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HDAC2 phosphorylation-dependent Klf5 deacetylation 
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Abnormal proliferation of vascular smooth muscle cells (VSMCs) occurs in hypertension, atherosclerosis and 
restenosis after angioplasty, leading to pathophysiological vascular remodeling. As an important growth arrest gene, 
p21 plays critical roles in vascular remodeling. Regulation of p21 expression by retinoic acid receptor (RAR) and its 
ligand has important implications for control of pathological vascular remodeling. Nevertheless, the mechanism of 
RAR-mediated p21 expression in VSMCs remains poorly understood. Here, we show that, under basal conditions, 
RARα forms a complex with histone deacetylase 2 (HDAC2) and Krüppel-like factor 5 (Klf5) at the p21 promoter 
to inhibit its expression. Upon RARα agonist stimulation, HDAC2 is phosphorylated by CK2α. Phosphorylation of 
HDAC2, on the one hand, promotes its dissociation from RARα, thus allowing the liganded-RARα to interact with 
co-activators; on the other hand, it increases its interaction with Klf5, thus leading to deacetylation of Klf5. Deacety-
lation of Klf5 facilitates its dissociation from the p21 promoter, relieving its repressive effect on the p21 promoter. In-
terference with HDAC2 phosphorylation by either CK2α knockdown or the use of phosphorylation-deficient mutant 
of HDAC2 prevents the dissociation of Klf5 from the p21 promoter and impairs RAR agonist-induced p21 activation. 
Our results reveal a novel mechanism involving a phosphorylation-deacetylation cascade that functions to remove 
the basal repression complex from the p21 promoter upon RAR agonist treatment, allowing for optimum agonist-
induced p21 expression. 
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duction
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Introduction

Abnormal proliferation of vascular smooth muscle 
cells (VSMCs) causes intimal thickening of the vessel 

wall, which is strongly related to the development of 
atherosclerosis, restenosis and hypertension [1, 2]. Cell 
proliferation is coupled with cell cycle progression, pro-
moted by cyclins (e.g., cyclin D1, cyclin E and cyclin 
A) and inhibited by cyclin-dependent kinase inhibitors 
(CKIs, e.g., p21 and p27) [3]. Among them, p21 plays 
critical roles in various biological processes, such as cell 
cycle control, DNA repair, antiapoptosis, differentiation 
and tumor suppression [4-7]. In the vascular system, 
p21 can block SMC proliferation in vitro and decrease 
restenosis in the rat model of carotid injury [8]. Recent 
results revealed that mice with homozygous deletion of 
p21 displayed accelerated proliferations of VSMCs and 
enhanced neointimal formation following arterial injury 
[9, 10]. As an important growth arrest gene, regulation 
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of p21 expression has been studied extensively, espe-
cially in tumor cells. p21 gene is shown to be regulated 
by p53, signal transducer and activator of transcription 
1 (STAT1), retinoic acid receptor (RAR)/retinoid X 
receptor (RXR) complex, krüppel-like factors (Klfs), 
AP1, cAMP response element-binding protein (CREB), 
SP1, E2F and ubiquitin-like with PHD and RING fin-
ger domains 1 (UHRF1), etc. [11-20]. However, the 
mechanism controlling p21 expression in VSMCs is still 
poorly understood. In VSMCs, p21, at low levels, has 
growth-permissive effects by promoting the Cdk:cyclin 
complex formation, but a higher level of p21 has growth-
inhibitory effects [21]. Recent studies have indicated that 
transcription factors p53, Klfs and RARs all participate 
in the transcription regulation of p21 in VSMCs [14, 19, 
22]. For example, retinoids could activate the expression 
of p21 through the RAR/RXR heterodimer [14]. We have 
found that angiotensin II could stimulate krüppel-like 
factor 5 (Klf5, also known as intestine-enriched krüppel-
like factor or IKLF) phosphorylation and its interaction 
with c-Jun, which suppresses the expression of p21 [23]. 
Krüppel-like factor 4 (GKLF, Klf4) interacts with p53, 
and inhibits VSMC proliferation by promoting the ex-
pression of p21 [24]. Interestingly, among the factors that 
are known to regulate p21 expression, RARα and Klf5 
could interact with each other and appear to have oppo-
site regulatory effects on VSMC proliferation [25]. 

Klf5, a zinc finger-containing transcription factor, 
interacts with many other transcription factors, such as 
c-Jun, RARα, CREB binding protein (CBP) and PPAR-δ, 
and regulates the expression of many genes involved in 
cell proliferation [26]. RARs belong to the nuclear recep-
tor superfamily, and when bound by their ligands, such 
as Am80 or AtRA, promote VSMC differentiation [27-
29]. As a result, RAR is now considered to be an attrac-
tive target for treatment of VSMC proliferation diseases 
[30, 31]. Generally, in the absence of ligands, RARs are 
associated with co-repressors to inhibit transcription, 
while liganded RARs recruit co-activators to activate 
transcription [32]. Clinical applications of AtRA have 
had some success in the treatment of human diseases 
such as cancer, psoriasis, leukemia, restenosis and plaque 
formation [31, 33]. Nevertheless, the precise mechanism 
by which RARs function to control p21 and thus govern 
cell proliferation is still not well understood.  

In this study, using the VSMC model system, we show 
that RARα forms a complex with HDAC2 and Klf5 at 
the p21 promoter to inhibit its expression under basal 
conditions. Interestingly, RAR agonist treatment leads to 
CK2α-mediated phosphorylation of HDAC2. Phospho-
rylation of HDAC2 switches its interaction preference 
from RAR to Klf5, and thus promotes Klf5 deacetyla-

tion. Deacetylated Klf5 then dissociates from the p21 
promoter, and the consequent loss of Klf5-mediated re-
pression further facilitates RAR agonist-stimulated p21 
expression. Our study reveals novel mechanistic insights 
of RAR-mediated regulation of p21 expression.

Results

Klf5 and RARα cooperatively inhibit the transcription of 
p21 under basal conditions

The promoter region of p21 contains both RARα-
binding sites and cis-elements for Klfs [14, 23]; more-
over, RARα is shown to interact with Klf5 [25, 34]. To 
gain further insights into their roles in p21 expression, 
VSMCs were either infected with an adenovirus vec-
tor expressing Klf5 and RARα, or treated with siRNA 
against Klf5 (Klf5 siRNA) or RARα (RARα siRNA). 
First, we identified that siRNAs targeting Klf5 and 
RARα were highly specific for VSMCs, that is, Klf5 
siRNA knocked down Klf5 expression but had no effect 
on RARα expression, and RARα siRNA knocked down 
RARα expression but had no effect on RARβ expres-
sion (Supplementary information, Figure S1). Silencing 
RARα or Klf5 by specific siRNA increased p21 expres-
sion by 2.64-fold and 1.98-fold, respectively (Figure 
1A). In contrast, overexpression of Klf5 and RARα at-
tenuated p21 expression by 68% and 59%, respectively, 
and co-infection of Klf5 and RARα resulted in an almost 
complete inhibition of p21 expression (Figure 1B). These 
results clearly suggest that Klf5 and RARα cooperatively 
inhibit the expression of p21. Similarly, when the expres-
sion vectors for Klf5 or RARα were cotransfected into 
293A cells along with the p21 promoter reporter, the 
overexpression of Klf5 or RARα decreased the reporter 
activity by 62% and 57%, respectively, compared with 
the reporter alone. Furthermore, cotransfection of Klf5 
and RARα reduced the p21 promoter activity to 16% of 
the control (Figure 1C). There are four tandem typical 
Klf5-binding sites (TCE) and two RARα-binding sites 
(RARE) in the promoter region of p21 (Figure 1D). We 
mutated the tandem TCE sites or the proximal RARE 
sites and examined which element contributed to the 
repression of p21 by Klf5 or RARα. As shown in Figure 
1E, mutation of TCE sites removed the inhibitory effect 
of Klf5, but not RARα. Likewise, mutation of RARE 
site removed the inhibitory effect of RARα, but not Klf5, 
which prompts us to speculate that the inhibitory effect 
of Klf5 and RARα on the p21 promoter is relatively in-
dependent. But how do these two factors interact with 
each other and have the cooperatively inhibitory effect on 
p21 expression? When these sites were mutated simul-
taneously, the p21 promoter activity increased by 17.2-
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fold compared with the wild-type promoter (Figure 1F). 
These data suggest that Klf5 and RARα exert a synergis-
tic inhibitory effect on the transcription of p21. To test 
whether the p21 promoter is a direct target for Klf5 and 
RARα, chromatin immunoprecipitation (ChIP) was per-
formed. As shown in Figure 1G, both the Klf5-binding 
region and the RARα-binding region could be amplified 
by PCR using two sets of primers specific for these two 
regions. Moreover, Klf5 was also detected in RARα im-
munoprecipitates, and vice versa, suggesting that an in-
teraction between Klf5 and RARα exists within the intact 
chromatin. Oligo pull-down assays showed that mutation 
in each of these two sequences abolished their binding 
to either Klf5 or RARα (Figure 1H). To further identify 
the interaction between Klf5 and RARα, a two-step ChIP 
assay was performed, in which the Klf5 immunoprecipi-
tates were subjected to a second immunoprecipitation 
with anti-RARα followed by PCR amplification with the 
primers specific for the RARα-binding region. Under 
these conditions, the RARα-binding region was still spe-
cifically detected (Figure 1I). These results suggest that 
Klf5 forms a stable complex with RARα that is bound to 
the RARα-binding region of the p21 promoter.

HDAC2 mediates the inhibitory effect of Klf5 and RARα 
on the transcription of p21

The above results suggest that Klf5 and RARα co-
operatively inhibit the expression of p21. This finding 
is noteworthy because, to our knowledge, many of the 
genes identified to date as direct targets of Klf5 are trans-
activated by Klf5. So we speculate that the inhibitory 
effect of Klf5 on p21 might involve its interaction with 
other co-repressors. To test this, we performed co-immu-
noprecipitation (Co-IP) and western blotting to examine 
the immunoprecipitates pulled down by anti-RARα and 
anti-Klf5 antibodies. As shown in Figure 2A, aside from 
Klf5 and RARα, which were detected to interact with 
each other, HDAC2 was detected in the two immunopre-
cipitates, suggesting that Klf5 and RARα form a com-
plex with HDAC2 (Figure 2A). A two-step ChIP assay 
showed that both Klf5- and RARα-binding regions could 
be amplified in the immunoprecipitates pulled down first 
with anti-HDAC2 and second with anti-RARα or anti-
Klf5, further supporting that an interaction between Klf5, 
RARα and HDAC2 exists within the intact chromatin 
(Figure 2B). We also used nonimmune IgG as negative 
control for second ChIP assays and confirmed the speci-

Figure 1 Klf5 and RARα cooperatively inhibit the transcription of p21. (A) VSMCs were transfected with control siRNA, Klf5 
siRNA or RARα siRNA for 2 days before lysis and processed for real time RT-PCR. Bars represent means ± S.E.M. of three 
independent experiments. *P < 0.05. Expression of RARα and Klf5 was assessed by western blot analysis. (B) VSMCs were 
infected with pCMV, pCMV-RARα, pAd or pAd-Klf5 for 2 days before lysis and processed for real-time RT-PCR. Bars repre-
sent means ± S.E.M. of three independent experiments. *P < 0.05. Expression of RARα and Klf5 was assessed by western 
blot analysis. (C) 293A cells were transiently cotransfected with the 5′ regulatory region of p21 fused to the pGL3-Basic 
luciferase reporter vector together with either pMT-Klf5 or pCMV-RARα. 48 h later, cells were harvested, and the activity of 
firefly luciferase was measured and normalized to that of Renilla luciferase. Bars represent the means ± S.E.M. from three 
independent experiments. *P < 0.05. (D) Partial sequence of the human p21 promoter between nucleotides −1 212 to −60. 
The underlined sequences are Klf5-binding sites. (E) 293A cells were cotransfected with p21 wild-type or RARE- and TCE-
mutated promoter-reporter constructs together with pMT-Klf5 and pCMV-RARα. 24 h later, luciferase activity was measured 
as indicated above. Bars represent the means ± S.E.M. of three independent experiments. *P < 0.05. (F) The mutations of 
RARE site and TCE sites on the p21 promoter region are schematically represented on the left of the figure. 293A cells were 
cotransfected with these p21 promoter-reporter constructs together with pMT-Klf5 and pCMV-RARα. 24 h later, luciferase ac-
tivity was measured as indicated above. Bars represent the means ± S.E.M. of three independent experiments. *P < 0.05. (G) 
Chromatin immunoprecipitation was performed using anti-Klf5 (left panel) and anti-RARα (right panel) antibodies. The PCR 
was performed using Klf5 (left panel) and RARα-binding region-specific primers (right panel). Chromatin fragment was also 
immunoprecipitated using anti-Klf5 or anti-RARα antibodies and amplified by RARα- (lanes 1-3) or Klf5 (lanes 5-7)-binding 
region-specific primers (lower panel), respectively. Non-immune IgG was used as negative control for immunoprecipitation, 
water as the PCR negative control, and input corresponds to extracted DNA from the sample prior to immunoprecipitation. 
The results are from representative experiments that have been repeated 3 times with similar results. (H) VSMCs were lysed. 
The lysates were precleared with ImmunoPure streptavidin-agarose beads (20 µl/sample) for 1 h, and incubated with 100 
pmol of biotinylated double-strand oligonucleotides for Klf5-binding sites (including three tandem TCE sites together, RARE 
WT or its mutant RARE Mut) or RARα-binding sites (including two proximal RARE sites together) and 10 µg of poly (dI-dC)·poly 
(dI-dC) for 16 h. DNA-bound proteins were collected with 30 µl immobilized streptavidin-agarose beads for 1 h, and subjected 
to western blotting with anti-Klf5 or anti-RARα antibodies. (I) Chromatin fragments were immunoprecipitated with anti-Klf5 an-
tibody, followed by a brief treatment with 0.5% SDS-containing buffer. The released material was then subjected to a second 
immunoprecipitation with anti-RARα antibody. Immunoprecipitated DNA was amplified by PCR using RARα-binding region 
specific primers. IgG as a negative control for the first or/and secondary ChIP assay.
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Figure 2 HDAC2 mediates the inhibitory effect of Klf5 and RARα on the transcription of p21. (A) Interaction between Klf5, 
RARα and HDAC2 was examined by co-immunoprecipitation (Co-IP) and western blot analysis with the indicated antibod-
ies. Anti-Klf5 (left panel) or anti-RARα (right panel) immunoprecipitates were analyzed by western blotting with anti-HDAC2, 
Klf5 and RARα antibodies. (B) Chromatin fragments were immunoprecipitated with anti-HDAC2 antibody, followed by a brief 
treatment with 0.5% SDS-containing buffer. The released material was then subjected to a second immunoprecipitation with 
anti-RARα or anti-Klf5 antibodies. Immunoprecipitated DNA was amplified by PCR using RARα-(lanes 1-3) or Klf5 (lanes 
5-7)-binding region-specific primers. IgG was used as a negative control. (C) VSMCs were transfected with control siRNA, 
HDAC2 siRNA and pcDNA-HDAC2 for 48 h before lysis and processed for western blotting with anti-p21 and anti-HDAC2 an-
tibodies. (D) 293A cells were transiently cotransfected with the p21-reporter constructs together with pMT-Klf5, pCMV-RARα 
or pcDNA-HDAC2. 48 h later, cells were harvested, and the activity of firefly luciferase was measured and normalized to that 
of Renilla luciferase. Bars represent the means ± S.E.M. from three independent experiments. *P < 0.05. (E) VSMCs were 
transfected with control siRNA, HDAC2 siRNA (left panel), Klf5 siRNA (middle panel), or RARα siRNA (right panel) for 48 h 
before lysis. Total protein lysates were collected and immunoprecipitated with the indicated antibodies. Immunoprecipitates 
were analyzed by western blotting with the indicated antibodies. (F) Model of the transcriptional repression complex formed 
by RARα, Klf5 and HDAC2 on the p21 promoter.
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ficity of immunoprecipitation (Supplementary informa-
tion, Figure S2). We next examined the effect of HDAC2 
on p21 expression. As shown in Figure 2C, transfection 
of pcDNA-HDAC2 into VSMCs resulted in a decrease 
in p21 expression. Conversely, depletion of endogenous 
HDAC2 by HDAC2-specific siRNA led to an increase 
in p21 expression, suggesting that Klf5 and RARα likely 
form a transcriptional repression complex with HDAC2. 
Luciferase reporter assay showed that cotransfection of 
expression vectors for Klf5, RARα and HDAC2 into 
293A cells markedly attenuated the p21 promoter activ-
ity compared with co-expression of Klf5 and RARα only 
(Figure 2D), again indicating that HDAC2 is involved 
in the synergistic inhibition of the p21 promoter by Klf5 
and RARα. We further determined how Klf5 and RARα 
interact with HDAC2. We found that knockdown of 
HDAC2 did not affect the interaction between Klf5 and 
RARα (Figure 2E, left panel); knockdown of Klf5 also 
did not change the association of HDAC2 with RARα 
(Figure 2E, middle panel). However, when RARα was 
knocked down, the interaction between HDAC2 and Klf5 
was significantly reduced (Figure 2E, right panel). These 
data suggest that HDAC2 interacts with RARα directly, 
while its interaction with Klf5 is indirect and mediated 
by RARα (Figure 2F).

Am80 reverses the inhibitory effect of Klf5 and RARα on 
the transcription of p21 by disrupting the Klf5-RARα-
HDAC2 repression complex

It is known that, as a RARα-specific agonist, Am80 
inhibits phenotypic modulation and proliferation of 
VSMCs [34]. We next examined the effect of Am80 on 
p21 expression. Immunoblotting showed that Am80 up-
regulated p21 expression in a dose-dependent manner 
(Figure 3A, upper panel). Ro 41-5253, a RARα-specific 
antagonist, could block Am80-induced expression of 
p21 (Figure 3A, lower panel). Luciferase reporter assay 
showed that Am80 increased the p21 promoter activity 
in a concentration-dependent fashion (Figure 3B). To test 
whether Am80-induced expression of p21 is related to 
the disruption of the Klf5-RARα-HDAC2 transcriptional 
repression complex, we performed a Co-IP assay and 
found that Am80 significantly reduced the interaction 
between Klf5 and RARα (Figure 3C) as well as that be-
tween HDAC2 and RARα (Figure 3D) in a dose-depen-
dent manner. In contrast, Am80 increased the interaction 
of Klf5 with HDAC2 (Figure 3E). Dual immunofluores-
cent detection revealed that while Klf5 or RARα colocal-
ized with HDAC2 under basal conditions, Am80 promot-
ed the interaction between HDAC2 and Klf5, and inhib-
ited the interaction between HDAC2 and RARα (Figure 
3F and 3G), consistent with the Co-IP results. Given that 

Am80 disrupted the repression complex formed by Klf5, 
RARα and HDAC2, we tested whether Am80 affected 
the binding activity of Klf5 and RARα to their respec-
tive binding sites. Oligo pull-down assays showed that 
Am80 significantly increased the binding of RARα to the 
RARE site (Figure 3H, upper panel, compare lane 1 and 
lane 2). In contrast, the binding of Klf5 to the TCE sites 
was abrogated by Am80 (Figure 3H, lower panel, com-
pare lane 1 and lane 2). We next performed ChIP assays 
and confirmed that Am80 increased the RARα binding to 
the p21 promoter and markedly decreased the binding of 
Klf5 to the p21 promoter (Figure 3I), which is consistent 
with the oligo pull-down data. These results suggest that 
Am80 treatment disrupts the Klf5-RARα-HDAC2 tran-
scriptional repression complex at the p21 promoter.

Am80-induced deacetylation of Klf5 facilitates its disso-
ciation from the p21 promoter

As Am80 increased the interaction of Klf5 with 
HDAC2 (Figure 3E), we sought to determine whether 
Am80-induced interaction of Klf5 with HDAC2 affected 
Klf5 acetylation. Indeed, we found that Am80 decreased 
the level of acetylated Klf5 in a dose-dependent manner 
(Figure 4A). We mutated the Klf5 acetylation site (Klf5 
K369R) and transfected this mutant form into 293A cells. 
As shown in Figure 4B, the Klf5 K369R mutant showed 
a reduced interaction with RARα, which is similar to the 
reduced interaction between wild-type Klf5 and RARα 
in the presence of Am80. Reporter gene assay showed 
that co-expression of Klf5 and p300 (a transcriptional 
coactivator and histone acetyltransferase) strongly sup-
pressed the p21 promoter activity in a dose-dependent 
manner, while the K369R acetylation-deficient mutant of 
Klf5 lost the inhibitory effect on the p21 promoter (Figure 
4C). To further establish that the acetylation and deacety-
lation of Klf5 affect its binding to the p21 promoter, 
oligo pull-down assay was performed. When wild-type 
Klf5 and p300 were co-expressed, the binding of Klf5 
to the TCE sites significantly increased, but when the 
acetylation site of Klf5 was mutated or when wild-type 
Klf5 and HDAC2 were co-expressed, almost no binding 
of Klf5 to the TCE sites was detected (Figure 4D). These 
results suggest that Am80-induced deacetylation of Klf5 
stimulates its dissociation from the p21 promoter.

Dissociation of Klf5 from the p21 promoter is mediated 
by HDAC2

To determine whether Klf5 deacetylation and dis-
sociation from the p21 promoter were mediated directly 
by HDAC2, we tested if knockdown of HDAC2 affected 
Klf5 binding to its site. Oligo pull-down assay showed 
that HDAC2 knockdown significantly inhibited Am80-



www.cell-research.com | Cell Research

Bin Zheng et al.
1493

npg

Figure 3 Am80 interrupts the interactions between Klf5, RARα and HDAC2. (A) VSMCs were treated with the different con-
centrations of Am80 (upper panel) or pretreated with Ro 41-5253 for 1 h before exposure to Am80 for 2 h (lower panel). Total 
protein lysates were collected and then subjected to western blotting with anti-p21 antibody. β-Actin was used as a control 
for equal protein loading. Left, blots from a representative experiment are shown. Right, densitometry analysis was carried 
out and normalized to β-actin. Bars represent the means± S.E.M. from three independent experiments *P < 0.05. (B) The 
p21 promoter-reporter constructs were cotransfected with pCMV-RARα into 293A cells, and cells treated with different con-
centrations of Am80 (10−13~10−5 M) for 24 h. The activity of firefly luciferase was measured and normalized to that of Renilla 
luciferase. Bars represent the means ± S.E.M. from three independent experiments. (C-E) VSMCs were treated with different 
concentrations of Am80. Cell extracts were immunoprecipitated either with anti-Klf5 antibody (C, E) or with anti-RARα anti-
body (D) and immunoblotted with antibodies against RARα, Klf5 and HDAC2. (F) VSMCs were grown on cell culture inserts 
and prepared for confocal microscopy. Pictures show the same data set of cells that were simultaneously stained for HDAC2 
(green), Klf5 (red) and the Merge (yellow). Magnification ×1 000. (G) HDAC2 (green), RARα (red), and the Merge (yellow). 
Pictures are single optical sections (x, y) with xz- and yz-projections, respectively. (H) VSMCs were treated with Am80 (2 
µM) for 2 h. The lysates were subjected to oligo pull-down assay using biotinylated double-strand oligonucleotides for RARα-
binding sites (upper panel) or Klf5-binding sites (lower panel). Magnification ×1 000. (I) VSMCs were treated with or without 
Am80 (2 µM) for 2 h, then crosslinked chromatin was extracted and immunoprecipitated with anti-RARα (upper panel) or anti-
Klf5 (lower panel) antibodies with Am80-treated VSMCs. Non-immune IgG was used as negative control for immunoprecipita-
tion, water as the PCR negative control, and the input corresponds to extracted DNA from the sample prior to immunoprecipi-
tation. The results are from representative experiments that have been repeated 3 times with similar results.
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Figure 4 Am80 promotes Klf5 dissociation from the p21 promoter. (A) VSMCs were treated with different concentrations of 
Am80. Cell extracts were immunoprecipitated with antibody against Klf5 and immunoblotted with antibody against Ac-lys or 
Klf5. β-Actin was used as a control for equal protein loading. Bolts from a representative experiment are shown on the left, 
whereas band intensities that were measured and normalized to β-actin are shown on the right. *P < 0.05. (B) 293A cells 
were cotransfected with pMT-Klf5, pMT-Klf5 (K369R), or pCMV-RARα and treated with or without 2 µM Am80 for 2 h. Cell ex-
tracts were immunoprecipitated with antibody against Klf5 and immunoblotted with antibody against RARα or Klf5. Blots from 
a representative experiment are shown on the left, and band intensities of RARα are shown on the right. *P < 0.05. (C) 293A 
cells were cotransfected with the p21 promoter-reporter constructs, pMT-Klf5, pCMV-p300 or pMT-Klf5 (K369R). 24 h later, 
luciferase activity was measured as indicated above. Bars represent the means ± S.E.M. of three independent experiments. 
*P < 0.05. (D) 293A cells were cotransfected with pMT-Klf5, pCMV-p300, pMT-Klf5 (K369R), or pcDNA-HDAC2. The lysates 
were subjected to oligo pull-down assay using biotinylated double-strand oligonucleotides for Klf5-binding sites.
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Figure 5 HDAC2 meditates the dissociation of Klf5 from the p21 promoter. (A) VSMCs were cotransfected with control siRNA 
or with HDAC2 siRNA and treated with or without 2 µM Am80 for 2 h. The lysates were subjected to oligo pull-down assay us-
ing biotinylated double-strand oligonucleotides for Klf5-binding sites. Left, blots from a representative experiment are shown. 
Right, densitometry analysis was carried out and normalized to the input Klf5. The bars represent the means±S.E.M. of three 
independent experiments. *P < 0.05. (B) VSMCs were cotransfected with control siRNA or with HDAC2 siRNA and treated 
with or without 2 µM Am80 for 2 h. Cell extracts were immunoprecipitated with antibody against Klf5 and immunoblotted with 
antibody against Ac-lys or Klf5. Left, blots from a representative experiment are shown. Right, densitometry analysis was car-
ried out and normalized to the input Klf5. The bars represent the means±S.E.M. of three independent experiments. *P < 0.05. 
(C) VSMCs were pretreated with TSA for 1 h before exposure to Am80 for 2 h. The binding of Klf5 and RARα to their respec-
tive elements was assessed by ChIP assay as described above.
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induced Klf5 dissociation from its binding site (Figure 
5A, compare lane 2 and lane 4). Silencing of HDAC2 
expression also decreased Am80-induced deacetylation 
of Klf5 (Figure 5B). To further examine the importance 
of HDAC2 in the regulation of Klf5 binding to the p21 
promoter, we used TSA, an HDAC2 inhibitor, to block 
HDAC2 activity. ChIP assay showed that TSA treatment 
abrogated the inhibitory effect of Am80 on the binding of 
Klf5 to the p21 promoter (Figure 5C, upper panel, com-
pare lane 1 and lane 6), but had little effect on the bind-
ing activity of RARα (Figure 5C, lower panel, compare 
lane 1 and lane 6). Taken together, these data suggest that 
HDAC2 mediates Am80-induced deacetylation of Klf5 
and its subsequent dissociation from the p21 promoter.

HDAC2 phosphorylation induced by Am80 regulates 
Klf5 deacetylation and p21 expression

As Am80 increased Klf5 interaction with HDAC2 (e.g., 
see Figure 3E), we sought to determine the underlying 
mechanism by which Am80 induced their interaction. We 
first examined the effect of Am80 on HDAC2 phospho-
rylation. As shown in Figure 6A, Am80 markedly stimu-
lated HDAC2 phosphorylation at serine residue(s) (left 
panel) rather than threonine residue(s) (middle panel). In 
contrast, HDAC2 phosphorylation on tyrosine residue(s) 
was significantly decreased following Am80 treatment 
(Figure 6A, right panel). HDAC2 contains three putative 
serine phosphorylation sites, S394, S407 and S424. To 
further determine which serine residue is phosphorylated 
in response to Am80, we mutated these three serine resi-

dues to alanine and carried out an in vivo phosphoryla-
tion assay. As shown in Figure 6B, only S424A mutant 
among the three mutants was phosphorylated in response 
to Am80 at levels comparable to those of wild-type 
HDAC2. In contrast, S407A and S394A mutants failed 
to be phosphorylated. These results strongly suggest that 
the major phosphorylation sites of HDAC2 are located at 
serine residues 394 and 407. To further corroborate this, 
an immunoblot analysis with phosphoserine 394-specific 
antiserum was performed and the results showed that 
Am80 markedly induced the phosphorylation of HDAC2 
S394 in a dose-dependent manner (Figure 6C). We next 
investigated whether the phosphorylation of HDAC2 af-
fected its interaction with Klf5 by Co-IP assay and found 
that, under Am80 treatment, there was an increased asso-
ciation between Klf5 and phosphorylated HDAC2 (Figure 
6D). Moreover, incubation of HDAC2 immunoprecipi-
tates with alkaline phosphatase decreased the interaction 
of HDAC2 with Klf5 induced by Am80 (Figure 6E, up-
per panel, compare lane 3 vs lane 4), suggesting that de-
phosphorylation of HDAC2 by phosphatase reduced its 
association with Klf5. To further identify the important 
role of HDAC2 phosphorylation in the phosphorylation-
deacetylation switch of transcriptional repression com-
plex, we transfected the expression vectors for Klf5, 
wild-type HDAC2 or its S394A/S407A mutant into 293A 
cells, and examined Klf5’s interaction with HDAC2 and 
Klf5 acetylation level. As shown in Figure 6F, mutation 
of phosphorylation sites (S394A and S407A) of HDAC2 
abrogated Am80-induced interaction of HDAC2 with 

Figure 6 Am80 induces HDAC2 phosphorylation and Klf5 deacetylation. (A) VSMCs were treated with or without 2 µM Am80 
for 2 h. Cell lysates were immunoprecipitated by antibody against phosphoserine (p-Ser, left panel), phosphothreonine (p-Thr, 
middle panel) or phosphotyrosine (p-PY99, right panel), followed by immunoblotting using anti-HDAC2 antibody. (B) 293A 
cells were transfected with expression vectors for wild-type HDAC2 (HDAC2 WT) and its mutants of phosphorylation sites 
(serines 394, 407 and 424) and treated with or without Am80 (2 µM). Cell lysates were immunoprecipitated with antibody 
against phosphoserine and immunoblotted with antibody against HDAC2. (C) VSMCs were treated with indicated concentra-
tions of Am80 for 2 h. Cell lysates were immunoblotted with the phospho-HDAC2-specific antibody (S394). Upper, blots from 
a representative experiment are shown. Lower, densitometry analysis. The bars represent the means±S.E.M. of three inde-
pendent experiments. *P < 0.05. (D) VSMCs were treated with or without Am80 (2 µM) for 2 h. Cell lysates were immunopre-
cipitated with anti-phospho-HDAC2-specific antibody (S394) or anti-Klf5 antibody. The immunoprecipitates were immunoblot-
ted with antibody against Klf5 or phospho-HDAC2 (S394). (E) VSMCs were treated with or without Am80 (2 µM) for 2 h; cell 
lysates were immunoprecipitated with anti-HDAC2 antibody. The immunoprecipitates were incubated with (+AP) or without 
(−AP) alkaline phosphatase, and were detected by anti-Klf5 or anti-HDAC2 antibodies. (F) 293A cells were transfected with 
expression vectors for Klf5, HDAC2 or its mutant of phosphorylation sites (S394A and S407A) and treated with or without 
Am80 (2 µM) for 2 h. Cell lysate was immunoprecipitated with anti-HDAC2 antibody and immunoblotted with antibody against 
Klf5 or HDAC2. (G) 293A cells were transfected with expression plasmid for HDAC2 phosphorylation site mutant (S394A, 
S407A) and treated with or without Am80 (2 µM) for 2 h. Cell lysate was immunoprecipitated with anti-Klf5 antibody and im-
munoblotted with antibody against Ac-lys or Klf5. (H) VSMCs were treated with or without Am80 (2 µM) for 2 h. Cell lysates 
were incubated with or without alkaline phosphatase and pulled down using biotinylated double-strand oligonucleotides for 
Klf5-binding sites (upper panel) or RARα-binding sites (lower panel). DNA-bound proteins were analyzed by western blot for 
Klf5 or RARα. (I) For rescue experiment, A293 were transfected first with HDAC2 siRNA for 24 h, then pcDNA-rHDAC2, or 
its mutant of phosphorylation sites (S394A and S407A) was transfected again for another 24 h, and cells were treated with or 
without Am80 (2 µM). p21 expression was analyzed by western blot assay.
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Klf5. Figure 6G showed that the mutation of phospho-
rylation sites of HDAC2 also abolished Am80-induced 
deacetylation of Klf5, suggesting that deacetylation of 
Klf5 requires the phosphorylation of HDAC2. Given that 
deacetylation of Klf5 facilitates its dissociation from the 
p21 promoter (see earlier sections), one would predict 
that an effect of HDAC2 phosphorylation is to reduce 
Klf5 binding to the p21 promoter, by positively regulat-
ing Klf5 deacetylation, and thus increase p21 expression. 
Indeed, Figure 6H shows that treating the cell lysates 
with alkaline phosphatase to remove HDAC2 phospho-
rylation resulted in a marked increase in Klf5 binding to 
the oligo containing Klf5-binding site (Figure 6H, upper 
panel, lane 4), but had little effect on RARα binding to 
its sites (Figure 6H, lower panel). To further dissect the 
role of endogenous HDAC2 and its phosphorylation in 
Am80-induced p21 expression, we knocked down the 
expression of endogenous HDAC2 and then transfected 
the RNAi-resistant S394A/S407A mutant of HDAC2 or 
wtHDAC2 into VSMCs, respectively, and examined the 
expression of p21. As shown in Figure 6I, Am80 effi-
ciently induced p21 expression in control siRNA-treated 
cells, and the induction was blunted by the knockdown of 
endogenous HDAC2, consistent with an interesting role 
of endogenous HDAC2 in mediating both the repression 
of p21 under basal conditions (see Figure 6I and Figure 
2C) and the efficient activation of p21 under Am80 treat-
ment (Figure 6I). Importantly, Am80 induction of p21 

expression was restored by re-expression of the RNAi-
resistant wtHDAC2 but not the S394A/S407A mutant, 
suggesting that HDAC2 phosphorylation at S394 and 
S407 plays a critical role in mediating efficient induction 
of p21 expression by Am80 (Figure 6I). 

Am80 induces HDAC2 phosphorylation through a CK2α-
dependent pathway

We inspected the amino acid sequence of HDAC2 by 
computer analysis and found that there is a typical CK2α 
target site. In addition, previous studies have shown that 
HDAC2 could be phosphorylated by CK2α [35, 36]. We 
next sought to determine whether CK2α was involved 
in Am80-induced phosphorylation of HDAC2. First, we 
detected whether Am80 could activate CK2α. As shown 
in Figure 7A, phosphorylation of CK2α was significantly 
increased by Am80 treatment. Ro 41-5253, a RARα-
specific antagonist, completely blocked Am80-induced 
phosphorylation of CK2α. Since HDAC2 is primarily 
located in the nucleus of VSMCs, we examined whether 
Am80 could affect the subcellular localization of CK2α 
and its interaction with HDAC2. As shown in Figure 7B, 
under basal conditions without Am80 stimulation, CK2α 
was mainly localized in the cytoplasm. After Am80 
stimulation for 1 h, CK2α was partly shuttled to the 
nucleus from cytoplasm. We also analyzed anti-HDAC2 
immunoprecipitates by immunoblotting with anti-CK2α 
antibody and found that HDAC2 bound to CK2α under 

Figure 7 Am80 induces HDAC2 phosphorylation through a CK2α-dependent pathway. (A) VSMCs were pretreated with or 
without Ro 41-5253 for 1 h, followed by exposure to Am80 (2 µM) for 2 h. The phosphorylation of CK2α was detected by im-
munoprecipitating with anti-phosphoserine antibody and immunoblotting with anti-CK2α antibody. (B) VSMCs were treated 
with Am80 for 2 h and cytoplasmic and nuclear extracts were prepared. In order to evaluate the ratio of CK2α localized in the 
cytoplasm (C) and nucleus (N) accurately, a 10% volume of each extract was subjected to immunoblotting with anti-CK2α an-
tibody. The right panel shows the relative expression levels of CK2α in each compartment. (C) VSMCs were lysed in IP buffer 
containing protease and phosphatase inhibitors. Cell lysates were immunoprecipitated with anti-CK2α antibodies or preim-
mune serum as negative control. The immunoprecipitates were immunochemically stained with anti-HDAC2 and anti-CK2α 
antibodies. (D) VSMCs were treated with or without Apigenin, or Am80 (2 µM) for 2 h. The phospho-HDAC2 was determined 
as described above. Left, blots from a representative experiment are shown. Right, densitometry analysis. The bars repre-
sent the means ± S.E.M. of three independent experiments. *P < 0.05. (E) VSMCs were treated with or without Apigenin, or 
Am80 (2 µM) for 2 h. The HDAC2 interaction with Klf5 or RARα was determined using Co-IP as described above. (F) The 
GST-Klf5, GST-HDAC2 and GST-RARα fusion proteins were incubated with the active CK2α and ATP for 15 min at 37 °C, 
and then aliquots of the mixtures were immunoblotted with phospho-HDAC2 antibody (left panel); other aliquots were immu-
noprecipitated by anti-Klf5 or anti-RARα antibodies and immunoblotted with anti-HDAC2, anti-Klf5 and anti-RARα antibodies, 
respectively (right panel). (G) VSMCs were transfected with CK2α siRNA or control siRNA for 24 h and treated with or without 
Am80 (2 µM). The phospho-HDAC2 and acetylated-Klf5 were detected by western blotting and Co-IP as described above. 
Klf5 and CK2α were also analyzed by immunoblotting with their respective antibody. (H) VSMCs were transfected with domi-
nant-negative CK2α-expressing plasmids and treated with or without Am80 (2 µM). The phospho-HDAC2, acetylated Klf5, the 
phospho-HDAC2 interaction with Klf5, and Klf5 interaction with and RARα were determined as described above. (I) VSMCs 
were transfected first with CK2α siRNA for 24 h, then pcDNA-hCK2α, or CK2α (DN) was transfected again, respectively, for 
another 24 h, and cells were treated with or without Am80 (2 µM). p21 expression was detected by western blot assay. *P < 
0.05. (J) VSMCs were transfected first with CK2α siRNA for 24 h, then pcDNA-hCK2α was transfected again for another 24 h, 
and cells were treated with or without Am80 (2 µM). The binding of Klf5 to the TCE element was detected by ChIP assay. *P 
< 0.05.
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basal conditions and that Am80 promoted the interaction 
of CK2α with HDAC2 in the nucleus (Figure 7C). Then, 
we further examined whether CK2α mediated Am80-
induced phosphorylation of HDAC2. The results showed 
that apigenin, a CK2α inhibitor, significantly decreased 
the phosphorylation of HDAC2 induced by Am80 in a 
dose-dependent manner (Figure 7D), blocked Am80-in-
duced interaction between Klf5 and HDAC2 (Figure 7E, 
upper panel), and reversed the inhibitory effect of Am80 
on the interaction of RARα with HDAC2 (Figure 7E, 
middle panel). To further address the functional role of 
CK2α in HDAC2 phosphorylation and HDAC2’s interac-
tion with Klf5 or RARα, we performed an in vitro phos-
phorylation assay. GST-tagged HDAC2, RARα and Klf5 
were expressed in Escherichia coli cells, and purified by 
Glutathione Sepharose 4B-coupled beads and incubated 
with CK2α. The reaction products were subjected to im-
munoblotting with anti-phospho-Ser394 HDAC2 antibody. 
Figure 7F showed that Ser394 of HDAC2 could be phos-
phorylated by CK2α (left panel). The interaction between 
Klf5 and HDAC2 increased after HDAC2 phosphoryla-
tion by CK2α (Figure 7F, right panel). By contrast, the 
phosphorylation of HDAC2 by CK2α decreased its as-
sociation with RARα (Figure 7F, right panel). These re-
sults indicate that HDAC2 associates mainly with RARα 
in the unphosphorylated form under basal conditions 
without Am80 stimulation, but interacts with Klf5 when 
it is phosphorylated by CK2α. We also evaluated the ef-
fect of a dominant-negative CK2α or CK2α siRNA on 
the phosphorylation of HDAC2. As shown in Figure 7G, 
knockdown of CK2α by siRNA prevented both HDAC2 
phosphorylation (first panel, compare lane 2 and lane 4) 
and Klf5 deacetylation (second panel, compare lane 2 
and lane 4) induced by Am80. 

Furthermore, we transfected a dominant-negative 
form of CK2α (CK2α DN) into VSMCs and found that 
forced expression of the dominant-negative CK2α de-
creased HDAC2 phosphorylation and Klf5 deacetylation 
and increased the interaction between RARα and Klf5 in 
the presence of Am80 (Figure 7H, compare lane 2 and 
lane 3). These results suggest that the activity of CK2α 
is required for the phosphorylation of HDAC2 induced 
by Am80. On the basis of these findings, HDAC2 phos-
phorylation-dependent deacetylation of Klf5 triggered 
by CK2α seems to switch the transcription-regulatory 
programs of p21. To further test this, we knocked down 
the expression of endogenous CK2α and then transfected 
the RNAi-resistant wtCK2α into VSMCs, and examined 
the expression of p21. Western blot analysis showed 
that knockdown of CK2α abolished the induction of 
p21 expression by Am80 (Figure 7I, compare lane 2 and 
lane 4). However, re-expression of CK2α could restore 

Am80-induced p21 expression (Figure 7I). We also ex-
amined Klf5 binding to the p21 promoter by ChIP assay. 
As expected, Am80 treatment decreased Klf5 binding to 
the p21 promoter, but this Am80-induced reduction of 
Klf5 binding was abolished in CK2α knockdown cells 
(Figure 7J, compare lane 4 and lane 6). When CK2α was 
re-expressed, cells recovered the ability to downregu-
late Klf5 binding to the p21 promoter in the presence of 
Am80 (Figure 7J, compare lane 6 and lane 8). Taken to-
gether, these findings strongly suggest that Am80 induces 
HDAC2 phosphorylation at Ser394 and Ser407 via a CK2α-
dependent pathway and that phosphorylation of HDAC2 
in turn regulates its interaction with Klf5 and/or RARα, 
resulting in Klf5 deacetylation and dissociation from the 
p21 promoter as well as consequent activation of p21 ex-
pression.  

Upregulation of p21 expression accompanies Am80-
mediated inhibition of neointima formation

To address the direct effects of Am80 on vascular 
remodeling, we tested the effect of orally administered 
Am80 on neointima formation in the rat models of 
balloon-induced vascular injury. Figure 8A showed that 
neointima formation was markedly increased at 2 weeks 
after balloon injury, and that orally administered Am80 
significantly reduced neointima formation, which was 
accompanied by upregulation of p21 expression and 
inhibition of VSMC proliferation, as assessed by im-
munohistochemical staining using anti-p21 and anti-
PCNA antibodies. As proliferation is coupled with cell 
cycle progression, we next examined the effect of Am80 
on cell cycle progression using cultured VSMCs. As 
shown in Figure 8B, Am80 induced G0/G1 cell cycle ar-
rest, increasing the G0/G1 population by 16% over non-
treated cells and decreasing S-phase cells by about 37% 
at 24 h after Am80 treatment. MTT assay also showed 
that Am80 significantly inhibited the proliferation of cul-
tured VSMCs (Figure 8C). These data support that Am80 
inhibits proliferation by inducing the expression of p21. 
We further analyzed whether vascular intimal injury and 
Am80 treatment could affect HDAC2 phosphorylation 
in the intact animal. As shown in Figure 8D, HDAC2 
existed as a hypophosphorylated form in the uninjured 
vessel wall, and the endothelial injury modestly induced 
HDAC2 phosphorylation within 3 h. Orally administered 
Am80 further increased the injury-induced phosphoryla-
tion of HDAC2 (Figure 8D). We next examined the link 
between HDAC2 phosphorylation and its interaction 
with Klf5 or RARα by Co-IP assay, and found that the 
interaction between HDAC2 and Klf5 increased after 
Am80 treatment, while the interaction between HDAC2 
and RARα significantly decreased following HDAC2 
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Figure 8 Am80 reduces neointima formation by upregulating p21 expression. (A) Neointima hyperplasia 14 days after balloon 
injury. Representative sections of hematoxylin-eosin-stained arterial sections from control, model, or Am80-treated animals. 
VSMC proliferation index was evaluated by immunohistochemical staining using anti-PCNA and anti-p21 antibodies. Am80 
was given to rats by mouth for 24 h, followed by balloon injury as described in Materials and Methods. (B) Effect of Am80 
on VSMC proliferation as assessed by flow cytometry. VSMCs were stained with propidium iodide to evaluate DNA content 
by flow cytometry. (C) Effect of Am80 on VSMC proliferation as assessed by MTT assay. Experiments were performed in 
triplicate, and each value is the mean ± S.E.M. of three independent experiments. *P < 0.05. (D) 3 h after balloon injury, the 
arteries were harvested, and western blot analysis was performed with antibody against phospho-HDAC2. (E) Interactions 
between HDAC2, RARα and Klf5 were assessed by Co-IP assay as described above.
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phosphorylation induced by Am80 (Figure 8E), con-
sistent with the results obtained with the cultured cells. 
These findings provide in vivo evidence supporting the 
new molecular mechanism revealed by our study in cul-
tured cells.

Discussion

The transcriptional regulation of p21, which is a mem-
ber of the Cip/Kip family of CKIs, is tightly involved in 
growth inhibition of VSMCs [23]. Here, we report that 
Klf5, RARα and HDAC2 form a repression complex to 
synergistically inhibit the expression of p21 under basal 
conditions. Upon agonist stimulation of RARα, Klf5 
was deacetylated and dissociated from its binding sites 
on the p21 promoter, thus relieving its repressive effect 
on p21 expression. Thus, deacetylation of Klf5 seems 
to be a molecular switch affecting the function of Klf5 
and the transcriptional regulatory programs governing 
cell proliferation. In addition, Suzuki et al. identified that 
Klf5 plays a central role in cardiovascular pathologies 
by regulating the expression of cyclin D1 and cyclin-
dependent kinase and specific stimulation of cell growth 
[3]. That is to say, Klf5, on the one hand, inhibits the 
expression of p21, and, on the other hand, stimulates the 
expression of Cyclin D and promotes cell proliferation. 
It has been known that Klf5’s activities are regulated by 
its interaction with cofactors, acetylation by the acetylase 
p300 and phosphorylation by p38 and Smad signaling 
[25, 34, 37, 38]. Given our understanding of the actions 
and regulation of this family of transcription factors and 
their cofactors, they may serve as an excellent target for 
further investigations on the role of DNA-binding tran-
scription factors in transcription at the chromatin level, 
especially with regard to their functional interaction with 
histone chaperones.

In the present study, we found that functional interac-
tion of RARα with Klf5 resulted in the synergistic sup-
pression of p21 expression under basal conditions (Figure 
1). This finding is noteworthy because, to our knowl-
edge, many of the genes identified to date as direct tar-
gets of Klf5 are transactivated by Klf5. So we speculate 
that the inhibitory effect of Klf5 on p21 might involve its 
interaction with other co-repressors; the latter, we identi-
fied, are RARα and HDAC2 (Figure 2). Histone acetyla-
tion/deacetylation is a fundamental mechanism for the 
control of gene expression. Histone acetyltransferases 
activate transcription through acetylation of histones, and 
HDACs antagonize this activity and repress transcrip-
tion [39]. Individual HDAC enzymes may have a distinct 
biological function and may be regulated independently 
[40, 41]. HDACs comprise at least 17 members, of 

which class I HDACs (HDACs 1-3, 8 and 11) are widely 
expressed and are found in most cell types, and appear 
to be dedicated to the control of cell proliferation and 
survival, whereas class II HDACs (HDACs 4, 5, 7 and 
9) may be involved in cellular differentiation [42]. It is 
clear that not all class I HDACs function in the same 
way, as they are often components of distinct corepressor 
complexes. For example, HDAC1 and HDAC2 interact 
with Snail and Sin3A to form a corepressor complex to 
repress E-cadherin expression [43]; HDAC3 is associ-
ated with corepressors N-coR and SMRT mediating tran-
scriptional repression by the thyroid hormone receptor 
(TR) [44]; krüppel-like factor 4 (Klf4) has been found to 
physically associate with HDAC2 and recruit this protein 
to SMC gene promoters and regulate their expression [45, 
46]. Our experiments revealed that HDAC2 is recruited 
to the RARE site by RARα, and Klf5 participates in this 
repressive complex by interacting with RARα directly 
(Figures 1 and 2). Taken together, we propose a model 
for the regulation of p21 expression through recruitment 
of HDAC2 and Klf5 by unliganded RARα to the p21 
promoter, which in turn represses p21 transcription.

Upon Am80 treatment, liganded RARα recruits p300 
and promotes local acetylation [47], and the repressive 
complex formed by Klf5, RARα and HDAC2 is dis-
rupted, leading to activation of the p21 promoter. On the 
one hand, ligand binding of RARα promoted the disso-
ciation of Klf5 and RARα (Supplementary information, 
Figure S3A), and switched the binding partner of RARα 
from HDAC2 (Supplementary information, Figure S3B) 
to p300, resulting in RARα acetylation (Supplementary 
information, Figure S3C and S3D), and the increase of 
RAR binding activity to the p21 promoter (Supplemen-
tary information, Figure S3E), increasing p21 expres-
sion (Supplementary information, Figure S3F). On the 
other hand, HDAC2, which dissociated from liganded 
RARα, underwent Am80-induced phosphorylation and 
interacted with Klf5, resulting in deacetylation of Klf5 
and the release of Klf5 from the repressive complex and 
de-repression of the p21 promoter. Our results indicate 
that HDAC2 shifting from RARα to Klf5 plays a key 
role in the regulation of p21 expression. Recently, Lin et 
al. reported that statins induced p21 expression through 
the dissociation of HDAC1/2 and association of CBP, 
leading to histone acetylation on the Sp1 sites of the p21 
promoter [48]. Delarue et al. found that antitumor agents 
farneyltransferase inhibitors and geranylgeranyltrans-
ferase I inhibitors upregulate Rho expression through the 
dissociation of HDAC and association of p300, leading 
to histone acetylation on the RhoB promoter [49]. The in-
capability of HDACs to bind DNA directly indicates that 
HDACs are recruited indirectly to the promoter through 
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association with other transcription factors. Although 
previous reports also demonstrated that SAHA releases 
HDAC from Sp1 sites on the p21 promoter [48, 50], we 
are the first to show that Am80 compels the dissociation 
of HDAC2 from RARE sites and enhances the binding of 
RARα to the p21 promoter. These findings demonstrate 
that molecules within transcriptional regulatory com-
plexes are dynamically exchanged during transcriptional 
activation, which may involve protein modifications. Al-
though the precise molecular events need to be clarified 
in future studies, our results clearly indicate that Am80 
induces ordered and sequential protein modifications and 
exchanges, including deacetylation and exchange of co-
regulators.

Our results support a model in which HDAC2 is re-
quired for the proper formation of transcriptional regula-
tory complexes. It has been shown that Am80-induced 
growth arrest is dependent on the activation of some sig-
naling cascades, including p38, JNK and ERK in VSMCs 
[51]. While we do not yet know the precise signaling 
events leading to the modification of Klf5 and RARα 
in response to Am80, the phosphorylation of HDAC2 
is likely a key step in triggering this process. We show 
that Am80 activates CK2α, which then phosphorylates 
HDAC2. Phosphorylation of HDAC2 increases its inter-
action with Klf5, which in turn triggers Klf5 deacetyla-
tion and its subsequent dissociation from the promoter 
of p21. We showed that Am80 elicits phosphorylation of 
HDAC2 at S394 and S407 in a CK2α-dependent manner. 
Importantly, we found that phosphorylation of HDAC2 
at these sites is a prerequisite for its interaction with Klf5 
and the Klf5 deacetylation that subsequently triggers the 
dissociation of Klf5 from the promoter of p21. In agree-
ment with our data, similar regulatory events were previ-
ously described for p53 and NF-κB, which were phos-
phorylated and acetylated in response to tumor necrosis 
factor α [52].

Because a growing body of evidence indicates that 
RARs are a key class of transcription factors governing 
cell proliferation, RAR agonists are now considered to 
be an attractive agent for the development of therapeutic 
strategies against pathophysiological vascular remodel-
ing [29, 31]. However, their therapeutic use has been 
precluded by serious adverse effects such as skin or liver 
toxicity and teratogenesis because RARs are widely ex-
pressed in various tissues [53]. To further uncover the 
possible other mechanism for Am80-induced growth in-
hibition, gene profiling experiment was performed after 
treatment with or without Am80. The results of cDNA 
microarray showed that Am80 could induce or inhibit 
the expression of distinct genes. We found that Am80 
could indeed induce the expression of growth-inhibiting 

genes, such as p21 and p53, and inhibited the pro-
proliferation genes, such as Cdk2, VEGFA, FGF2 and so 
on (Supplementary information, Table S1). These results 
indicate that Am80 regulates SMC growth by causing 
the genome-wide response (Supplementary information, 
Figure S4). Therefore, strategies focusing on RARα also 
need to be evaluated carefully for possible side effects. 
Unlike RARα, Klf5 expression shows a cell-specific pat-
tern; further elucidation of the transcriptional regulatory 
programs involving RARα and Klf5 may hold potential 
for the development of more selective modulators of p21 
expression. 

In summary, the results of our present study provide 
novel evidence showing that Klf5, RARα and HDAC2 
form a transcriptional repression complex on the p21 
promoter and synergistically inhibit p21 expression in 
resting cells (Figure 9). Upon RARα activation by Am80, 
ligand-activated RARα dissociates from HDAC2 and in-
teracts with p300 and is acetylated, subsequently leading 
to the increase in the ability of RARα to activate the p21 
promoter. In addition, HDAC2 phosphorylation induced 
by Am80 promotes its interaction with Klf5, leading to 
Klf5 deacetylation. Deacetylated Klf5 dissociates from 
the p21 promoter, resulting in the disruption of the tran-
scriptional repression complex formed by Klf5, RARα 
and HDAC2, allowing for the optimum activation of 
the transcription of p21 (Figure 9). Our study uncovers 
a novel phosphorylation-deacetylation cascade mediat-
ing RAR agonist-induced p21 expression, and a similar 
scheme may also operate in the regulation of expression 
of other genes.

Materials and Methods

Cell culture and treatment
Male Sprague-Dawley rats were anesthetized with sodium 

pentobarbital (Sigma); the aorta was removed, and VSMCs were 
isolated and cultured as previously described [54]. VSMCs and 
293A cells were maintained and passaged in Dulbecco’s modified 
Eagle’s medium (DMEM) with 10% fetal bovine serum (HyClone), 
100 U/ml of penicillin and 100 µg/ml of streptomycin. The experi-
ments were initiated when the cells reached 70% confluence, un-
less stated otherwise. For studies on the effects of Am80, the cells 
were starved for 24 h and then left untreated or treated for 2 h with 
the indicated concentration of Am80 [25]. 

Adenovirus expression vector and plasmids
The full-length rat Klf5 cDNA was cloned into the pAd/CMV/

V5-DEST vector (Invitrogen) to create the Klf5 adenovirus pAd-
Klf5. The resulting constructs were packaged in 293A cells (ATCC) 
by transfection with Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s instructions. pCMV-hRARα (kindly provided 
by Dr Ronald M Evans, Howard Hughes Medical Institute, The 
Salk Institute, San Diego, CA, USA) [55], pMT3-Klf5 (kindly 
provided by Dr Nandan Mandayam, Emory University School 
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Figure 9 Model illustrating the mechanism by which Am80 induces p21 expression. In quiescent cells, p21 expression is 
repressed by HDAC2, RARα and Klf5 repressive complex occupancy of the p21 promoter. Liganded RARα activates the 
transcription of p21 directly. In response to Am80, CK2α is translocated into the nucleus and recruited to the p21 promoter, 
leading to the phosphorylation of HDAC2 at S394 and S407. The phospho-HDAC2 interacts with Klf5 and is required for the 
subsequent deacetylation of Klf5. Deacetylated Klf5 dissociates from the p21 promoter, resulting in the alleviation of the p21 
repression.

of Medicine) [56], pcDNA-HDAC2 (kindly provided by Dr Kim 
Young-eui, Sungkyunkwan University School of Medicine) [57], 
Flag-p300 (kindly provided by WR Harrison, BCM Baylor Col-
lege of Medicine) and pcDNA-HA-E1A12S (kindly provided by 
Dr Mahvash Tavassoli, King’s College London) [58] was trans-
fected to VSMCs with ESCORT-IV (Sigma), according to the 
manufacturer’s instructions. RARα, Klf5 and HDAC2 siRNAs 
were designed by custom Accell SMARTpool (Dharmacon). The 
Accell siRNA delivery medium (Dharmacon) was used according 
to the manufacturer’s recommendations.

For rescue experiments, A293 or rVSMCs were transfected first 
with HDAC2 or CK2α siRNA for 24 h; then pcDNA-rHDAC2, its 
mutant of phosphorylation sites (S394A and S407A) or pcDNA-
hCK2α, respectively, was transfected again for another 24 h, and 
cells were treated with or without Am80 (2 µM). p21 expression 
was detected by western blot assay.

Reporter gene assay
293A cells were transfected with a luciferase-harboring p21 

promoter (gift from Dr Bert Vogelstein, The Johns Hopkins Medi-
cal Institutions) [59], pMT-Klf5, pcDNA-HDAC2, pCMV-RARα 

and Flag-p300 using Lipofectamine 2000 (Invitrogen) according 
to the manufacturer’s protocol. The cells were harvested after 48 
h, and the activities of both firefly luciferase and Renilla luciferase 
were measured in the LB 955 Luminometer system using the dual 
luciferase reporter system (Promega) according to the manufac-
turer’s recommendations [60]. The activity of firefly luciferase was 
normalized to that of Renilla luciferase. A minimum of three inde-
pendent transfections was performed for each experimental group.

Western blot analysis
The cells were lysed with 150 mM NaCl, 50 mM Tris-HCl (pH 

7.5), 1% Nonidet P-40, 0.5% sodium deoxycholic acid and com-
plete protease inhibitor mixture tablets (Roche Applied Science), 
and the protein was then isolated. Total protein (70 µg) from 
each sample was separated by 8% or 12% SDS-PAGE and trans-
ferred onto a polyvinylidene fluoride membrane (Millipore). The 
membranes were blocked with 5% milk in TTBS for 2 h at room 
temperature and incubated overnight at 4 °C using the following 
primary antibodies: 1:500 rabbit anti-Klf5 (Santa Cruz Biotechnol-
ogy), 1:500 rabbit anti-RARα (Santa Cruz Biotechnology), 1:500 
rabbit anti-HDAC2 (Santa Cruz Biotechnology), 1:1 000 rabbit 
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antiphospho-HDAC2 (Cell Signaling), 1:1 000 rabbit antiphospho-
Ser (Sigma), 1:500 rabbit antiphospho-Thr (Santa Cruz Biotech-
nology), 1:500 antiphospho-PY99 (Santa Cruz Biotechnology), 
1:500 anti-Ac-lys (Santa Cruz Biotechnology), 1:200 anti-p21 
(Santa Cruz Biotechnology), 1:500 antiphospho-PY99 (Santa 
Cruz Biotechnology) and 1:1 000 mouse anti-β-actin (Santa Cruz 
Biotechnology). The membranes were then incubated for 1 h at 
room temperature with a 1:5 000 dilution of anti-rabbit/horserad-
ish peroxidase or anti-mouse/horseradish peroxidase (Santa Cruz 
Biotechnology) and developed with the Chemiluminescence Plus 
Western Blot Analysis kit (Santa Cruz Biotechnology) [51, 61].

Real-time PCR
Total RNA was isolated with TRIzol reagent (Invitro-

gen) according to the manufacturer’s instructions. Reverse 
transcription-PCR was performed as described previously [56, 
62]. p21 primer: 5′-AGTATGCCGTCGTCTGTTCG-3′ and 
5′-GAGTGCAAGACAGCGACAAG-3′. For the glyceralde-
hyde-3-phosphate dehydrogenase gene (used as the internal 
control), the 5′-ACCACAGTCCATGCCATCAC-3′ and 5′-
TTCACCACCCTGTTGCTGTA-3′ oligonucleotides were used. 
The PCR conditions were 25 cycles at 94 °C for 30 s, 55 °C for 30 
s and 72 °C for 45 s. 

Co-IP assay
Co-IP was performed as described previously [61, 63]. Briefly, 

cell extracts were first precleared with 25 µl of protein A-agarose 
(50% v/v). The supernatants were immunoprecipitated with 2 
µg of anti-phosphoserine, anti-Klf5, anti-HDAC2 or anti-RARα 
antibodies for 1 h at 4 °C, followed by incubation with protein 
A-agarose overnight at 4 °C. Protein A-agarose-antigen-antibody 
complexes were collected by centrifugation at 12 000 rpm for 60 s 
at 4 °C. The pellets were washed five times with 1 ml IPH buffer (50 
mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet 
P-40, 0.1 mM PMSF), for 20 min each time at 4 °C. Bound pro-
teins were resolved by SDS-PAGE, followed by western blotting 
with the anti-Klf5, anti-RARα or anti-HDAC2 antibodies. The 
experiments were replicated three times at least.

ChIP assay
VSMCs at 80% confluence were crosslinked with 1% form-

aldehyde for 10 min, lysed as described above, and sonicated 
5-10 times each for 10 s at 4 °C to reduce the average DNA 
length to 0.4-0.5 kb. The samples were diluted 10-fold and then 
precleared with protein A-agarose/salmon sperm DNA for 30 
min at 4 °C followed by an overnight incubation at 4 °C with 
1:500 anti-Klf5, 1:500 anti-RARα or 1:500 anti-mouse IgG (as 
a negative control). The immune complexes were precipitated 
with protein A-agarose for 1 h. After reversal of crosslink-
ing, the genomic region of the p21 flanking the potential Klf5-
binding sites was amplified by PCR with the following primer 
pairs: 5′-TTCATAGATGTGCGTGGCTC-3′ (sense) and 5′-
TTAACTCGGGCACTGTAGCA-3′ (antisense); the potential 
RARα-binding sites were amplified by PCR with the following 
primer pairs: 5′-GCCCTGAACTCCAAATACCA-3′ (sense) and 
5′-CCATCTCTCCAGCCCTCTAA-3′ (antisense) [61, 64].

Oligo pull-down assay
The oligonucleotides containing biotin on the 5′-end of the 

each strand were used. The sequences of these oligonucleotides 
are as follows: the Klf5-binding site, biotin-5′-GGCGGGAGG
GGGCGGGGTCGGGAGNGGGGGCGGGGCCAGGCCGAT
g-3′ (forward), biotin-5′-CATCGGCCTGGCCCCGCCCCCNC
TCCCGACCCCGCCCCCTCCCGCCG-3′ (reverse); the RARα-
binding site 3, biotin-5′-GCATGCTGTCTTCTGCAGAGGTGA
GAGGCAGGGAGACCCGGCTG-3′ (forward), biotin-5′-CAGC
CGGGTCTCCCTGCCTCTCACCTCTGCAGAAGACAGCAT-
GC-3′ (reverse). Each pair of oligonucleotides was annealed fol-
lowing standard protocols. VSMCs treated with or without Am80 
for 2 h were lysed in lysis buffer (50 mM Tris-HCl, pH7.4, 150 
mM NaCl, 1 mM EDTA, and 0.1% NP-40) containing protease 
inhibitors. Whole-cell extracts (100 µg) were precleared with Im-
munoPure streptavidin-agarose beads (20 µl/sample, Promega) 
for 1 h at 4 °C. After centrifugation for 2 min at 12 000 rpm, the 
supernatant was incubated with 100 pmol of biotinylated double-
stranded oligonucleotides and 10 µg of poly (dI-dC)·poly (dI-dC) 
overnight at 4 °C with gentle rocking. Then 30 µl of streptavidin-
agarose beads was added, followed by further 1 h of incubation at 
4 °C. The protein-DNA-streptavidin-agarose complex was washed 
four times with lysis buffer, separated on a 10% SDS-PAGE, and 
subjected to western blotting with different antibodies [61].

Site-directed mutagenesis of the TCE element of p21 pro-
moter

Site-directed mutation of the TCE or RARE element of p21 
promoter was carried out by PCR using oligonucleotide primers 
that contain a base substitution at the TCE or RARE element. The 
reactions were carried out using a QuikChange site-directed muta-
genesis kit (Stratagene). The introduced mutation was verified by 
DNA sequence analysis. Site-directed mutagenesis of RARE and 
TCE of p21 promoter were RARE (5′-CAAAGGTGAAGTCCA-
GGGGAGGTCAG-3′ to 5′-CAAAGGCGAAGTCCAGAGGAG-
GTCAG-3′) and TCE (5′-GTGGGAATAGAGGTGATATTGTGG
GGCTTTTCTGG••••••AGTGGGTCAGCG-3′ to 5′-GGGGGAAT
AGAGGTGATATTGGGGGGCTTTTCTGG••••••AGGGGGTCA
GCG-3′).

Protein phosphatase digestion
Immunoprecipitated fractions and DNA crosslinked protein 

fractions were incubated with or without calf intestinal alkaline 
phosphatase (Amersham Biosciences) at 37 °C for 1 h. The protein 
was separated on 12% SDS polyacrylamide gels and transferred 
onto nitrocellulose membrane for the indicated experiments.

Balloon injury model and drug treatment
Animal housing and procedures were approved by the local 

Animal Care and Use Committee at Hebei Medical University. 
The animals were anesthetized with urethane (600 mg/kg) intrap-
eritoneally. The thoracic-abdominal artery was de-endothelialized, 
as described previously. In brief, the catheter was advanced from 
the left common carotid artery down to the level of the renal ar-
teries three times with a 2-F (60 cm) Fogarty catheter (Baxter, 
McGaw Park, IL, USA). To attain a constant degree of vessel wall 
injury for each of the animals, we kept the diameter of the balloon 
and the resistance during withdrawal constant and the same for 
each of the animals [65]. A single operator performed all of the 
procedures. Am80 (1 mg/kg/day) was administered orally begin-
ning 1 day before balloon injury and continuing for 3 or 14 days 
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thereafter. On hour 3 and day 14 after injury and administration 
of drugs orally, the animals were sacrificed with an overdose of 
pentobarbital (200 mg/kg), and the thoracic-abdominal artery was 
collected for western blot or hematoxylin/eosin staining. 

Morphology analysis
At 14 days after balloon injury, six cross-sections from the mid-

dle of each abdominal artery were stained with hematoxylin/eosin. 
The neointimal and medial areas were calculated using the Image-
Pro Plus Analyzer version 5.1 software (Media Cybernetics, Inc., 
Silver Spring, MD, USA) in a blind manner [65]. For each section, 
six random, noncontiguous microscopic fields were examined.

Immunohistochemistry
For antigen retrieval, deparaffinized formalin-fixed sections 

were boiled for 10 min in 10 mM sodium citrate (pH 6) [66]. 
Primary antibody (PCNA at 1:100, p21 at 1:100 dilutions) was in-
cubated overnight at 4 °C in 1% normal goat serum in phosphate-
buffered saline. 

MTT assay
The cell growth rates were evaluated by the tetrazolium dye-

based MTT assay, as described previously [67]. In brief, 1 × 104 
cells/well were seeded in triplicate onto 96-well plates in DMEM. 
After 24 h, the cells were treated according to the experimental 
design. After each treatment, the medium was removed and the 
cells were washed with phosphate-buffered saline. The MTT re-
agent was added at 2 mg/ml in Hank’s buffer and incubated for 1 h 
until dark blue crystals could be seen in the cytoplasm under light 
microscopy. The crystals were dissolved in DMSO, and the absor-
bance was measured in a Thermo Fluroscan Ascent spectrometer 
at 570 nm with background subtraction at 650 nm. The results 
were expressed as the means of the absorbance relative to time 0 
or the control ± S.E.

Flow cytometry
VSMCs were treated by Am80 for 48 h, harvested, and fixed by 

drop-wise addition of 3 vol of ice-cold 70% ethanol. After treat-
ment with RNase A (Roche) at 10 mg/ml in PBS, cells were resus-
pended in 1 mg/ml propidium iodide (Sigma-Aldrich) in PBS and 
subjected to analysis (FACSort; BD) using CellQuest Pro 4.02 (BD) 
and ModFit 3.0 (Verity Software House) softwares [23].

Statistical analysis
All of the data are expressed as the means ± S.E.M. Differences 

between two groups were assessed using analysis of variance fol-
lowed by a Student’s t-test.
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