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Abstract: We investigated the role of a histone acetylation dependent mechanism in the transcriptional repres-
sion of connexin43 (Cx43) in cultured human bladder smooth muscle cells (HBSMCs). Expression of Cx43 mRNA 
was assessed by RT-PCR and qPCR after treatment of HBSMCs with either the histone deacetylase (HDAC) inhibi-
tor, trichostatin A (TSA) or the histone acetyltransferase (HAT) inhibitor, anacardic acid (AA). Modulation of histone 
acetylation and recruitment of the transcription factors AP-1 and Sp1 at the Cx43 promoter region in response to 
TSA or anacardic acid was analyzed by chromatin immunoprecipitation (ChIP) assay. While the treatment with TSA 
promoted the expression of both the Cx43 mRNA and protein in HBSMCs, the expression of both the Cx43 mRNA 
and protein were suppressed in the presence of anacardic acid, compared to the levels in the untreated cells. ChIP 
assays confirmed that TSA-induced transcriptional up-regulation of Cx43 in HBSMCs was associated with increases 
in the accumulation of acetylated histones H3 and H4 accompanied with the enrichment of accessible AP-1 and 
Sp1 in the critical promoter region of the Cx43 gene. On the contrary, ChIP assay after treatment with anacardic acid 
showed that repression of Cx43 in HBSMCs was associated with decreased acetylation levels of histone H3 and H4 
accompanied with subsequent reduction in the binding of AP-1 and Sp1. Our finding suggested that TSA-mediated 
induction and anacardic acid-mediated reduction of Cx43 expression in HBSMCs might be associated with the 
histone acetylation dependent mechanism linked to the transcription factors AP-1 and Sp1 in the Cx43 promoter.

Keywords: Connexin43, histone modification, anacardic acid, detrusor muscle

Introduction 

The main function of the bladder is a balanced 
storage and timely emptying of urine. The capa-
bility to efficiently hold urine stand on the basis 
of the ability to comply with accumulation of 
urine produced continuously while keeping a 
low pressure. If the bladder does not act as a 
reservoir and the detrusor pressure at storage 
phase rises sharply, the elevated intravesical 
pressure adversely affect the kidney [1]. There 
is growing evidence that the pathogenesis of 
detrusor over-activity is related to increased 
electrical signaling of smooth muscle cells that 
causes an involuntary intravesical pressure 
rises [2, 3]. Intercellular gap-junctional chan-
nels are shown in various kinds of mammalian 

tissues which accelerate electrical and chemi-
cal communications between neighboring cells 
[4]. Gap-junctional channels are assembled by 
two hemichannels, specifically connexons 
which are individually given by either of the 
adjacent cells [5]. Connexons are composed of 
hexameric assembly of membrane-spanning 
proteins, called as connexin (Cx), which are affil-
iated to a family of at least 20 members in 
mammals [6]. Gap-junctional Cx43 was consti-
tutively expressed in human bladder [7]. Cx43 
expression in the normal bladder smooth mus-
cle is generally low, but Cx43 expression in- 
crease after partial bladder outlet obstruction 
in rats and in patients with an overactive blad-
der (OAB) [8, 9]. Smooth muscle cells of the 
bladder continuously meet with mechanical 
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stimuli such as hydrostatic pressure and st- 
retching force during the storage and emptying 
cycles. Appropriate mechanical stimuli are ben-
eficial to the developmental process of a uri-
nary bladder [10]. Cell to cell communication 
through gap-junctional channels may contrib-
ute to the regulation of variable cellular func-
tions, including cellular growth, migration, dif-
ferentiation, electric coupling and hormone 
secretion [11, 12]. Cx43 is a gap-junction pro-
tein, which seems to be the well-demonstrated 
connexin in human bladder smooth muscle 
cells (HBSMCs) [7]. The number of gap junc-
tions and the expression of connexin were iden-
tified to have increased secondary to partial 
bladder outlet obstruction [13]. But, the mani-
festation of Cx43 expression decreases under 
sustained hydrostatic pressures above the 
physiologic level in the longer term (>72 h) in 
HBSMCs [14]. In human study, low levels of 
Cx43 expression were observed in normal blad-
der, but a significant increase in the expression 
of Cx43 was identified in women with urge 
symptoms [15]. Therefore, expression of Cx43 
increases in the bladder smooth muscle cells 
of patients with overactive bladder. More 
recently the contributions of epigenetic and 
post-transcriptional mechanisms like DNA me- 
thylation, histone modification and microRNAs 
have been identified in regulation of connexin 
expression [16]. The involvement of histone 
modifications, and histone acetylation in par-
ticular, in the control of connexin expression 
has been demonstrated by works with histone 
deacetylase (HDAC) inhibitor [16]. In the curre- 
nt study, we investigated the role of a histone 
acetylation dependent mechanism in the tran-
scriptional repression of Cx43 in cultured HB- 
SMCs. 

Materials and methods

Cell culture and reagents

The human bladder smooth muscle cell line 
was obtained from ScienCell Research La- 
boratories (Carlsbad, CA, USA), and was cul-
tured in Smooth Muscle Cell Medium (ScienCe- 
ll Research Laboratories). Complete growth 
media for culturing HBSMCs consisted of 10% 
fetal bovine serum (FBS), smooth muscle cell 
growth supplement, and penicillin/streptomy-
cin solution. All the cells were maintained at 
37°C in a humidified incubator with an atmo-
sphere of 5% CO2. HBSMCs were treated with 

either trichostatin A (TSA; Sigma-Aldrich, St. 
Louis, MO, USA) for 24 h or anacardic acid 
(Sigma-Aldrich) for 48 h.

Reverse transcription PCR

Total RNA was isolated from the cell lines using 
the RNeasy Mini Kit (Qiagen, Hilden, Germany), 
according to the manufacturer’s instructions. 
Next, cDNA was synthesized from 1 μg of total 
RNA using the ImProm-II™ Reverse Transcription 
System (Promega, Madison, WI, USA). The se- 
quences of primer used for RT-PCR amplifica-
tion of Cx43 cDNA are 5’-CAATCACTTGGCGT- 
GACTTC-3’ (forward) and 5’-GTTTGGGCAACC- 
TTGAGTTC-3’ (reverse). The cycling conditions 
were as follows: initial denaturation at 94°C  
for 3 min; 27-29 cycles of denaturation at 94°C 
for 30 s, annealing at 60°C for 40 s, and exten-
sion at 72°C for 30 s; and a final extension at 
72°C for 5 min. All amplifications were per-
formed using AccuPower PCR PreMix (Bioneer, 
Daejeon, Korea). The human ACTB gene (encod-
ing β-actin) was amplified as an endogenous 
control.

Quantitative real-time PCR

Real-time cDNA synthesis was performed by 
conducting a two-step RT-PCR with 1 μg total 
RNA as the template, using the QuantiTect 
Reverse Transcription Kit (Qiagen). Next, 1 μl 
diluted cDNA was used as the template for PCR 
with the Rotor-Gene SYBR Green PCR Kit (Qi- 
agen), according to the manufacturer’s instruc-
tions. Amplification and quantitative analysis 
were performed using the Rotor-Gene Q 5plex 
HRM system (Qiagen). The cycling conditions 
consisted of 5 min at 95°C followed by 40 
rounds of 5 s at 95°C and 10 s at 60°C.

Immunoblotting

Total protein extracts from HBSMCs were pre-
pared in a lysis buffer of 1.5% SDS, 62.5 mM 
Tris-HCl (pH 6.8), 5 mM EDTA, 1% 2-mercapto-
ethanol, 1 mg/mL of antipain, 1 mg/ml of chy-
mostatin, and 1 mg/mL of leupeptin (all from 
Sigma-Aldrich). The constituent proteins were 
separated using 12% SDS-PAGE and then 
transferred to a nitrocellulose membrane (Bio-
Rad Laboratories, Hercules, CA, USA). The 
membrane was blocked for 1 h in Tris-buffered 
saline-Tween [TBST; 0.2 M NaCl, 0.1% Tween-
20, and 10 mM Tris (pH 7.4)] containing 5% 
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non-fat dry milk. The blocked membranes were 
then incubated with rabbit anti-connexin43 
(1:1,000; Abcam, Cambridge, UK) and mouse 
monoclonal anti-ACTB (1:2,000; Santa Cruz 
Biotechnology Inc. Dallas, TX, USA) antibodies 
in TBST. After incubation, membranes were 
incubated with horseradish peroxidase-conju-
gated anti-rabbit IgG (1:2,000; Cell signaling, 
Beverly, MA, USA) in TBST for 1 h at room tem-
perature. After each step, the membranes were 
washed several times with TBST, and bound 
antibodies were detected using an enhanced 
chemiluminescence detection system (Amer- 
sham Biosciences, Amersham, UK) according 
to the manufacturer’s instructions.

Chromatin immunoprecipitation

ChIP analysis was carried out using an EZ ChIP 
kit (Millipore, Billerica, MA, USA) following the 
manufacturer’s protocol. Briefly, HBSMCs (4 × 
105 cells) were plated in a 100-mm culture dish 
the day before treatment with TSA or anacardic 
acid. After 48 h of incubation, formaldehyde-
treated cells were resuspended in SDS lysis 
buffer, and the cell lysates were sheared by 
sonication. The chromatin fragments were im- 
munoprecipitated overnight with antibodies 
against AcH3, AcH4, AP-1 and Sp1 (all antibod-
ies were purchased from Millipore). Precipitated 
chromatin was then washed, reverse-cross-
linked, and digested with RNase A and protein-
ase K. The purified DNA was analyzed by quan-
titative PCR and the quantitative analysis was 
run in the Rotor-Gene Q 5plex HRM system 
(Qiagen). The sequences (encompassing nucle-
otides -256 to -96 bp upstream of the TSS) of 

the PCR primers used were as follows: forward 
(5’-ATACACCTTTTTCCCCCATTATCCC-3’) and re- 
verse (5’-GATCAGGATAAAGTTGTAGTTTAA ATTT- 
GC-3’). Thermal cycling was performed using 
the default conditions of the Rotor-Gene Q 
Series Software (Qiagen), which consisted of 5 
min at 95°C followed by 45 rounds of 5 s at 
95°C and 10 s at 58°C.

Statistical analysis

Statistical analyses were conducted using IBM 
SPSS for Windows, Version 21.0 (IBM Inc., 
Armonk, NY, USA). Data were presented as the 
mean ± standard error of the mean and ana-
lyzed using the Student’s t-test. A P-value of < 
0.05 was considered statistically significant.

Results

Histone acetylation-mediated regulation of 
Cx43 expression in HBSMCs 

We investigated whether Cx43 expression in 
human detrusor smooth muscle cells was 
affected by histone acetylation-mediated regu-
lation. As shown in Figure 1A, the inhibition of 
histone deacetylation by increasing doses of 
TSA led to the induction of Cx43 mRNA in 
HBSMCs. In contrast, the exposure to histone 
acetyltransferase (HAT) inhibitor, anacardic ac- 
id gave rise to down-regulation of Cx43 tran-
scription in a dose-dependent manner (Figure 
1B). We next demonstrated whether contrast-
ing effects on Cx43 expression were triggered 
by TSA and anacardic acid in HBSMCs. While 
the treatment with TSA promoted the expres-
sion of both the Cx43 mRNA (Figure 2A) and 
protein (Figure 2B) in HBSMCs, the expression 
of both the Cx43 mRNA and protein were sup-
pressed in the presence of anacardic acid, 
compared to the levels in the untreated cells 
(Figure 2). These results suggested that the dif-
ferent histone acetylation patterns might mod-
ulate the up- or down-regulation of the Cx43 
expression levels in HBSMCs. 

Changes in the histone acetylation and 
transcription factors AP-1/Sp1 of the Cx43 
promoter in HBSMCs

To determine the TSA- and anacardic acid-
responsive regions important for Cx43 regula-
tion, we examined the histone acetylation ch- 
anges in the Cx43 promoter encompassing 

Figure 1. Connexin43 (Cx43) transcription modu-
lated by trichostatin A (TSA) and anacardic acid (AA) 
in human bladder smooth muscle cells (HBSMCs). 
A. TSA led to the induction of Cx43 mRNA in a dose-
dependent manner in HBSMCs. B. AA gave rise to 
down-regulation of Cx43 transcription in a dose-de-
pendent manner.
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binding elements for transcription factors AP-1 
and Sp1 (Figure 3A). ChIP assays confirmed 
that TSA-induced transcriptional up-regulation 
of Cx43 in HBSMCs was associated with 
increases in the accumulation of acetylated 
histones H3 and H4 in the critical promoter 
region of the Cx43 gene (Figure 3B). We also 
found that the hyperacetylation of histones was 
accompanied with the enrichment of accessi-
ble AP-1 and Sp1 to the corresponding se- 
quence element in the Cx43 promoter, com-
pared to the untreated control cells (Figure 3B). 
On the contrary, ChIP assay after treatment 
with anacardic acid showed that repression of 
Cx43 in HBSMCs was associated with de- 
creased acetylation levels of histone H3 and 
H4 in the same sequence element in the Cx43 
promoter (Figure 3B). Moreover, we also deter-
mined that subsequent reduction in the binding 
of AP-1 and Sp1 to the Cx43 promoter region, 
which was marked by significant hypoacety-
lation of histone H3 and H4, compared to the 
untreated control cells (Figure 3B). Therefore, 
our findings suggested that a promoter region 
of Cx43 containing conserved sequence ele-
ments for AP-1 and Sp1 might be responsive to 
both TSA and anacardic acid modulating the 
histone acetylation status in the opposite 
manners.

Discussion

In a variety of studies, the involvement of his-
tone modifications in connexin expression has 

matin decondensation. On the other hand, the 
opposite reaction suppresses gene expression 
[17]. In this study, we investigated whether 
Cx43 expression in HBSMCs was affected by 
histone acetylation-mediated mechanism. In 
HBSMCs, inhibition of histone deacetylation by 
increasing doses of TSA gave rise to induction 
of Cx43 mRNA in a dose-dependent manner. In 
contrast, exposure to anacardic acid, a HAT 
inhibitor brought about down-regulation of 
Cx43 transcription in a dose-dependent man-
ner. Anacardic acid is a mixture of 2-hydroxy-
6-alkylbenzoic acid homologs and is usually 
found in Anacardiaceae family [18, 19]. It has 
been generally known as a non-specific histone 
acetyltransferase inhibitor of p300 [20]. 
Anacardic acid, a natural plant extracts, is con-
sidered to be a promising anti-tumor drug with 
acceptable toxicity and high anti-tumor spec-
trum. We looked into whether contrasting ef- 
fects on Cx43 expression were triggered by TSA 
and anacardic acid in HBSMCs. While the treat-
ment with TSA promoted the expression of bo- 
th Cx43 mRNA and protein in HBSMCs, the 
expression of both Cx43 mRNA and protein 
were suppressed in the presence of anacardic 
acid, compared to the levels in the untreated 
cells. These results suggested that the differ-
ential histone acetylation patterns might be 
associated with the up- or down-regulation of 
the Cx43 expression levels in HBSMCs. In- 
hibitors of HDAC enzymes have been verified to 
increase connexin production [21-31], usually 
related to trigger of gap junction opening [21, 

Figure 2. Contrasting effects on Cx43 expression triggered by TSA or AA in 
HBSMCs. A. Treatment with TSA promoted the expression of Cx43 mRNA 
and treatment of AA suppressed the expression of Cx43 mRNA. B. Treat-
ment with TSA promoted the expression of Cx43 protein and treatment of AA 
suppressed the expression of Cx43 protein. **P < 0.01. 

been identified by means of 
control agents that regulate 
these specific epigenetic pro-
cesses. Chromatin structure 
is changeable and histone 
acetylation and deacetylation 
are essential parts of gene 
regulation. These reactions 
are typically carried out by 
enzymes with HAT or HDAC 
activity. Acetylation is the pro-
cess where an acetyl function-
al group is transferred from 
one molecule to another. De- 
acetylation is simply the re- 
verse reaction where an ace-
tyl group is removed from a 
molecule. Histone acetylation 
usually promotes transcrip-
tional activation through chro-
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22, 24-27, 32-35] in diverse experimental set-
tings. The effects of HDAC inhibitors depend on 
the character of the connexin species and epi-
genetic modulator as well as the cellular condi-
tion. Consequently, HDAC inhibitors have a 
direct impact on the transcription of the con-
nexin gene. Hernandez et al. [21] reported that 
the TSA, a HDAC inhibitor, leads to the expres-
sion of Cx43 in human prostate cancer cells. 
They demonstrated that the integrity of both 
Sp1 and a run of AP-1 in a regulatory region 
between -234 and -287 from the transcription 
start site of the basal Cx43 promoter is essen-
tial for TSA-induced Cx43 promoter activity, 
showing that the Sp1/AP-1 responsive ele-

sequence element in the Cx43 promoter. Mo- 
reover, we also determined that the subse-
quent reduction in the binding of AP-1 and Sp1 
to the Cx43 promoter region, which was marked 
by significant hypoacetylation of histone H3 
and H4, compared to the untreated control 
cells. Therefore, our findings suggested that a 
promoter region of Cx43 containing conserved 
sequence elements for AP-1 and Sp1 might be 
responsive to both TSA and anacardic acid 
modulating the histone acetylation status in 
the opposite manners. Expression of Cx43 
increases in the detrusor smooth muscle cells 
of patients with overactive bladder [9]. More 
recently the contributions of epigenetic and 

Figure 3. Chromatin immunoprecipitation analysis of acetylated histone pro-
teins (i.e., AcH3 and AcH4) and transcription factors AP-1 and Sp1 in the 
Cx43 promoter in HBSMCs after the treatment with either TSA or AA. A. Cx43 
promoter encompassing binding elements for transcription factors AP-1 and 
Sp1. B. Treatment of TSA led to increased level of AcH3 and AcH4 and tran-
scription factors AP-1 and Sp and treatment of AA led to decreased level of 
AcH3 and AcH4 and transcription factors AP-1 and Sp. *P < 0.05, **P < 
0.01 and ***P < 0.001.

ments act in a synergy with 
the coactivator p300/CREB-
binding protein in TSA-me- 
diated Cx43 transcription. Th- 
is is accompanied by hyper-
acetylation of histones H4 
surrounding the AP-1 and Sp1-
responsive gene elements. In 
this study, in order to deter-
mine TSA- and anacardic acid-
responsive regions for the 
regulation of Cx43 in HBSM- 
Cs, we examined the histone 
acetylation changes in the Cx- 
43 promoter encompassing 
the binding elements for tr- 
anscription factors AP-1 and 
Sp1. ChIP assays confirmed 
that the TSA-induced transc- 
riptional up-regulation of Cx43 
in HBSMCs was associated 
with increases in the accu- 
mulation of acetylated histo- 
nes H3 and H4 in the critical 
promoter region of the Cx43 
gene. We also found that the 
hyperacetylation of histones 
was accompanied with the 
enrichment of accessible AP-1 
and Sp1 to the correspondi- 
ng sequence element in the 
Cx43 promoter, compared to 
the untreated control cells. On 
the contrary, ChIP assay after 
the treatment with anacardic 
acid showed that the repres-
sion of Cx43 in HBSMCs was 
associated with the decreas- 
ed acetylation levels of his-
tone H3 and H4 in the same 
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post-transcriptional mechanisms like DNA me- 
thylation, histone modification and microRNAs 
have been identified in regulation of connexin 
expression. Our data suggested that different 
histone acetylation patterns different histone 
acetylation patterns different histone acetyla-
tion patterns histone acetylation patterns 
might modulate the up- or down-regulation of 
the Cx43 expression levels in the detrusor 
smooth muscle of OAB patients. Synthetically, 
epigenetic aberrations may play crucial roles in 
development and progression of OAB by a his-
tone acetylation dependent mechanism in the 
transcriptional expression of Cx43. 

Conclusions

Our finding suggested that TSA-mediated induc-
tion and anacardic acid-mediated reduction of 
Cx43 expression in HBSMCs might be associ-
ated with the histone acetylation dependent 
mechanism linked to the transcription factors 
AP-1 and Sp1 in the Cx43 promoter. Also, epi-
genetic aberrations may play crucial roles in 
the development and the progression of OAB. 
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