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Abstract

Background Reduction of histone deacetylase (HDAC) 2 expression and activity may contribute to amplified inflam-
mation in patients with severe asthma. Connective tissue growth factor (CTGF) is a key mediator of airway fibrosis in
severe asthma. However, the role of the HDAC2/Sin3A/methyl-CpG-binding protein (MeCP) 2 corepressor complex in
the regulation of CTGF expression in lung fibroblasts remains unclear.

Methods The role of the HDAC2/Sin3A/MeCP2 corepressor complex in endothelin (ET)-1-stimulated CTGF produc-
tion in human lung fibroblasts (WI-38) was investigated. We also evaluated the expression of HDAC2, Sin3A and
MeCP2 in the lung of ovalbumin-induced airway fibrosis model.

Results HDAC2 suppressed ET-1-induced CTGF expression in WI-38 cells. ET-1 treatment reduced HDAC2 activity
and increased H3 acetylation in a time-dependent manner. Furthermore, overexpression of HDAC2 inhibited ET-1-in-
duced H3 acetylation. Inhibition of c-Jun N-terminal kinase, extracellular signal-regulated kinase, or p38 attenuated
ET-1-induced H3 acetylation by suppressing HDAC2 phosphorylation and reducing HDAC2 activity. Overexpression
of both Sin3A and MeCP2 attenuated ET-1-induced CTGF expression and H3 acetylation. ET-1 induced the disrup-
tion of the HDAC2/Sin3A/MeCP2 corepressor complex and then prompted the dissociation of HDAC2, Sin3A, and
MeCP2 from the CTGF promoter region. Overexpression of HDAC2, Sin3A, or MeCP2 attenuated ET-1-stimulated AP-
1-luciferase activity. Moreover, Sin3A- or MeCP2-suppressed ET-1-induced H3 acetylation and AP-1-luciferase activity
were reversed by transfection of HDAC2 siRNA. In an ovalbumin-induced airway fibrosis model, the protein levels

of HDAC2 and Sin3A were lower than in the control group; however, no significant difference in MeCP2 expression
was observed. The ratio of phospho-HDAC2/HDAC2 and H3 acetylation in the lung tissue were higher in this model
than in the control group. Overall, without stimulation, the HDAC2/Sin3A/MeCP2 corepressor complex inhibits CTGF
expression by regulating H3 deacetylation in the CTGF promoter region in human lung fibroblasts. With ET-1 stimula-
tion, the HDAC2/Sin3A/MeCP2 corepressor complex is disrupted and dissociated from the CTGF promoter region; this
is followed by AP-1 activation and the eventual initiation of CTGF production.
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Conclusions The HDAC2/Sin3A/MeCP2 corepressor complex is an endogenous inhibitor of CTGF in lung fibroblasts.
Additionally, HDAC2 and Sin3A may be of greater importance than MeCP2 in the pathogenesis of airway fibrosis.

Keywords HDAC2, Sin3A, MeCP2, ET-1, CTGF, Airway fibrosis, Lung fibroblasts

Background

Lung fibrosis is a heterogeneous respiratory disease with
a high mortality rate. It is characterized by scar formation
in lung tissue, which causes lung architecture destruc-
tion, leading to death [54]. Subepithelial fibrosis is char-
acterized by extensive deposition of extracellular matrix
(ECM), including collagens, in the airway wall, which
may lead to progressive airflow obstruction [6, 50]. The
pathogenesis of lung fibrosis primarily involves fibro-
blast differentiation and proliferation [55]. In pathologi-
cal fibrosis, fibroblasts differentiate into myofibroblasts,
which excessively synthesize ECM [15]. Fibroblast differ-
entiation is regulated by various profibrotic factors, such
as connective tissue growth factor (CTGF) [56], trans-
forming growth factor (TGF)-B1 [40], and thrombin [5].

CTGE, formerly known as CCN2, mediates various
biological processes, such as ECM production and tis-
sue modeling, as well as cell adhesion, migration, pro-
liferation, and differentiation [34]. A study indicated
that CTGF is an essential downstream mediator for
TGF-Bl-induced ECM production and myofibroblast
differentiation in Graves’ orbital fibroblast [48]. In bleo-
mycin-induced lung fibrosis, CTGF contributes to lung
fibrosis by promoting type I collagen production in lung
fibroblasts [43]. CTGF plays a central mediating role in
tissue fibrosis [38]. In our previous studies, we have dem-
onstrated that CTGF production in human lung fibro-
blasts is stimulated by several profibrotic factors, such as
CXC motif chemokine ligand 12, thrombin, hypoxia, and
endothelin (ET)-1 [9, 11, 37, 53].

Elevated expression of ET-1 by the bronchial epithe-
lium is associated with airflow obstruction and airway
remodeling, and it is often observed in severe refractory
asthma [42]. In our previous studies, we have observed
the following: first, the ET, receptor (ET ,R)-dependent
pathway mediates CTGF expression, which prompts
fibrocyte differentiation into myofibroblasts in chronic
obstructive asthma [52]; second, ET-1 stimulates CTGF
production through c-Jun N-terminal kinase (JNK)/acti-
vator protein (AP)-1 activation in lung fibroblasts [53];
third, ET-1 activates HDAC7 and p300, thereby leading
to the initiation of AP-1 transcriptional activity and even-
tually the promotion of CTGF production in lung fibro-
blasts [22].

Epigenetic modifications of histone play a pivotal role
in both the regulation of gene expression and the devel-
opment of various diseases [8]. Histone acetylation

and deacetylation are involved in the pathogenesis of
asthma and chronic obstructive pulmonary disease
(COPD) through the regulation of inflammatory genes
[3]. Histone acetylation and deacetylation are con-
trolled by histone acetyltransferases and histone dea-
cetylase (HDAC). Several studies have suggested that a
reduction in HDAC2 expression and activity may con-
tribute to amplified inflammation in individuals with
severe asthma or COPD [13, 24]. In steroid-resistant
asthma, glucocorticoid receptor [ contributes to ster-
oid resistance by inhibiting HDAC2 expression [35].
HDAC?2 reduction plays a crucial role in glucocorti-
coid insensitivity by repressing NF-kB-mediated gene
expression [25]. Passive smoking impairs HDAC2 func-
tion, which may contribute to corticosteroid-insensitive
inflammation in children with severe asthma [32].

HDAC?2 is known to form a corepressor complex with
a large scaffold protein, Sin3A, to regulate gene tran-
scription [46]. The Sin3A/HDAC2 complex serves as a
negative regulator of the inflammatory gene program
in lipopolysaccharide-activated human macrophages
[26]. A study indicated that methyl-CpG-binding pro-
tein 2 (MeCP2) recruits HDAC2 and Sin3A to promote
the deacetylation of histone tails, which results in gene
silencing [28]. The methylation of DNA results in the
recruitment of HDAC-containing complexes through
MeCP2 to strengthen histone deacetylation, which then
leads to reinforced epigenetic silencing of the COX2
gene in fibroblasts from patients with idiopathic pul-
monary fibrosis [14]. However, the role of the HDAC2/
Sin3A/MeCP2 corepressor complex in ET-1-stimulated
CTGF expression remains unclear.

In this study, we evaluated the roles of HDAC2,
Sin3A, and MeCP2 in ET-1-stimulated CTGF expres-
sion in lung fibroblasts. We observed that the HDAC2/
Sin3A/MeCP2 corepressor complex is an endogenous
inhibitor of CTGF expression. ET-1 caused the disrup-
tion of the HDAC2/Sin3A/MeCP2 corepressor com-
plex, thereby reducing HDAC2 activity and increasing
histone H3 acetylation; this was followed by AP-1
recruitment to the CTGF promoter, which in turn
promoted CTGF expression. Moreover, we observed a
reduction in HDAC2 and Sin3A, but not MeCP2, in the
lung of the ovalbumin (OVA)-induced airway fibrosis
model, indicating that HDAC2 and Sin3A might play a
greater role than MeCP2 in the pathogenesis of airway
fibrosis.
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Materials and methods

Materials

WI-38 normal human embryonic lung fibroblast cell
lines (ATCC CCL-75) were purchased from American
Type Culture Collection (Manassas, VA, USA). Recom-
binant human ET-1 was obtained from Bachem Ameri-
cas (Torrance, CA, USA). Minimum essential medium
(MEM), Lipofectamine 3000 reagent, and fetal bovine
serum (FBS) were purchased from Invitrogen Life Tech-
nologies (Carlsbad, CA, USA). The chromatin immuno-
precipitation (ChIP) assay kit was obtained from Upstate
Biotechnology (Lake Placid, NY, USA). 2X Tools Tag
PCR MasterMix with loading dye was obtained from
BIOTOOLS (BIOTOOLS, Taipei, Taiwan). All materials
for Western blots were acquired from Bio-Rad (Hercules,
CA, USA). Antibodies specific for HDAC2, CTGEF, anti-
mouse, and anti-rabbit immunoglobulin G (IgG)-conju-
gated horseradish peroxidase were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Antibod-
ies specific for Sin3A, MeCP2, and GFP-tag, were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA), and the anti-a-tubulin antibody was purchased
from Transduction Laboratories (Lexington, KY, USA).
Antibodies specific for H3, acetyl-H3, phospho-HDAC2
(5394), HDAC?7, and HA-tag were obtained from Abcam
(Cambridge, MA, USA). Anti-rabbit IgG (Alexa Fluor®
555) was obtained from Abcam. Alexa Fluor® 488-con-
jugated HDAC2 antibody and Alexa Fluor® 647-conju-
gated phospho-HDAC2 (S394) antibody were purchased
from Bioss (Woburn, MA, USA). HDAC2 activity assay
kit were purchased from Abcam. HDAC2-HA, Sin3A-
HA, MeCP2-HA, and HDAC7-GFP plasmid were
purchased from GeneCopoeia (Rockville, MD, USA).
pBK-CMV-Lac Z (LacZ) was obtained from Dr. W-W.
Lin (National Taiwan University, Taipei, Taiwan). pAP-1-
Luc cis-Reporter plasmid was obtained from Stratagene
(Santa Clara, CA, USA). The luciferase assay system was
procured from Promega (Madison, W1, USA), OVA was
bought from MilliporeSigma (Burlington, MA, USA),
aluminum hydroxide was obtained from Thermo Fisher
Scientific (Waltham, MA, USA), and all other chemicals
were acquired from MilliporeSigma.

Cell culture

WI-38 cells at passages 22-30 were used to conduct
experiments. Cells were grown in a CO, incubator at
37 °C. MEM supplemented with 10% FBS was used for
cell cultures. For transfection and immunoblotting,
cells were seeded into 6-cm dishes. For Co-IP and ChIP
assays, cells were transferred into 10-cm dishes. For
transfection and luciferase assays, cells were seeded into
12-well plates.
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Transfection and luciferase reporter assays

WI-38 cells were seeded into 12-well plates (5x10*
cells/well). Plasmids of AP-1-Luc, Lac Z, HDAC2-HA,
Sin3A-HA, MeCP2-HA, or HDAC2 siRNA were trans-
fected into WI-38 cells by using Lipofectamine 3000.
After transfection for 6 h, the culture medium was
replaced with serum-free medium, and the cells were
incubated overnight. The WI-38 cells were then treated
with ET-1 for 16 h; subsequently, their luciferase activ-
ity was assayed. The level of LacZ was used to normal-
ize luciferase activity.

Western blot analysis

Cell lysates were separated through sodium dode-
cyl sulfate polyacrylamide gel electrophoresis and
then transferred to a polyvinylidene difluoride mem-
brane. The membrane was immersed in bovine serum
albumin solution (1%) for 1 h at room temperature to
block nonspecific antigens on the membrane and was
subsequently incubated with primary antibodies at
4 °C overnight. Antibodies specific for HDAC2, CTGF,
phospho-HDAC2 (S394), Sin3A, MeCP2, acetyl-H3,
H3, HDAC7, GFP-tag, HA-tag, or a-tubulin were used
to target the proteins. After incubation with primary
antibodies, the membrane was incubated with second-
ary antibody for 1 h. The blots were displayed using
enhanced chemiluminescence reagents. Quantitative
data were obtained using a scientific imaging system
(Kodak, Rochester, NY, USA).

Coimmunoprecipitation

Cell lysates were collected and centrifuged. The super-
natants were incubated with protein A/G beads and
antibodies specific for HDAC2, Sin3A, or MeCP2 at
4 °C overnight for coimmunoprecipitation. The interac-
tion between proteins was then assayed using Western
blotting.

ChIP assay

The samples were sonicated, centrifuged at 15,000xg
at 4 °C for 10 min, and subsequently immunoprecipi-
tated with HDAC2, Sin3A, MeCP2, acetyl-H3, or rabbit
IgG antibody and protein A/G beads overnight. After
immunoprecipitation, DNA was purified to amplify the
AP-1 binding site by using polymerase chain reaction
(PCR). The primer sequences were as follows: 5-CGT
CCC TTG TCC TTG CCT AT-3' (sense) and 5-GCT
CGA CCT CAC ACG GTC GA-3’ (antisense). The PCR
involved 45 cycles of amplification at 95 °C for 30 s, 52 °C
for 60 s, and 72 °C for 30 s.
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Sensitization and antigen challenge of an asthmatic animal
model

Female C57BL/6 mice (BioLASCO, Taipei, Taiwan) aged
7 weeks were used in the experiments. They were divided
into two groups (n=10 per group): control (phosphate-
buffered saline [PBS]) and OVA treatment. The mice were
immunized through subcutaneous injections of 50 pg of
OVA adsorbed on 4 mg of aluminum hydroxide in 200 pL
of PBS on days 1, 8, and 15. OVA challenges (20 pg/50 pL
in PBS) were initiated on day 28 and were repeated twice
a week for 8 weeks in an ultrasonic nebulizer chamber.
The control mice were treated similarly with PBS but
without OVA. The mice were sacrificed at 12 weeks. All
animal experimental protocols were approved by the Tai-
pei Medical University Institutional Animal Care and Use
Committee (LAC-101-0243).

Immunofluorescence (IF) staining

The expression of phospho-HDAC2, HDAC2, and Sin3A
in the lung of OVA-treated mice and in ET-1-stimu-
lated WI-38 cells were visualized by immunofluorescent
staining. The paraffin-embedded lung tissue sections of
mice were processed for antigen retrieval. WI-38 cells
were stimulated with ET-1 for 10 min and then fixed
with 4% formaldehyde for 10 min at 37 °C. The lung tis-
sue sections or WI-38 cells were blocked with 5 mg/mL
bovine serum albumin for 1 h. Alexa Fluor® 488-conju-
gated HDAC2 antibody and Alexa Fluor® 647-conju-
gated phospho-HDAC2 (S394) antibody were stained
respectively for 2 h. Sin3A antibody was stained for 2 h
and incubated with Alexa Fluor® 555-conjugated sec-
ondary antibody for another 1 h. Each slide was stained
with DAPI to visualize nuclei and as a live cell marker.
The immunofluorescence staining slides were examined
through a fluorescence microscope.

Statistical analysis

At least three independent experiments were conducted.
Data are presented as mean + standard error of the mean.
A one-way analysis of variance was conducted followed
by Dunnett’s test. In all cases, p<0.05 was considered
statistically significant. The calculation process of inhibi-
tion rate is as follows: the percentage of control=A; the
percentage of ET-1 stimulation group=B; the percent-
age of inhibitors with ET-1 stimulation=C; inhibition
rate=1—-[(C—A)/(B—A)].

Results

HDAC2 suppressed ET-1-induced CTGF production
Reduced HDAC2 activity is associated with the eleva-
tion of inflammatory gene expression in patients with
severe asthma [2]. In this study, we evaluated the role of
HDAC?2 in ET-1-stimulated CTGF expression in WI-38
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cells. HDAC2 overexpression (0.5 and 1 pg) attenuated
ET-1-stimulated CTGF production in a dose-depend-
ent manner (n=4; Fig. 1A). Without ET-1 stimulation,
transfection of HDAC2 small interfering RNA (siRNA;
100 nM) increased CTGF protein level in WI-38 cells by
226% +25% (n=>5; Fig. 1B). With ET-1 stimulation, trans-
fection of HDAC2 siRNA enhanced the CTGF protein
level by 157%+20% (n=>5; Fig. 1B). Thus, without stim-
ulation, HDAC2 was an endogenous inhibitor of CTGF
expression. With ET-1 stimulation, HDAC2 negatively
regulated ET-1-stimulated CTGF production in WI-38
cells.

ET-1 induced histone H3 acetylation through a reduction

in HDAC2 activity

CTGEF expression is regulated through the epigenetic
modification of DNA, such as histone acetylation [12].
In our previous study, HDAC7? regulated ET-1-induced
CTGF expression through the activation of AP-1 in
WI-38 cells [22]. In this study, we evaluated the role of
HDAC2 and HDAC? in ET-1-induced histone H3 acety-
lation. When cells were treated with ET-1 for 5-30 min,
the HDAC?2 activity decreased in a time-dependent man-
ner (n=3; Fig. 2A). By contrast, treating the cells with
ET-1 for 5-60 min increased H3 acetylation in a time-
dependent manner (n=4; Fig. 2B). Further, HDAC2 over-
expression attenuated ET-1-stimulated H3 acetylation
in a dose-dependent manner (n=4; Fig. 2C). However,
overexpression of HDAC7 did not affect ET-1-induced
H3 acetylation (n=5; Fig. 2D). Thus, ET-1 induced H3
acetylation by suppressing HDAC2 activity, but not
HDACY activation.

JNK, extracellular signal-regulated kinase, and p38

were involved in ET-1-induced H3 acetylation

through the regulation of HDAC2 phosphorylation

and HDAC2 activity

HDAC2 phosphorylation at serine sites S$394, S422,
and S424 negatively regulates its deacetylase activity
[1]. Moreover, the phosphorylation of HDAC2 is cru-
cial for the dissociation of HDAC2 and Sin3A [30]. In
this study, we found that incubation of cells with ET-1
for 1-10 min stimulated HDAC2 phosphorylation at
S$394 in a time-dependent manner (n=3; Fig. 3A). In
addition, we identify the changes and location of phos-
pho-HDAC2, HDAC2, and Sin3A in WI-38 cells by IF
staining. Without ET-1 stimulation, phospho-HDAC2
was expressed in both nuclei and cytosol; meanwhile,
HDAC2 and Sin3A were expressed mainly in nuclei
(Fig. 3B). With ET-1 stimulation, the level of phospho-
HDAC?2 was increased in both nuclei and cytosol com-
pared with control (Fig. 3B). However, no difference was
observed in the level of HDAC2 and Sin3A (Fig. 3B).
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Fig. 1 HDAC2 negatively requlated ET-1-induced CTGF production
in WI-38 cells. A Cells were transfected with either 0.5 or 1 ug of
HDAC2-HA plasmid or pcDNA for 24 h and were then treated

with ET-1 for 2 h. The CTGF protein level was analyzed by Western
blotting. Antibody specific for a-tubulin was applied to determine
loading control. HA-tag was used to confirm the overexpression of
HDAC2. Bars indicate the mean + standard error of the mean (SEM;
n=4).*p<0.05 versus the group with ET-1 stimulation. B Cells were
transfected with HDAC2 siRNA for 24 h and treated with ET-1 for 2 h;
subsequently, the CTGF protein level was analyzed. Bars indicate the
mean +SEM (n=5). "p <0.05 versus control, *p <0.05 versus ET-1
treatment
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Previous studies suggested that HDAC2 can be phospho-
rylated by JNK [39] and possibly by other members of the
mitogen-activated protein kinase (MAPK) family, such as
extracellular signal-regulated kinase (ERK) and p38 [44].
In this study, we investigated whether MAPKs mediate
ET-1-induced HDAC2 phosphorylation and subsequent
H3 acetylation. We found that pretreatment of cells
with SP600125 (JNK inhibitor), U0126 (ERK inhibitor),
or SB203580 (p38 inhibitor) attenuated ET-1-induced
HDAC?2 phosphorylation by 77%+25%, 89% +21%, and
96%+13% (n=4; Fig. 3C) and mitigated ET-1-induced
reduction in HDAC2 activity by 59% +17%, 62% =+ 14%,
and 69%=+13%, respectively (n=4; Fig. 3D). Further-
more, pretreatment of cells with SP600125, U0126, or
SB203580 attenuated ET-1-induced H3 acetylation by
78% +14%, 92% +9%, and 111% +7%, respectively (n=5;
Fig. 3E). Thus, the ET-1-induced reduction in HDAC2
activity and increase in H3 acetylation were mediated by
the INK, ERK, and p38 pathways.

Sin3A and MeCP2 were negative regulators

in ET-1-induced CTGF expression

MeCP2 recruits HDAC1, HDAC2, and Sin3A to promote
the deacetylation of histone tails, thus resulting in gene
silencing [28, 31]. In this study, we examined the role of
Sin3A and MeCP2 in ET-1-induced CTGF production.
Our results revealed that Sin3A overexpression (0.5 and
1 pg) attenuated ET-1-stimulated CTGF production in
a dose-dependent manner (n=4; Fig. 4A). Transfection
of Sin3A siRNA (50 nM) into WI-38 cells enhanced ET-
1-stimulated CTGF production by 148%+10% (n=3;
Fig. 4B). Further, overexpression of MeCP2 attenuated
ET-1-stimulated CTGF expression in a dose-dependent
manner (n=6; Fig. 4C). Transfection of MeCP2 siRNA
(50 nM) enhanced ET-1-stimulated CTGF expression
by 192% +39% (n=4; Fig. 4D). Thus, Sin3A and MeCP2
negatively regulated ET-1-stimulated CTGF production
in WI-38 cells.

HDAC2 participated in the regulation of Sin3A-

or MeCP2-suppressed H3 acetylation on CTGF promoter

in ET-1-stimulated WI-38 cells

In order to evaluate the role of Sin3A and MeCP2 in
the regulation of H3 acetylation on the CTGF promoter
region, the ChIP assay was conducted. Overexpression
of Sin3A or MeCP2 both suppressed ET-1-indeuced H3
acetylation on CTGF promoter region (n=3; Fig. 5A).
In addition, we investigated if suppression of ET-1-stim-
ulated H3 acetylation by overexpression of Sin3A or
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Fig.2 ET-1induced a decrease in HDAC2 activity and acetylation

of H3. A Cells were stimulated with ET-1 for 5, 10, or 30 min. The

cell lysates were immunoprecipitated with antibody specific for
HDAC2, and then HDAC activity was detected. Bars indicate values
of the mean + SEM (n=3). *p <0.05 versus control group. B Cells
were stimulated with ET-1 for 5, 10, 20, 30, or 60 min, and then the
acetylation of histone H3 was evaluated using Western blotting.

H3 was used as a loading control. Bars indicate mean +SEM (n=4).
*p < 0.05 versus control group. C Cells were transfected with either
0.5 or 1 ug of HDAC2-HA plasmid for 24 h and then treated with ET-1
for 20 min. Cells were subsequently lysed and immunoblotted with
antibodies specific for histone H3, acetyl-H3, or HA. Bars indicate
values of the mean + SEM (n=4). *p < 0.05 versus ET-1-treated group.
D Cells were transfected with 1 ug of HDAC7-GFP plasmid for 24 h
and then treated with ET-1 for 20 min. Cells were subsequently
lysed and immunoblotted with antibodies specific for histone H3,
acetyl-H3, or GFP. Bars indicate values of the mean +SEM (n=5)

MeCP2 was dependent on the presence of HDAC2.
We found that overexpression of Sin3A attenuated ET-
1-stimulated H3 acetylation by 105%+6%, and this
response was significantly recovered by transfection of
HDAC?2 siRNA (n=5; Fig. 5B). Moreover, MeCP2 over-
expression reduced ET-1-stimulated H3 acetylation by
95% + 6%, which this response was significantly reversed
by transfection of HDAC2 siRNA (n=5; Fig. 5C). Thus,
Sin3A- or MeCP2-suppressed ET-1-induced H3 acety-
lation on CTGF prompter region was dependent on the
presence of HDAC2 in W1I-38 cells.

ET-1 caused the disruption of HDAC2, Sin3A, and MeCP2
corepressor complexes and their subsequent dissociation
from CTGF promoter

HDAC?2 phosphorylation disrupts protein—protein inter-
actions among corepressors HDAC2, Sin3A, and Yin
Yang 1 [18]. Co-IP and ChIP assays were performed on
ET-1-treated WI-38 cells to evaluate whether ET-1 dis-
rupts the HDAC2/Sin3A/MeCP2 corepressor complex.
The Co-IP assay indicated that ET-1 reduced protein—
protein interactions among HDAC2, Sin3A, and MeCP2
(Fig. 6A—C). The ChIP assays revealed that ET-1 induced
the dissociation of HDAC2, Sin3A, and MeCP2 from
the CTGF promoter (Fig. 6D). Thus, ET-1 induced the
disruption of the HDAC2/Sin3A/MeCP2 corepressor
complex, which was followed by the dissociation of the
complex from the CTGF promoter.

HDAC2 was involved in the regulation of Sin3A-

or MeCP2-suppressed AP-1 transcriptional activity

in ET-1-treated WI-38 cells

In our previous study, we revealed that ET-1 stimu-
lated the production of CTGF through the ET,R/JNK/
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AP-1 signaling pathway [53]; ET-1 stimulation resulted
in the recruitment of AP-1 to the CTGF promoter
region and increased AP-1 transcriptional activity
in WI-38 cells [53]. To elucidate the roles of HDAC2,
Sin3A, and MeCP2 in regulating the transcriptional
activity of AP-1, we examined the effect of HDAC2,
Sin3A, or MeCP2 overexpression on ET-1-induced
AP-1-luciferase activity. Transfection of HDAC2-HA

plasmid (1 pg) into WI-38 cells attenuated ET-1-in-
duced AP-1-luciferase activity by 100%+26% (n=5;
Fig. 7A). Transfection of Sin3A-HA plasmid (0.5 pg)
attenuated ET-1-induced AP-1-luciferase activity by
75%+6% (n=>5; Fig. 7B). Furthermore, transfection
of HDAC2 siRNA significantly reversed Sin3A-sup-
pressed ET-1-induced AP-1-luciferase activity (n=5;
Fig. 7B). Transfection of MeCP2-HA plasmid (0.5 pg)
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<« Fig.5 HDAC2 participated in the regulation of

Sin3A- or MeCP2-suppressed H3 acetylation on CTGF promoter in
ET-1-stimulated WI-38 cells. A Schematic of the 550-bp ChIP primer
located on the CTGF promoter. Cells were transfected with either
Sin3A-HA (1 ug) or MeCP2-HA plasmid (1 pg) for 24 h and then
stimulated with ET-1 for 20 min, which was followed by ChiP assay.
Nonimmune IgG was used as a negative control. Equal amounts

of the soluble cross-linked chromatin present in each PCR were
checked by the input (n=3). B Cells were transfected with Sin3A-HA
plasmid (0.5 pg) or co-transfected with Sin3A-HA plasmid (0.5 pg)
and HDAC2 siRNA (100 nM) for 24 h and then treated with ET-1 for
20 min. Cells were then lysed and immunoblotted with antibodies
specific for histone H3, acetyl-H3, HDAC2, or HA. Bars indicate values
of the mean + SEM (n=5). *p < 0.05 versus ET-1-treated cells, *p < 0.05
versus Sin3A-transfected cells with ET-1 stimulation. C Cells were
transfected with MeCP2-HA plasmid (0.5 pg) or co-transfected with
MeCP2-HA plasmid (0.5 pg) and HDAC2 siRNA (100 nM) for 24 h and
then treated with ET-1 for 20 min. Cells were subsequently lysed and
immunoblotted with antibodies specific for histone H3, acetyl-H3,
HDAC?2, or HA. Bars indicate values of the mean + SEM (n=5).
*p<0.05 versus ET-1-treated cells, *p < 0.05 versus MeCP2-transfected
cells with ET-1 stimulation

suppressed ET-1-induced AP-1-luciferase activity by
79%+2% (n=4; Fig. 7C). Furthermore, MeCP2-sup-
pressed ET-1-induced AP-1-luciferase activity was sig-
nificantly recovered by transfection of HDAC2 siRNA
(n=4; Fig. 7C). Thus, Sin3A- or MeCP2-regulated sup-
pression of ET-1-stimulatd AP-1 transcriptional activ-
ity was dependent on the presence of HDAC2 in WI-38
cells.

H3 acetylation was correlated with HDAC2 and Sin3A

expression, but not MeCP2, in OVA-induced airway fibrosis
In a previous study, we demonstrated that the expres-
sions of CTGF and fibrotic proteins, such as a-SMA and
collagen, were increased in the lungs in an OVA-induced
airway fibrosis model [10]. In this study, we evaluated the
roles of HDAC2, Sin3A, and MeCP2 in OVA-induced
airway fibrosis. The HDAC2, Sin3A, and MeCP2 pro-
tein levels, as well as HDAC2 phosphorylation and H3
acetylation, were analyzed using Western blotting. We
observed that the ratio of phospho-HDAC2/HDAC2 was
increased in the lung tissue of OVA-treated mice com-
pared with the control group (n=10; Fig. 8A, B). HDAC2
and Sin3A expression was lower (n=10; Fig. 8A, C, D) in
the lung tissue of OVA-treated mice compared with the
control group. However, no significant difference was
noted in the expression of MeCP2 (n=10; Fig. 8A, E). H3
acetylation was markedly higher (n=10; Fig. 8A, F) in the
lung tissue of OVA-stimulated mice compared with the
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Fig. 6 ET-1 treatment disrupted protein—protein interactions
among HDAC2, Sin3A, and MeCP2 and induced dissociation

of these corepressors from CTGF promoter region. Cells were
stimulated with ET-1 for 20 min followed by the collection of lysates.
Immunoprecipitation was then conducted with A HDAC2 (n=5),

B Sin3A (n=5), or C MeCP2 (n=4) antibodies. The protein—protein
interaction among HDAC2, Sin3A, and MeCP2 was determined
through Western blotting. D Schematic of the 550-bp ChIP primer
located on the CTGF promoter. Cells were stimulated with ET-1 for
20 min, which was followed by ChIP assay. Nonimmune IgG was
used as a negative control. Equal amounts of the soluble cross-linked
chromatin present in each PCR were checked by the input (n=5)

control group. Furthermore, using IF staining, the phos-
phorylation of HDAC2, and the expression of HDAC2
and Sin3A in the lung sections from the OVA-treated
mice were examined. We found that the level of phospho-
HDAC?2, HDAC?2, and Sin3A were reduced in the airway
wall of OVA-treated mice compared with PBS-treated
mice (Fig. 8G). Thus, an increase in H3 acetylation and
a reduction in the protein levels in HDAC2 and Sin3A,
but not MeCP2, might contribute to the pathogenesis of
airway fibrosis.
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Fig. 7 HDAC2 was involved in the regulation of Sin3A- or
MeCP2-suppressed AP-1 transcriptional activity in ET-1-treated WI-38
cells. A Cells were transfected with HDAC2-HA (1 pg), AP-1-luciferase
plasmid (1 ug), or pBK-CMV-Lac Z (0.1 ug) for 24 h and then
stimulated with ET-1 for 16 h. Bars indicate values of mean + SEM
(n=5). *p<0.05 versus ET-1 stimulation. B Cells were transfected

with AP-1-luciferase plasmid (1 pg) and pBK-CMV-Lac Z (0.1 pg)

and then transfected with Sin3A-HA (0.5 ug) or co-transfected with
Sin3A-HA (0.5 pg) and HDAC2 siRNA (100 nM) for 24 h. Cells were
stimulated with ET-1 for 16 h. Luciferase activity was evaluated

as described in “Materials and methods”. Bars indicate values of

mean +SEM (n=5). *p <0.05 versus ET-1-treated cells, *p <0.05 versus
Sin3A-transfected cells with ET-1 stimulation. C Cells were transfected
with AP-1-luciferase plasmid (1 pg) and pBK-CMV-Lac Z (0.1 ug)

and then transfected with MeCP2-HA (0.5 pg) or co-transfected

with MeCP2-HA (0.5 pg) and HDAC2 siRNA (100 nM) for 24 h. Cells
were stimulated with ET-1 for 16 h. Luciferase activity was evaluated
as described in “Materials and methods”. Bars indicate values of

mean + SEM (n=5). *p < 0.05 versus ET-1-treated cells, *p < 0.05 versus
MeCP2-transfected cells with ET-1 stimulation
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Discussion

ET-1 plays a vital role in lung fibrosis. The plasma con-
centration of ET-1 was reported to increase in patients
with idiopathic pulmonary fibrosis [51]. ET-1 promotes
fibroblast activation and differentiation, which lead to
excessive ECM deposition [47]. Our previous study
indicated that ET-1 stimulates the expression of CTGF
through the ET,R/JNK/AP-1 signaling pathway and
that CTGF is required for ET-1-stimulated myofibro-
blast differentiation [53]. Moreover, ET-1 activates p300
and HDAC?7 to initiate AP-1 transcriptional activity and
eventually promotes the expression of CTGF [22]. In this
study, we found that ET-1 increased HDAC2 phosphoryl-
ation through MAPKs and then induced the dissociation
of the HDAC2/Sin3A/MeCP2 corepressor complex from
the CTGF promoter region, which in turn promoted his-
tone H3 acetylation, thus increasing CTGF expression.

Histone acetylation results in the opening up of the
chromatin structure, thereby allowing the binding of
RNA polymerase II and transcriptions [23]. One study
reported that histone acetylation might directly medi-
ate inflammatory cytokine expression and that it partici-
pates in the progression of lung fibrosis [36]. Histone H3
acetylation was reported to contribute to the overexpres-
sion of profibrotic cytokine interleukin-6 in paraquat-
induced pulmonary fibrosis [21]. HDAC2-containing
complexes are critical regulators of histone acetylation
[29]. In this study, HDAC2 overexpression inhibited
ET-1-induced CTGF production and H3 acetylation
in human lung fibroblasts. Transfection with HDAC2
siRNA enhanced ET-1-stimulated CTGF production.
ET-1 stimulation reduced HDAC2 activity and increased
H3 acetylation. Thus, HDAC2 negatively regulates CTGF
expression through the suppression of H3 acetylation.
Following ET-1 stimulation, the reduction of HDAC2
activity prompts an increase in H3 acetylation, which
in turn promotes CTGF expression. On the other hand,
our previous study found that activation of HDAC7 was
involved in ET-1-stimulatd CTGF expression in human
lung fibroblasts [22]. In this study, we found that over-
expression of HDAC7 did not affect ET-1-stimulated
H3 acetylation in WI-38 cells. Thus, ET-1-stimulated H3
acetylation was not regulated by HDAC?7.

In one study, HDAC2 phosphorylation at serine sites
S394, S422, and S424 negatively regulated its deacety-
lase activity; further, cigarette smoke attenuated the
deacetylase activity of HDAC2 through casein kinase

(See figure on next page.)
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2-mediated phosphorylation of HDAC2 [1]. Additionally,
HDAC2 can possibly be phosphorylated by members of
the MAPK family [44]. In this study, we demonstrated
the following: ET-1 induces the increase in HDAC2 phos-
phorylation (S394), which was elevated in both nuclei
and cytosol; pretreatment with JNK, ERK, or p38 inhibi-
tors attenuates ET-1-induced HDAC2 phosphorylation
and histone H3 acetylation; and the ET-1-induced reduc-
tion in HDAC2 activity is mitigated by JNK, ERK, or p38
inhibitors. Thus, ET-1 mediates the decrease in HDAC2
activity through MAPKs-mediated HDAC2 phospho-
rylation at S394. Indeed, as previous study suggested that
$394 is responsible for the cardiac hypertrophy-associ-
ated activation of HDAC2 [17]. HDAC2 phosphoryla-
tion at S394 is important for the regulation of HDAC2
activity and its interactions with mSin3 and Mi2 [49]. On
the other hand, a previous study suggested that all-trans
retinoic acid-induced HDAC2 phosphorylation at S424
is mediated by JNK signaling [39]. However, the role of
MAPKs in regulation of ET-1-stimulated HDAC2 phos-
phorylation at S422 and S424 still needs further study.
In this study, we found that inhibitors of JNK, ERK, and
p38 suppressed ET-1-stimulated HDAC2 phosphoryla-
tion at S394 by 77%, 89% and 96%, respectively. The p38
inhibitor possessed the highest level of inhibition rate.
As a result, p38 may be the most important regulator in
HDAC?2 phosphorylation at S394.

HDAC?2 is a prominent corepressor complex. These
complexes also contain other specific proteins, such as
Sin3A, crucial for HDAC2’s binding to DNA, recruit-
ment to specific promoter sequences, and modulation of
deacetylase activity [20]. A previous study suggested that
loss of Sin3A drives alveolar type 2 cell dysfunction and
progressive lung fibrosis in mice [57]. In addition, MeCP2
recruits HDAC2 and Sin3A to promote the deacetyla-
tion of histone tails, which results in gene silencing [28].
In this study, transfection of Sin3A or MeCP2 siRNA
enhanced ET-1-stimulated CTGF production. Overex-
pression of Sin3A or MeCP2 attenuated ET-1-stimulated
CTGF production. ET-1-induced H3 acetylation on
CTGEF promoter region was attenuated by overexpres-
sion of Sin3A or MeCP2. Sin3A- or MeCP2-suppressed
ET-1-induced H3 acetylation were reversed by trans-
fection with HDAC2 siRNA. These results suggest that
HDAC?2 is involved in the regulation of Sin3A- and
MeCP2-suppressed H3 acetylation on CTGF promoter
region, which results in inhibition of CTGF production

Fig. 8 The level of phospho-HDAC2, HDAC2, Sin3A, and MeCP2 and acetylation of H3 in the lungs of mice with OVA-induced airway fibrosis. A The
level of phospho-HDAC2, HDAC?2, Sin3A, MeCP2, and acetylation of H3 in the lungs from PBS-treated or OVA-treated mice were evaluated through
Western blotting. B-F Statistical analysis of protein levels. Horizontal lines indicate mean values, and each dot represents an individual mouse

(n=10). *p < 0.05 versus PBS group. G Paraffin sections of lung tissue from the PBS- or OVA-treated mice were stained for phospho-HDAC2 (purple),

HDAC2 (green), Sin3A (red), and nuclei (blue). Bar, 50 um
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in ET-1-treated cells. Furthermore, ET-1 induced the
disruption of the HDAC2/Sin3A/MeCP2 corepressor
complex and prompted the corepressor complex’s dis-
sociation from the CTGF promoter region. Our previous
study revealed that AP-1 participates in ET-1-stimulated
CTGF expression [22]. In this study, we also found that
overexpression of HDAC2, Sin3A, or MeCP2 attenuated
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« Fig.9 Schematic of how ET-1 signal transduction promotes CTGF
production. A Without stimulation, HDAC2 inhibits CTGF production
through the formation of a corepressor complex with Sin3A and
MeCP2, thereby suppressing H3 acetylation on the CTGF promoter.
B With ET-1 stimulation, MAPKs mediate HDAC2 phosphorylation,
which is followed by the disruption of the corepressor complex
and acetylation of H3 in the CTGF promoter region; this prompts
the opening up of the chromatin structure to allow binding of
AP-1. By contrast, ET-1 recruits AP-1 to the CTGF promoter region
through JNK-mediated AP-1 phosphorylation and HDAC7/p300/
AP-1 transcriptional complex formation, which in turn induces CTGF
expression

ET-1-caused AP-1-luciferase activity. Moreover, Sin3A-
or MeCP2-suppressed ET-1-stimulated AP-1-luciferase
activity were reversed by transfection with HDAC2
siRNA. Thus, without stimulation, HDAC2 forms a core-
pressor complex with Sin3A and MeCP2 to inhibit H3
acetylation and AP-1 binding of CTGF promoter, thereby
suppressing CTGF expression. Following ET-1 stimula-
tion, the HDAC2/Sin3A/MeCP2 corepressor complex
dissociates from the CTGF promoter region; subse-
quently, the increase in H3 acetylation allowing the bind-
ing of AP-1 to the CTGF promoter region, which results
in an increase in AP-1 activity and stimulation of CTGF
expression.

Airway remodeling is characterized by subepithe-
lial fibrosis [4] and contributes to the progressive loss
of lung function in asthma [41]. A previous study sug-
gested that the presence of ET-1 is necessary to activate
bronchial fibroblast proliferation and collagen synthe-
sis in patients with asthma [16]. Moreover, ET-1 directs
airway remodeling and hyper-reactivity in a murine
asthma model [19]. In addition, ET-1 is increased in
the bronchoalveolar lavage fluid from OVA-challenged
mice and is involved in the process of subepithelial
fibrosis [7]. In our previous studies, the expressions
of CTGF, a-SMA, and collagen were increased in the
lungs in an OVA-induced airway fibrosis model [10],
and the HDAC7 overexpression might play an impor-
tant role in the pathogenesis of OVA-induced airway
fibrosis [22]. A related study suggested that an increase
in H3 acetylation in lung tissue was associated with
asthma pathogenesis [45]. In this study, we also found
that histone H3 acetylation considerably increased in
lung tissue of OVA-stimulated mice. Thus, the increase
in H3 acetylation might be involved in the pathogenesis
of OVA-induced airway fibrosis. HDAC2-containing
complexes are vital mediators of histone deacetylation
in vivo [29]. In another study, HDAC2 formed a core-
pressor complex with MeCP2 and Sin3A to promote
the deacetylation of histone tails, which resulted in
gene silencing [28]. In inflammatory lung diseases, such
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as COPD and severe asthma, a reduction in the HDAC2
protein level or HDAC2 activity is commonly observed
[2]. One study reported that HDAC2 activation could
prevent airway remodeling through the suppression of
airway inflammation and the modulation of fibroblast
activation in COPD [33]. In the present study, HDAC2
phosphorylation and protein level of HDAC2 and
Sin3A significantly decreased in the lung of OVA-stim-
ulated mice. Although the level of phospho-HDAC2
and HDAC2 were both decreased, the ratio of phos-
pho-HDAC2/HDAC2 was significantly increased in
the lung of OVA-stimulated mice. Moreover, IF stain-
ing also showed that the level of HDAC2 and Sin3A
were reduced in the airway wall of OVA-treated mice
compared with control group. These results suggest
that HDAC2 phosphorylation and the loss of HDAC2
and Sin3A levels might be involved in the pathogene-
sis of OVA-caused airway fibrosis. On the other hand,
MeCP2 is instrumental to the deacetylation activity of
HDACs. MeCP2 recruits HDACs and Sin3 to methyl-
ated DNA and suppresses gene expression [27]. How-
ever, we observed that the MeCP2 protein level was
unchanged in the lung tissue of an OVA-induced air-
way fibrosis model. Therefore, MeCP2 protein level
may play less of a role than HDAC2 and Sin3A in the
pathogenesis of OVA-induced airway fibrosis.

Conclusions

Without stimulation, the HDAC2/Sin3A/MeCP2 core-
pressor complex inhibited CTGF expression through H3
deacetylation in the CTGF promoter region (Fig. 9A).
HDAC2, Sin3A, and MeCP2 served as the corepressors
of CTGF expression. With ET-1 stimulation, HDAC2
activity was reduced through MAPK-mediated HDAC2
phosphorylation followed by dissociation of the HDAC2
corepressor complex from the CTGF promoter as well
as H3 acetylation; subsequently, the chromatin struc-
ture opened up to allow binding of AP-1, which in turn
caused CTGF production (Fig. 9B). The present results,
together with those of our previous reports, suggest
the following: ET-1 stimulation induces AP-1 activa-
tion through the ET,R/JNK pathway [53] as well as the
formation of the HDAC7/p300/AP-1 transcriptional
complex [22]; subsequently, transcriptional complex
is recruited to the CTGF promoter, thereby stimulat-
ing CTGF production (Fig. 9B). Our results highlight
the vital role of the HDAC2/Sin3A/MeCP2 corepres-
sor complex in preventing CTGF production in human
lung fibroblasts. Further, pathologic loss of HDAC2 and
Sin3A rather than MeCP2 may be a key determinant in
the pathogenesis of airway fibrosis.
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ERK Extracellular signal-regulated kinase
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HDAC Histone deacetylase
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MAPK Mitogen-activated protein kinase
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