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We have previously demonstrated that histone deacetylase 7
(HDAC7) expression and splicing play an important role in
smoothmuscle cell (SMC) differentiation from embryonic stem
(ES) cells, but the molecular mechanisms of increased HDAC7
expression during SMC differentiation are currently unknown.
In this study, we found that platelet-derived growth factor-BB
(PDGF-BB) induced a 3-fold increase in the transcripts of
HDAC7 in differentiating ES cells. Importantly, our data also
revealed that PDGF-BB regulated HDAC7 expression not
through phosphorylation of HDAC7 but through transcrip-
tional activation. By dissecting its promoters with progressive
deletion analysis, we identified the sequence between �343 and
�292 bp in the 5�-flanking region of the Hdac7 gene promoter
as the minimal PDGF-BB-responsive element, which contains
one binding site for the transcription factor, specificity protein 1
(Sp1). Mutation of the Sp1 site within this PDGF-BB-re-
sponsive element abolished PDGF-BB-induced HDAC7 activ-
ity. PDGF-BB treatment enhanced Sp1 binding to the Hdac7
promoter in differentiated SMCs in vivo as demonstrated by the
chromatin immunoprecipitation assay.Moreover, we also dem-
onstrated that knockdown of Sp1 abrogated PDGF-BB-induced
HDAC7up-regulation andSMCdifferentiation gene expression
in differentiating ES cells, although enforced expression of Sp1
alone was sufficient to increase the activity of the Hdac7 pro-
moter and expression levels of SMC differentiation genes.
Importantly, we further demonstrated that HDAC7 was
required for Sp1-induced SMC differentiation of gene expres-
sion. Our data suggest that Sp1 plays an important role in the
regulation of Hdac7 gene expression in SMC differentiation

from ES cells. These findings provide novel molecular insights
into the regulation of HDAC7 and enhance our knowledge in
SMC differentiation and vessel formation during embryonic
development.

Embryonic stem (ES)4 cells are the most promising pluripo-
tent stem cell sources and are derived from the inner cell mass
of blastocysts. They have unlimited cell growth and the capacity
to self-renew and differentiate into all types of mature tissue
cells. For instance, ES cells may serve as a source of vascular
smooth muscle cells (SMCs) that is essential for vascular tissue
engineering. In addition, stem/progenitor cells were reported
to differentiate into vascular cells to repair damaged vascular
tissues and form neointima in vivo (1–4). Our previous studies
demonstrated that ES cells can differentiate into SMCs (5–8)
and endothelial cells in response to growth factor stimulation
(3) and mechanical force (9). We also demonstrated that extra-
cellular matrix protein collagen IV plays an important role in
SMC differentiation from ES cells and that the collagen type
IV-integrin signaling pathways are involved in SMC differenti-
ation (6). However, the detailedmolecularmechanisms of SMC
differentiation from stem cells have not been fully clarified.
Platelet-derived growth factor-BB (PDGF-BB) has been

identified as one of the key modulators for SMC differentiation
from stem/progenitor cells (1, 10, 11) andmature vascular SMC
phenotype modulation (12, 13). Our previous experiments
showed that SMC differentiation from ES cells was enhanced
through short stimulations with PDGF-BB (within 24 h) in the
absence of serum, indicating that the duration of serum depri-
vation and the proliferation stage of cells are important param-
eters in SMC differentiation mediated by PDGF-BB (7). This
highlights the fact that PDGF-BB has different functions in
mature SMCs and ES cells. In proteomic analysis, we also dem-
onstrated that ES-derived SMCs were different from mature
SMCs and that PDGF-BB induced SMC differentiation gene
expression during stem cell differentiation (14). Therefore, it
seems that PDGF-BB can initiate and enhance stem/progenitor
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cell differentiation toward SMCs through transcriptional
regulation.
In addition, we recently found that PDGF-BB induced ES

cell differentiation toward SMCs through increasing expres-
sion of histone deacetylase 7 (HDAC7), which is a member of
the class II HDAC family (7). HDACs are part of the tran-
scriptional corepressor complexes and are key regulators in
the differentiation of stem cells toward a specific cell lineage
(15, 16). Four different classes of human HDACs have been
defined based on their homology to HDACs found in Sac-
charomyces cerevisiae (17, 18). The class II HDACs (HDAC4,
HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10) traffick-
ing between the cytoplasm and nucleus contain both nuclear
localization and export signals (19). Class II HDACs are
reported to be important for cell differentiation in tissues
such as muscles (20–25). There is also evidence that demon-
strates the direct link between HDAC7 expression and SMC
differentiation. For example, a recent study showed that
HDAC7 knock-out mice had fewer smooth muscle actin
(SMA)-positive cells in the vessel wall of embryos and that
SMA staining in the dorsal aorta was less prominent. More-
over, fewer than normal SMCs were observed surrounding
the dorsal aorta in the knock-out embryos at E11, indicating
that HDAC7 has an essential role in SMCs (26).
Despite the fact that we have identified HDAC7, which plays

an important role in SMC differentiation from stem cells, the
molecular mechanisms of increased HDAC7 expression in
SMC differentiation are currently unknown. In this study, we
have identified a binding site for the transcription factor, spec-
ificity protein 1 (Sp1), in the Hdac7 promoter, which is crucial
for the regulation ofHdac7 gene expression in SMC differenti-
ation from stem cells.

MATERIALS AND METHODS

Cell Culture and PDGF-BB Treatment—Mouse ES cells
(ES-D3 cell line, CRL-1943) were obtained from American
Type Culture Collection (Manassas, VA) and grown on gelatin-
coated flasks. Cell passages 5–20were used for experiments. To
maintain the ES cells in an undifferentiated state, leukemia
inhibitory factor (1,000 units/ml) was added to the culture
medium (DMEM, ATCC) supplemented with 10% FBS
(Invitrogen, lot 3095073K), 2 mM L-glutamine, 100 mg/liter
gentamicin, and 10�4 M 2-mercaptoethanol.

To induce SMC differentiation, ES cells were seeded on
mouse collagen IV (5�g/ml)-coated flasks or plates in differen-
tiationmedium (DMEM supplemented with 10% FBS, 0.05mM

2-mercaptoethanol, 100 units/ml penicillin, and 100 �g/ml
streptomycin) for 1–9 days before further treatment as
described previously (5–8). The medium was refreshed every
other day. For PDGF treatment, the differentiating ES cells
were cultured in serum-free �-minimal essential medium sup-
plemented with 1% bovine serum albumin (BSA), 10 ng/ml
insulin (Sigma), 0.05mM2-mercaptoethanol, 100 units/ml pen-
icillin, and 100 �g/ml streptomycin for 1 h, followed by the
addition of PDGF-BB (Sigma) with the indicated concentra-
tions and further incubation for 12 h. In some experiments, the
RNA synthesis inhibitor, actinomycin D (1 �g/ml), was
included for 6 h.
Plasmid Construction—Reporter vector harboring se-

quences of the mouse Hdac7 promoters were created using
genomic DNA from 3-day pre-differentiated ES cells. The
5�-flanking region (�1134/�53 bp) of the Hdac7 gene was
amplified by PCR with primers shown in Table 1 and cloned
into the pGL3-basic vector, designated as pGL3-Luc-HD7 (7).
A serial deletion of Hdac7 gene promoter reporter vector was
generated from pGL3-Luc-HD7with specific primers shown in
Table 1, designated as pGL3-Luc-HD7-d1 to pGL3-Luc-HD7-
d6. Sp1-binding site mutation was introduced into pGL3-Luc-
HD7-d4 by PCR-based mutagenesis, designated as pGL3-Luc-
HD7-d4-Sp1mut. Sp1 consensus binding site was introduced
into pGL3-Luc-HD7-d4 in replacement of the Sp1 native-bind-
ing site by usingQuikChange Lightning site-directedmutagen-
esis kit (Agilent Technologies), designated as pGL3-Luc-HD7-
d4-Sp1con. The expression vectors pShuttle2-HDAC7 and
pShuttle2-Sp1 encoding the mouse HDAC7, Sp1 proteins, and
reporter vector pGL3-Luc-SM22�were generated in our group
as reported previously (7, 27). All vectors were verified by DNA
sequencing.
Transient Transfection—Differentiating ES cells were cul-

tured on collagen IV and transfected at 80% confluency at day 4
with HDAC7 and Sp1 expression plasmid (pShuttle2-HDAC7/
Sp1) or empty vector (pShuttle2) with FuGENE 6 (Roche
Applied Science) according to the manufacturer’s instructions.
Cells were harvested at 48 or 72 h after transfection, and real
time RT-PCR and Western blot analysis were performed to
analyze mRNA and protein levels, respectively.

TABLE 1
Primers and cloning sites used for generation of full-length HDAC7 promoter, deletions, and mutation

Vector Primers Cloning sites

pGL3-Luc-HD7 F, atccctgaggacagtctgtggctgc �1096/�54 bp
R, acagagagagggagcagg

pGL3-Luc-HD7-d2 F, cccatcggagatcactgtag �391/�54 bp
R, acagagagagggagcagg

pGL3-Luc-HD7-d4 F, tccagggaggagcatgtttag �343/�54 bp
R, gctcggtacctatcgatagag

pGL3-Luc-HD7-d5 F, tcgttcaaacaccaccagtg �292/�54 bp
R, gctcggtacctatcgatagag

pGL3-Luc-HD7-d6 F, tctgtgcacagttcatgtgac �262/�54 bp
R, gctcggtacctatcgatagag

pGL3-Luc-HD7-d4-Sp1 mut F, tccagttagtagcatgtttag Sp1-binding motif mutations at �339/�338/�335 bp
R, gctcggtacctatcgatagag

pGL3-Luc-HD7-d4-Sp1 con F, cagcccccggcccggggcggggtatgtttagtggagga Native Sp1-binding sequence replaced by Sp1
consensus binding sequence in pGL3-Luc-HD7-d4R, tcctccactaaacataccccgccccgggccgggggctg
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siRNA Knockdown—The Silencer� Select siRNAs for nega-
tive control (number 3, AM4615), Sp1 (S74195), and HDAC7
(S80225) were purchased from Ambion. Mouse ESCs were
seeded on collagen IV and cultured in differentiation medium.
5 days after plating, 10�l of 10�M siRNAwere introducedwith
siIMPORTER transfection reagent (Millipore) according to the
manufacturer’s instructions. Cells were harvested at 48 or 72 h
after transfection, and real time RT-PCR and Western blot
analysis were performed to analyze mRNA and protein levels,
respectively.
Luciferase Activity Assay—ES cells were cultured on colla-

gen IV-coated 12-well plates for 4 days and then transfected
with reporter gene alone or together with expression plas-
mid as indicated in the figure legends, using FuGENE 6 re-
agent (Roche Applied Science), according to the manufact-
urer’s instructions. In some experiments, ES cells were
cultured on collagen IV-coated 12-well plates for 5 days;
HDAC7 siRNA or Sp1 siRNA oligonucleotides were cointro-
duced into each well using siIMPORTER transfection rea-
gent with reporter plasmids pGL3-SM22-Luc or pGL3-Luc-
HD7-d4. The modified pShuttle2 vector and control siRNA
were included as mock/negative control, and Renilla lucifer-
ase was used as internal control, respectively. Luciferase and
Renilla activities were detected 48 h after transfection using
a standard protocol. Relative luciferase unit was defined as
the ratio of Firefly versus Renilla with that of the control set
as 1.0. At least three independent transfections were per-
formed in triplicate.
Western Blot Analysis—The procedure used was similar to

that described previously (28). Antibody against smooth mus-
cle myosin heavy chain was from AbD Serotec (rabbit,
AHP1117). Antibodies against �-tubulin and monoclonal anti-
�-smooth muscle actin (SM�A) (clone 1A4, A5228) were from
Sigma. Antibodies against Sp1 and HDAC7 were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-phosphoserine/
phosphothreonine/phosphotyrosine monoclonal antibodies
were purchased fromMillipore. All secondary antibodies were
from Dako (Denmark). Specific antibody-antigen complexes
were detected by using the ECL Western blot detection kit
(Amersham Biosciences).
Coimmunoprecipitation—The procedure was performed as

described previously (7). In brief, cell samples were lysed by
rotation for 1 h at 4 °C. 1 mg of whole lysate was subjected to a
standard coimmunoprecipitation procedure. Lysates were pre-
clearedwith normal IgG, then incubatedwith antibodies for 2 h
at 4 °C, and precipitated by incubation for a further 2 h with
protein-G-Sepharose beads. Precipitated proteins were re-
solved by SDS-gel electrophoresis and subsequently immuno-
blotted with antibodies.
RNA Extraction and RT-PCR—Total RNA was extracted

using the RNeasy mini kit (Qiagen) according to the manufac-
turer’s protocol. Two �g of RNAwere reverse-transcribed into
cDNAwith random primer byMoloney murine leukemia virus
reverse transcriptase (RT) (Promega). Fifty ng of cDNA (rela-
tive to RNA amount) was amplified by standard PCR with Taq
DNA polymerase (Invitrogen) and primers.
Real Time PCR—Primers were designed using Primer

Express software (Applied Biosystems) and a published

sequence for the mouse genes as follows: SMA, TCCTGACG-
CTGAAGTATCCGAT/GGCCACACGAAGCTCGTTA-
TAG (X13297); Sm-mhc, AAGCAGCCAGCATCAAGGAG/-
AGCTCTGCCATGTCCTCCAC (NM_013607);Hdac7, CCCA-
GTGTGCTCTACATTTCCC/CACGTTGACATTGAAGC-
CCTC (AF207749); and Sp1, ACAGGGTGCCAATGGCTGG-
C/GCCCACCAGAGACTGTGCGG (NM_013672). For each
gene, SYBRGreen� (Applied Biosystems) was used in place of a
labeled probe. 18 S ribosomal RNA was used as the internal
control for each gene, and target gene was amplified in duplex
in PCR mixtures (25 �l final volume) containing 12.5 �l of
SYBR Green� PCR master mix (Applied Biosystems), cDNA
template (20 ng), and optimized primers. PCR thermal cycle
parameters were as follows: 2 min at 50 °C, 10 min at 95 °C and
40 cycles of 95 °C for 15 s and 60 °C for 1 min. Reactions were
performed, and fluorescence was monitored in an ABI Prism
7000 sequence detector system (Applied Biosystems). Relative
mRNA expression level was defined as the ratio of target gene
expression level to 18 S rRNA expression level with that of the
control sample set as 1.0.
Chromatin Immunoprecipitation (ChIP)—The ChIP assays

were performed as described previously (8). In brief, ES cells
were treated with 1% (v/v) formaldehyde at room temperature
for 10 min and then quenched with glycine at room tempera-
ture. The medium was removed, and cells were harvested for
sonication. The sheared samples were diluted into 1 ml of
immunoprecipitation buffer containing 25 mM Tris-HCl, pH
7.2, 0.1%Nonidet P-40, 150mMNaCl, 1 mM EDTA, and immu-
noprecipitation was conducted with antibody raised against
Sp1, together with single strand salmon sperm DNA saturated
with protein G-Sepharose beads. Normal IgG was used as a
control. The immunoprecipitates were eluted from the beads
using 100�l of elution buffer (50mMNaHCO3, 1%SDS).A total
of 200 �l of proteinase K solution was added to a total elution
volume of 300 �l and incubated at 60 °C overnight. DNA was
extracted and purified and then used to amplify target
sequences by PCR. The primers used to amplify the promoter
regions were as follows: GAGATCACTGTAGCCCTCAGC/
TCCTCACTTAATCCTGTCGTG (�372/�173 bp). Aliquots
of chromatin were also analyzed before immunoprecipitation
and served as an input control. The data obtained from four
independent experiments were quantified, using Photoshop.
Fold of relative binding was defined as the ratio of band inten-
sity in ChIP samples to that in the input sample with that of
vehicle group set as 1.0.
Statistical Analysis—Data were expressed as the means �

S.E. The statistical analysis was performed with a two-tailed
Student’s t test. Formultiple treatment groups, a one-way anal-
ysis of variance was applied. A value of p� 0.05 was considered
to be statistically significant.

RESULTS

PDGF-BB Induced SMC Differentiation from ES Cells
throughHDAC7Activation—Previous studies from our labora-
tory showed that PDGF-BB enhanced the expression of the
Hdac7 reporter gene in differentiating ES cells, indicating that
PDGF-BB induces Hdac7 transcription. We extended these
studies to assess the effect of PDGF-BB on levels of Hdac7
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mRNA. A dose-dependent manner was detected whereby
Hdac7mRNA levels were visibly increased after treatment with
PDGF-BB at 10 ng/ml for 12 h. At 25 ng/ml PDGF-BB, 12 h of
treatment was sufficient to render Hdac7 mRNA levels as the
most significant expression (Fig. 1A). Further experiments
were performed to detect the effect of HDAC7 activation on
PDGF-BB-induced change of SMC-specific differentiation
gene SM22� in differentiating ES cells. As shown in Fig. 1B,
enforced expression of HDAC7 significantly increased PDGF-
BB-induced SM22�-Luc reporter gene expression in differen-
tiating ES cells, whereas HDAC7 siRNA dramatically attenu-

ated it (Fig. 1C). These data provide compelling evidence that
HDAC7 plays an important role in mediating PDGF-BB-in-
duced SMC differentiation from ES cells.
PDGF-BB Regulates HDAC7 Expression through Transcrip-

tional Activation—It is a general belief that growth factors can
regulate target genes through phosphorylation. We wondered
if this is the case for PDGF-BB regulation of HDAC7 expres-
sion. To reach this aim, 5 days of differentiating ES cells were
subjected to serum starvation for 6 h and then incubated with
25 ng/ml PDGF-BB for an additional 12 h. Cells were harvested
and subjected to immunoprecipitation experiments with anti-
bodies against HDAC7 and phosphoserine, phosphotyrosine,
and phosphothreonine, respectively. Phosphor bands for ser-
ine, tyrosine, and threonine (Fig. 2A, arrow) were detected in
the input samples but not in the samples immunoprecipitated
with HDAC7 antibody. Similarly, HDAC7 could be clearly
detected in the input samples but not in the immunoprecipi-
tated samples with each phosphor antibody (Fig. 2B). These
data strongly suggested that PDGF-BB regulation of HDAC7
activation is not via phosphorylation of HDAC7, which is fur-
ther confirmed by using phospho-HDAC4 (Ser-246)/HDAC5
(Ser-259)/HDAC7 (Ser-155) (D27B5) antibody recently devel-
oped by Cell Signaling Technology (catalog no. 3443) (Fig. 2C).
To further elucidate the possibility that PDGF-BB regulates
HDAC7 expression at the transcription level, 5 days of differ-
entiating ES cellswere treatedwith orwithout actinomycinD (1
�g/ml) for 6 h in the absence or presence of 25 ng/ml PDGF-BB.
As indicated in Fig. 2D, treatment with actinomycin D com-
pletely abrogatedHdac7mRNA induction by PDGF-BB. Lucif-
erase gene reporter assayswere performed to further determine
the effect of PDGF-BB on Hdac7 transcription regulation. Our
data revealed that PDGF-BB significantly increasedHdac7 pro-
moter activity in differentiated ES cells (Fig. 2E), indicating that
PDGF-BB directly activates HDAC7 expression at the tran-
scriptional level.
PDGF-BB-induced Increases in Hdac7 Promoter Activity

Required Regulatory Elements between �343 and �292 bp of
the 5� Region of the Hdac7 Promoter—To determine the region
of the Hdac7 promoter required for increased Hdac7 expres-
sion in response to PDGF-BB treatment of differentiating ES
cells, we used a series of promoter-reporter plasmids contain-
ing various lengths of theHdac7 promoter (depicted in Fig. 3A).
Differentiating ES cells were transfected with different Hdac7
promoter-reporter plasmids and treated with either vehicle or
PDGF-BB. Promoter activity was analyzed using luciferase
assay. The results showed that PDGF-BB increased the pro-
moter activities of pGL3-Luc-HD7, pGL3-Luc-HD7-d2, and
pGL3-Luc-HD7-d4 but was unable to increase the promoter
activities of both pGL3-Luc-HD7-d5 and pGL3-Luc-HD7-d6
(Fig. 3B), suggesting that the PDGF-BB-responsive region is
located between�343 and�292 bp in the 5�-flanking region of
Hdac7 gene. To determine potential transcription factor-bind-
ing sites within the promoter region mediating the transcrip-
tional activation of Hdac7 in response to PDGF-BB treatment,
we analyzed the “positively acting” Hdac7 promoter sequence
between �343 and �292 bp using the transcription element
search system (available on line). As depicted in Fig. 3C, there is
one potential transcription factor specificity protein 1 (Sp1)-

FIGURE 1. PDGF-BB induced SMC differentiation from ES cells through
activation of HDAC7. A, PDGF-BB induced HDAC7 mRNA level in a dose-
dependent manner. ES cells were pre-differentiated for 5 days, followed
by serum starvation for 6 h and treatment with the indicated concentra-
tion of PDGF-BB in serum-free medium for an additional 12 h. HDAC7
mRNA level was quantified by real time RT-PCR analysis. B, overexpression
of HDAC7 enhanced PDGF-BB-induced SM22� transcription. Four days of
differentiating ES cells were cotransfected with pGL3-Luc-SM22� (0.33
�g/5�104 cells) and pShuttle2 or pShuttle2-HDAC7 (0.5 �g/5�104 cells),
followed by PDGF-BB treatment. After 48 h of transfection, cells were har-
vested and subjected to luciferase activity analysis. C, knockdown of
HDAC7 abolished PDGF-BB-induced SM22� transcription. Five days of dif-
ferentiating ES cells were cotransfected with pGL3-Luc-SM22� (0.33
�g/5�104 cells) and control siRNA or HDAC7 siRNA (10 nM), followed by
PDGF-BB treatment. After 48 h of transfection, cells were harvested and
subjected to luciferase activity analysis. pRenilla (0.1 �g/5�104cells) was
included as luciferase plasmid control. Luciferase and Renilla activity
assays were detected with standard kit 48 h after transfection. Relative
luciferase units (RLU) or fold of induction was defined as the ratio of lucif-
erase activity to Renilla activity. The data presented are from three inde-
pendent experiments (n � 3). *, #, p � 0.05.
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binding site, and there are several other potential binding sites
for factors of the AML1, NF-1, and NIT2 proteins. It has been
reported previously that transcription factor Sp1modulates the
expression of HDAC4 (29), which is a member of class II
HDACs as HDAC7. Therefore, we hypothesized that Sp1 may

regulate HDAC7 expression in dif-
ferentiating ES cells upon PDGF-BB
treatment.
PDGF-BB-induced Increase in

Hdac7 Promoter Activity Is Depen-
dent on the Sp1 Site in the Hdac7
Promoter—The functional signifi-
cance of the potential Sp1-binding
site in PDGF-BB-induced increase
of Hdac7 expression was investi-
gated by site-specific mutagenesis.
Within the context of the pGL3-
Luc-HDAC7-d4 vector that has
maximal promoter activity in re-
sponse to PDGF-BB treatment, the
sequence of the potential Sp1-bind-
ing site, 5�-agggaggagc-3�, was
mutated to a sequence 5�-agTTag-
Tagc-3� (as depicted in Fig. 4A)
which will not bind to Sp1 factor
(29). To test the effect of this muta-
tion, ES cells were transfected with
either the wild-type or Sp1 mu-
tant pGL3-Luc-HDAC7-d4-Sp1mut
plasmid and treated with vehicle or
PDGF-BB. As shown in Fig. 4B, the
mutation of the Sp1 site prevented
PDGF-BB-induced increase in
Hdac7 promoter activity. In con-
trast, replacing the sequence of the
native Sp1 site in the Hdac7 pro-
moter with a consensus Sp1-bind-
ing sequence (5�-GgggCggGgc-3�)
resulted in a more than 5-fold
increase inHdac7 promoter activity
(Fig. 4C) and eliminated the effect of
PDGF-BB on Hdac7 promoter
activity, suggesting the possibility
that the native sequence in the
Hdac7 promoter is a weaker Sp1-
binding site comparedwith the con-
sensus Sp1-binding sequence, mak-
ing the promoter sensitive to
change in Sp1 level/activity and
responsive to Sp1 up-regulation.
We next sought to determine

whether PDGF-BB enhances the
binding of Sp1 protein to the endog-
enous Hdac7 promoter within
intact chromatin. ChIP assays were
performed on chromatin isolated
from differentiated ES cells treated
with vehicle or PDGF-BB. As shown

in Fig. 4D, Sp1 binding was enhanced more than 5-fold in ES
cells treated with PDGF-BB compared with IgG antibody con-
trols. These results demonstrated that PDGF-BB stimulated the
binding of Sp1 to the endogenousHdac7 promoter in differen-
tiating ES cells. Taken together, these data strongly suggested

FIGURE 2. PDGF-BB regulates HDAC7 expression not via phosphorylation but via transcriptional activa-
tion. A–C, PDGF-BB regulates HDAC7 expression not via phosphorylation. Five days of differentiating ES cells
were subjected to serum starvation for 6 h and then incubated with 25 ng/ml PDGF-BB for an additional 12 h.
Cell lysates were harvested and subjected to immunoprecipitation (IP) experiments with antibodies against
HDAC7 (A) and phosphoserine, -tyrosine, and -threonine (B), respectively. Arrows in A indicate the phosphor
(phos) bands for serine, tyrosine, and threonine. Part of cell lysates were subjected to normal Western blot
analysis with phospho-HDAC4 (Ser-246)/HDAC5 (Ser-259)/HDAC7 (Ser-155) (D27B5) antibody (C). Note: posi-
tive signal for HDAC4 (140 kDa) can be observed but no such positive signal for HDAC5/7. D, PDGF-BB regulates
Hdac7 gene expression through transcriptional activation. Five days of differentiating ES cells were treated
with or without actinomycin D (1 �g/ml) for 6 h in the absence or presence of 25 ng/ml PDGF-BB, and RNA
samples were subjected to quantitative real time RT-PCR analysis to examine Hdac7 gene expression.
E, luciferase reporter assay. ES cells were cultured on collagen IV and transfected at day 4 with reporter genes
pGL3-Luc-HDAC7 (0.33 �g/5�104 cells), followed by PDGF-BB treatment. The data presented here are repre-
sentative (A–C) or an average of three independent experiments (D and E); *, p � 0.05.
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that transcription factor Sp1 up-regulated HDAC7 in differen-
tiating ES cells treated with PDGF-BB by direct binding to the
Sp1 site in the Hdac7 promoter.
Transcription Factor Sp1 Plays a Crucial Role in Hdac7 Gene

Expression Mediated by PDGF-BB—We further investigated
the link between altered expression of Sp1 and Hdac7 tran-
scription. First, Western blot analysis demonstrated that
PDGF-BB up-regulated Sp1 and HDAC7 in a similar manner
(Fig. 5A). To determinewhether the enforced expression of Sp1
could induce HDAC7 expression, we next cotransfected differ-
entiating ES cells with theHdac7 reporter plasmid (pGL3-Luc-
HDAC7-d4) and an Sp1 expression plasmid (pShuttle2-Sp1) or
control vector. Following overexpression, cells were treated
with vehicle or PDGF-BB, and promoter activity was analyzed
by luciferase assay. The results showed that the overexpression
of Sp1 alone increased the promoter activity of pGL3-Luc-
HDAC7-d4 plasmid (Fig. 5B). To ensure that our results were
not merely an artifact due to the use of artificial, truncated,
episomal promoter-reporter constructs, endogenous HDAC7
expression wasmeasured by quantitative real time RT-PCR. As
shown in Fig. 5C, enforced expression of Sp1 significantly
increased theHdac7mRNA level in differentiating ES cells. To

further determine whether Sp1 is required for the PDGF-BB-
induced activation of the Hdac7 transcription, siRNA knock-
down experiments were performed in differentiating ES cells
using control or Sp1-targeted siRNAs. Following knockdown
experiments, cells were treated with vehicle or PDGF-BB.
Hdac7 reporter gene expression was analyzed by luciferase
assay, and mRNA levels were measured by quantitative real
time RT-PCR. As shown in Fig. 5, D and E, the knockdown of
Sp1 significantly ablated PDGF-BB-induced Hdac7 promoter
activity andmRNA expression in differentiating ES cells. These
data demonstrated that Sp1 was required for the PDGF-BB-
mediated Hdac7 transcription activation.
Transcription Factor Sp1 Is Required for PDGF-BB-induced

SMC Differentiation—We finally investigated the effects of
altered expression of Sp1 on PDGF-BB-induced SMC differen-

FIGURE 3. PDGF-BB-responsive elements in the promoter of HDAC7.
A, schematic illustration of the cloned HDAC7 promoter deletions. B, lucifer-
ase (Luc) reporter analysis showing the different activity of HDAC7 promoter
deletions. Four days of differentiating ES cells were transfected with reporter
genes pGL3-Luc-HDAC7 or their derivates/deletions (0.33 �g/5�104 cells), fol-
lowed by PDGF-BB treatment. pRenilla (0.1 �g/5�104cells) was included as
luciferase plasmid control. Luciferase and Renilla activity assays were
detected 48 h after transfection. The data presented here are the averages of
three independent experiments. *, p � 0.05. C, potential binding sites and
sequence for transcription factors within PDGF-BB-response element in the
HDAC7 promoter.

FIGURE 4. PDGF promotes Sp1 binding to HDAC7 promoter. A, schematic
illustration of the triple mutations within HDAC7 promoter deletion 4. B, lucif-
erase reporter analysis showing the Sp1-binding site is necessary for PDGF-
BB-induced HDAC7 activation. The data presented here are the average of
three independent experiments. *, p � 0.05. C, Sp1 consensus binding site
eliminates the effects of PDGF-BB on HDAC7 promoter activity. The data pre-
sented here are the average of three independent experiments. D, chromatin
immunoprecipitation (CHIP) assays were performed using antibodies against
Sp1. Appropriate IgG was used as a negative control. Aliquots of chromatin
before immunoprecipitation served as an input control. The data presented
here are representative (upper panels) or an average of three independent
experiments (lower panels). The data obtained from three independent
experiments were quantified, using ImageQuant TL (Amersham Biosciences).
Fold of relative binding was defined as the ratio of band intensity in ChIP
samples to that in the Input sample with that of vehicle group set as 1.0. *, p �
0.05.
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tiation. As indicated in Fig. 6, A and B, enforced expression of
Sp1 significantly up-regulated SMC-specific marker expres-
sion, such as SMA and smooth muscle myosin heavy chain,
at both mRNA and protein levels. To further investigate
whether Sp1 expression was necessary for smooth muscle
marker expression, siRNA knockdown experiments were
performed in differentiating ES cells using Sp1 or control
siRNA, followed by PDGF-BB treatment. Our data revealed
that the PDGF-BB-induced up-regulation of SMC-specific
markers was significantly inhibited by Sp1 siRNA at both
mRNA and protein levels, indicating that Sp1 expression was
essential for PDGF-BB-induced SMC differentiation gene
expression (Fig. 6, C and D). Taken together, these results
suggested that PDGF might promote ES cell differentiation
into SMCs through transcription factor Sp1.

HDAC7 Is Required for Sp1-induced SMC Differentiation
Gene Expression—To further clarify whether HDAC7 is re-
quired for SP1-mediated SMC differentiation gene expression,
Sp1 expression plasmids and HDAC7-specific siRNA were
cotransfected into differentiating ES cells. Data shown in Fig.
7A revealed that Sp1 overexpression results in significant
induction of Hdac7 as well as SMC differentiation genes,
whereas knockdown of HDAC7 significantly down-regulated
SMC differentiation gene expression, even in the presence of
high levels of Sp1, which strongly suggests that HDAC7 is
essential for Sp1 overexpression-induced SMC differentiation
gene expression. Furthermore, data from other sets of cotrans-
fection experiments with Sp1 siRNA and HDAC7 expression
plasmids displayed the comparable levels of SMC differentia-
tion gene expression between control siRNA and Sp1
siRNA-treated samples in the presence of high levels of
HDAC7, indicating that inhibition of SMC differentiation gene
expression induced by Sp1 knockdown could be rescued by
HDAC7 overexpression. Taken together, these data suggested
that Sp1-induced SMC differentiation gene expression is
required for HDAC7 activation.

DISCUSSION

The major conclusion in this study is that transcription fac-
tor Sp1 plays an important role in the regulation ofHdac7 gene
expression in SMC differentiation from ES cells, which is sup-
ported by several lines of evidence. (a) Hdac7 transcription
activation was required for PDGF-BB-induced ES cell differen-
tiation toward SMCs. (b) The promoter region (between �343
and �292 bp) of the Hdac7 gene contains an Sp1-binding site
that confers the responsiveness to PDGF-BB. (c) Stimulation
with PDGF-BB enhanced the binding of Sp1 to theHdac7 pro-
moter in vivo. (d) RNA interference knockdown of Sp1 abol-
ished PDGF-BB-induced Hdac7 promoter activity and mRNA
expression. (e) Sp1-dependent activation of HDAC7 was
required for PDGF-BB-induced expression of SMC-specific
markers in differentiating ES cells. These findings enhance our
knowledge of SMC differentiation and provide useful insights
in the mechanisms of vessel development.
Acetylation of chromatin proteins and transcription factors

is part of a complex signaling system that is largely involved in
the control of gene expression (30, 31). Generally, it is believed
that acetylation of lysine in the histone tail by histone acetyl-
transferases can relax the nucleosome at promoters in advance
of initiation, which is crucial for gene transcription (32),
whereas deacetylation carried out by HDACs, which remove
acetyl groups from lysine residues in histones and subsequently
cause a particular region of chromatin to be condensed, results
in the repression of certain gene expression. HDACs are classi-
fied into four groups according to sequence identity (33–35).
Class II HDACs (HDAC4,HDAC5,HDAC6,HDAC7,HDAC9,
and HDAC10) contain an N-terminal extension important for
protein-protein interactions and are highly expressed in skele-
tal muscle, heart, and brain (36, 37). The restricted expression
of class II HDACs suggests an important role for their activity
in these tissues. Moreover, class II HDACs have also been
reported to act as signal-responsive repressors of cardiac hyper-
trophy, skeletal muscle differentiation, and bone development

FIGURE 5. Transcription factor Sp1 plays a crucial role in Hdac7 gene
expression mediated by PDGF-BB. A, HDAC7 up-regulation is parallel with
Sp1 upon PDGF-BB treatment. Day 5 differentiating ES cells were treated with
PDGF-BB for 6 and 12 h, respectively; cells were harvested and subjected to
Western blot analysis to examine the protein levels of Sp1 and HDAC7.
B, overexpression Sp1 enhanced PDGF-BB-induced Hdac7 gene transcrip-
tional activation. Four days of differentiating ES cells were cotransfected with
pGL3-Luc-HDAC7-d4 (0.33 �g/5�104 cells) and pShuttle2 or pShuttle2-Sp1
(0.5 �g/5�104 cells), followed by PDGF-BB treatment. After 48 h of transfec-
tion, cells were harvested and subjected to luciferase activity analysis. pRe-
nilla (0.1 �g/5�104 cells) was included as luciferase plasmid control. C, overex-
pression Sp1 enhanced PDGF-BB-induced Hdac7 gene expression. Four days
of differentiating ES cells were transfected with pShuttle2 or pShuttle2-Sp1
(1.0 �g/1�106 cells), followed by PDGF-BB treatment. After 48 h of transfec-
tion, cells were harvested and subjected to real time RT-PCR analysis. D,
knockdown of Sp1 abolished PDGF-BB-induced Hdac7 gene transcriptional
activation. Five days of differentiating ES cells were cotransfected with pGL3-
Luc-HDAC7-d4 (0.33 �g/5�104 cells) and control siRNA or Sp1 siRNA (10 nM),
followed by PDGF-BB treatment. After 48 h of transfection, cells were har-
vested and subjected to luciferase activity analysis. pRenilla (0.1
�g/5�104cells) was included as luciferase plasmid control. E, knockdown of
Sp1 abolished PDGF-BB-induced Hdac7 gene expression. Five days of differ-
entiating ES cells were transfected with control siRNA or Sp1 siRNA (10 nM),
followed by PDGF-BB treatment. After 48 h of transfection, cells were har-
vested and subjected to real time RT-PCR analysis. The data presented here
are representative (A) or an average of three independent experiments (B–E),
#, p � 0.05 (versus control); *, p � 0.05; 4th versus 2nd or 3rd column in B and C
or 2nd versus 3rd or 4th columns in D and E.
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(24, 38, 39) and play a key role in the differentiation of stem cells
toward a specific cell lineage (15, 16, 20). In particular, HDAC7
has been initially implicated in the regulation of vascular integ-
rity as shown in a study that HDAC7-deficient mice have a
small number of vascular SMCs, which died during embryonic
stage because of vascular leakage (26). Further evidence sug-
gests that HDAC7 plays a crucial role in vascular endothelial
cell functions throughmodulation of matrix metalloproteinase
10 (26) and�-catenin (40). Recent evidence, however, also indi-
cate that HDAC7 is a keymediator in SMCdifferentiation from
ES cells. Our recent study revealed for the first time that
PDGF-BB promoted the differentiation of ESCs toward the
SMC lineage via the up-regulation of Hdac7 transcription and
its alternative splicing (7). Despite our data depicting that
HDAC7 plays an important role in PDGF-BB-induced ES cell
differentiation into SMCs, the molecular mechanisms of
increased HDAC7 expression in SMC differentiation are
largely unknown. In this study, we further confirmed a clear
correlation between HDAC7 expression and PDGF-BB-in-
duced SMC differentiation from ES cells. Up-regulation of
HDAC7 expression increased the expression of SMC markers,
whereas its down-regulation significantly decreased SMC
marker expression, indicating a crucial role for HDAC7 in
PDGF-BB-induced SMC differentiation. In addition, we have
demonstrated here that PDGF-BB regulates HDAC7 expres-
sion not through phosphorylation but through transcription
activation.
Understanding the molecular mechanisms that underlie the

transcriptional regulation of HDAC7 is essential, in view of

the importance of alterations of
HDAC7 mRNA expression in its
activation and determining PDGF-
BB-induced ES cell differentiation
toward an SMC lineage. The results
from this study showed that PDGF-
BB-induced expression of HDAC7
was dependent on an Sp1-binding
site in theHdac7 promoter. Our ini-
tial studies were done using a trun-
cated Hdac7 promoter fragment;
therefore, it was possible that there
were additional unidentified regula-
tory regions (in addition to Sp1) that
may also play a role in PDGF-BB-
induced HDAC7 expression. How-
ever, we confirmed that Sp1 did
bind to the region of the endoge-
nous Hdac7 promoter containing
an Sp1-binding site within intact
chromatin in response to PDGF-BB
treatment of the differentiated ES
cells and that knockdown of Sp1
prevented PDGF-BB-induced in-
crease in endogenous HDAC7
expression. These data demon-
strated that the effect of Sp1was not
an artifact due to the use of trun-
cated, episomal Hdac7 promoter-

reporter plasmid but represented a functionally relevant signal-
ing pathway. In addition, we further reported that Sp1 played a
critical role in the PDGF-BB-induced up-regulation of SMC
marker gene expression. Enforced expression of Sp1 signifi-
cantly up-regulated HDAC7 activity and SMC-specific marker
expression, such as SMA and smooth muscle myosin heavy
chain, both at mRNA and protein levels, whereas siRNA-
mediated suppression of Sp1 could ablate PDGF-BB-induced
HDAC7-Luc reporter gene expression and SMC-specific differ-
entiation gene expression in differentiating ES cells.
The transcription factor Sp1 is ubiquitously expressed in

many tissues and cell lines and possesses three C2H2-type zinc
fingers as a DNA-binding domain, which binds to GC-boxes
with the consensus sequence 5�-(G/T)GGGCGG(G/A)(G/
A)(C/T)-3� or 5�-(G/T)(G/A)GGCG(G/T)(G/A)(G/A)(C/T)-
3�. Sp1 also binds to CT-boxes and GT-boxes, but with signifi-
cantly lower affinities. For example, the CT-box 5�-
GGGGAGGGGC-3� and theGT-box 5�-GGGTGGGGC-3� are
bound 3- or 6-fold more weakly, respectively, than the GC-box
(5�-GGGGCGGGGC-3�) (reviewed inRef. 41). Sp1 also has two
glutamine-rich transactivation domains, namely the domainsA
and B, each interacting directly with both TATA-binding pro-
tein and TAF4 (TATA-binding protein-associated factor 4) to
coordinate the regulation of gene expression (41). It is sug-
gested that there are over 12,000 Sp1-binding sites in the full
human genome (42). Initially, the ubiquitous transcription fac-
tor Sp1was considered as a constitutive activator of housekeep-
ing genes and other TATA-less genes. However, accumulating
evidence also strongly suggest that, similar to many tissue-spe-

FIGURE 6. Transcription factor Sp1 is essential for PDGF-BB-induced SMC differentiation. A and B, over-
expression Sp1 enhanced PDGF-BB-induced SMC differentiation gene expression. Four days of differentiating
ES cells were transfected with pShuttle2 or pShuttle2-Sp1 (1.0 �g/1�106 cells), followed by PDGF-BB treatment.
After 48 h of transfection, total RNA and protein were harvested and subjected to real time RT-PCR analysis (A)
and Western blot analysis (B), respectively. C and D, knockdown of Sp1 abolished PDGF-BB-induced SMC
differentiation gene expression. Five days of differentiating ES cells were transfected with control siRNA or Sp1
siRNA (10 nM), followed by PDGF-BB treatment. After 48 h of transfection, total RNA and protein were harvested
and subjected to real time RT-PCR analysis (C) and Western blot analysis (D), respectively. The data presented
here are representative (B and D) or an average of three independent experiments (A and C). #, p � 0.05; *, p �
0.01 (versus control) in A; #, p � 0.05 (versus control); *, p � 0.05; 4th versus 2nd columns in C.
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cific transcription factors or mediators, Sp1 also has many
divergent functional roles in regulating tissue- and/or cell type-
specific gene expression, for instance, synergistic transactiva-
tion with erythroid cell-specific transcription factor GATA-1
to regulate their downstream genes in erythroid cells such as
�/�-globins and erythropoietin receptor (43, 44). In this study,
we showed that Sp1 is required for Hdac7 transcriptional acti-
vation and SMC differentiation gene expression because
knockdown of Sp1 itself significantly down-regulated Hdac7
transcriptional activation. However, it remains uncertain
whether this effect of Sp1 on Hdac7 transcription is because
Sp1 is important for Hdac7 basal transcription or because it is
responsible for HDAC7 induction by PDGF-BB and whether
the modest up-regulation of Sp1 in PDGF-BB-treated cells is
indeed an important regulator of HDAC7 expression in
response to PDGF-BB. In addition, it is unclear whether the
relatively small (3-fold) increase in HDAC7 alone would be suf-
ficient for PDGF-BB-induced SMC differentiation from ES
cells. These are difficult questions to answer conclusively and
represent the limitations of this study. Pertinent to the question

about Sp1, our study showed that when the weak Sp1 site in the
native Hdac7 promoter was converted to a strong Sp1 site, the
basal transcription of the promoter increased, and the pro-
moter was no longer responsive to PDGF-BB. This result pro-
vides some support for the hypothesis that the weak Sp1 site in
the native promoter may make the promoter sensitive to Sp1
up-regulation, although it is also possible that the strong Sp1
site artificially introduced to the Hdac7 promoter may have an
overriding effect on other mechanisms that are involved in
transcriptional induction.
Our unpublished data5 suggest that Sp1 knockdown down-

regulates SMC differentiation gene expression without affect-
ing other cell lineage genes, including genes reported to be
changed during SMC differentiation from stem cells (5) and
reported SMC/endothelial cell-specific differentiation regula-
tors, such asNADPHoxidase 4 (Nox4) (5), nuclear factor eryth-
roid 2-related factor (NRF) 3 (8), andHDAC3 (3, 9). However, it
is unknown whether it is because these genes are not Sp1 tar-
gets or because the Sp1 knockdown is incomplete, and these
genes are less sensitive to changes in Sp1 concentration.
In the past decade, Sp1 has emerged as a crucial mediator in

many important cellular physiological/pathological functions
and signal transductions throughmodulating its respective tar-
get genes, such as cell proliferation related-genes (CCND1/D2/
D3/E and cdk2 inG1/S transition,CCNB1 andCDC25c inG2/M
transition, andCCNB1 and survivin in cellmitosis), cell survival
(IGF-II and IGF-IR), cell growth (c-myc and n-myc), cell inva-
sion and metastasis (MMP2, MMP9, and uPA), and angiogen-
esis (VEGF, VEGF-R1/R2, and FGF-R1) (41). Importantly, the
functional role of Sp1 in embryonic development and cell
growth/differentiation was further highlighted in Sp1-deficient
mice (Sp1�/�). Sp1�/� embryos survive until day 9.5 (E9.5) of
gestation but display a severely retarded growth and show a
broad range of phenotypic abnormalities, which suggests that
Sp1 is essential for early normal embryonic development and
plays an important role in the maintenance of differentiated
cells through the regulation of genes likeMeCP2 (45).

Based on previous findings and the data presented here, we
postulate that the mechanisms of mediating the promoter
activity of Hdac7 by Sp1 are reminiscent of that previously
described for Hdac4, another member of the class II HDAC
family. Activation ofHdac4 expression by Sp1 was shown to be
dependent on specific sequences in theHdac4 promoter, which
was increased by histone deacetylase inhibitor TSA (29). We
similarly found that Sp1 regulated Hdac7 promoter activity,
mRNA, and protein expression also through its binding to the
Hdac7 promoter. Notably, some potential binding sites for
other transcription factors such as AML1, NF-1, and NIT2 also
exist in the PDGF-BB-responsive minimal element within the
Hdac7 gene promoter, which might also play some part in
Hdac7 gene regulation by PDGF-BB during SMC differentia-
tion from ES cells. The potential functions of these transcrip-
tion factors in regulation of Hdac7 activation and SMC differ-
entiation are currently under further investigation in our group.

5 L. Zhang, M. Jin, A. Margariti, G. Wang, Z. Luo, A. Zampetaki, L. Zeng, S. Ye, J.
Zhu, and Q. Xiao, unpublished data.

FIGURE 7. HDAC7 is required for Sp1-induced SMC differentiation gene
expression. A, knockdown of HDAC7 abolished Sp1 overexpression-induced
SMC differentiation gene expression. Four days of differentiating ES cells
were cotransfected with pShuttle2 or pShuttle2-Sp1 (1.0 �g/1�106 cells) and
control siRNA or HDAC7 siRNA (10 nM). After 48 h of transfection, total RNA
were harvested and subjected to real time RT-PCR. B, HDAC7 overexpression
rescued the inhibitory effects of Sp1 knockdown on SMC differentiation gene
expression. Five days of differentiating ES cells were cotransfected with con-
trol siRNA or Sp1 siRNA (10 nM) and pShuttle2 or pShuttle2-HDAC7 (1.0
�g/1�106 cells. After 48 h of transfection, total RNA were harvested and sub-
jected to real time RT-PCR analysis. The data presented here are an average of
three independent experiments; #, p � 0.05 (versus control); *, p � 0.05 (4th
versus 2nd columns).
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Apart from transcriptional regulation, HDAC activity is also
believed to be mediated through protein-protein interactions,
such as protein complex of silencing mediator of retinoid and
thyroid receptor (SMRT) and nuclear receptor corepressor
(N-CoR). Both SMRT and N-CoR are nuclear receptor core-
pressors that bind and enhance the HDAC activity of HDAC3
but not the class II HDACs (HDAC4, -5, -7, and -9) (46–48),
which suggests that the class II HDACs may recruit enzymati-
cally active HDAC3-SMRT/N-coR complexes for their func-
tional effects (49). However, whether it is the case for HDAC7
activity regulation by PDGF-BB remains to be elucidated.
In summary, we provide evidence that Sp1 plays an impor-

tant role in the regulation of Hdac7 gene expression in SMC
differentiation from ES cells. Further studies are needed to
determine whether the Sp1-dependent induction of HDAC7
expression is a universal mechanism involved in both physio-
logical maintenance of the cardiovascular system during
embryonic development and in the pathophysiology of vascular
diseases, such as atherosclerosis in adults, and whether other
transcription factors also play some roles inHdac7 gene expres-
sion and SMC differentiation.
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