanism of HDAC inhibitors on the regulation
of AR will require further analysis. In general, the ARE-
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Figure 6. Effect of sodium butyrate on cell cycle regulatory proteins. (A)
The LNCaP cells were treated with the indicated concentrations of
sodium butyrate for 24 or 48 h. Fifty mg of the proteins were separated on
10~12% SDS-PAGE gels. After electrotransfer, the membranes were
incubated with specific antibodies against cyclin D1, CDK4, CDK6,
cyclin E, CDK2, p21Waf1/Cip1, p27Kip1, Rb, and pRb. The data is
representative of at least three independent experiments. (B) The cells
were treated with sodium butyrate at the indicated concentrations for 
48 h. The cell lysates were immunoprecipitated with anti-cyclin E
antibodies, and the protein complexes were separated by electrophoresis
and probed with anti-CDK2 antibodies.



bound AR homodimers recruit co-activators, such as p160 and
p300/CBP, and activate gene expression (34). The binding
sites for the AR have been identified at the promoter and/or
enhancer sequences of many genes, such as PSA (35), probasin
(36), and p21Waf/Cip1 (37). In particular the p21Wap1/Cip1 gene
contains a canonical ARE in its proximal promoter region
(37). Increased transcription of AR by sodium butyrate has
the potential to induce p21Waf1/Cip1 expression. 

Another finding of this study was that sodium butyrate
mediated control of the cell cycle. Previous studies have
reported that HDAC inhibitors induce cell cycle arrest at the
G1-phase through the induction of p21Waf1/Cip1 and p27Kip1

(22, 27, 38, 39). The CDK inhibitors, p21Waf1/Cip1 and
p27Kip1, play an important role in regulating the cell cycle
through inhibition of cyclin/CDK complexes. It has been
proposed that p21Waf1/Cip1 and p27Kip1 might be among the
better candidates for gene regulating cancer chemotherapy
because they are silenced in most common cancer cells (40).
HDAC inhibitor dramatically increases p21Waf1/Cip1

expression in a variety of cancer cells such as lymphoma and
colon carcinoma (41,42). Increased p21Waf1/Cip1 and p27Kip1

levels retard the progression of the cell cycle due to an
insufficient amount of cyclin/CDK complexes (20). In
addition, the HDAC inhibitors decrease the level of cyclins
and CDKs in the majority of cells. In agreement with
previous data, the growth inhibition of the LNCaP cells by
sodium butyrate was associated with increases in the levels
of p21Waf1/Cip1 and p27Kip1. The formation of the cyclin
E/CDK2 complexes also decreased after sodium butyrate
treatment. Furthermore, sodium butyrate significantly down-
regulated the cell cycle regulatory proteins cyclin D1, CDK4,
CDK6, cyclin E, CDK2 and pRb. Overall, sodium butyrate
may induce cell cycle arrest at the G1-phase, altering the cell
cycle regulators. 

In conclusion, the HDAC inhibitor, sodium butyrate,
influences the AR transcriptional activity through the
accumulation of acetylated histones. The transactivation of
AR might up-regulate the expression of the p21Waf1/Cip1

gene. Further studies will be needed to determine the
precise mechanism of HDAC inhibitors on the regulation of
AR expression. In addition, sodium butyrate induces the
expression of the p21Waf1/Cip1 and p27Kip1 proteins which
affects the cell cycle regulatory proteins and inhibits the
formation of their complexes. Eventually, sodium butyrate
arrests the cell cycle at the G1-phase and effectively inhibits
the proliferation of prostate cancer cells. Therefore, sodium
butyrate is a potential chemotherapeutic agent for prostate
cancer, particularly for hormone-refractory prostate cancer.
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