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Histone deacetylases mediate critical cellular functions but relatively little is known about mechanisms controlling their
expression, including expression of HDAC4, a class II HDAC implicated in the modulation of cellular differentiation and
viability. Endogenous HDAC4 mRNA, protein levels and promoter activity were all readily repressed by mithramycin,
suggesting regulation by GC-rich DNA sequences. We validated consensus binding sites for Sp1/Sp3 transcription factors
in the HDAC4 promoter through truncation studies and targeted mutagenesis. Specific and functional binding by Sp1/Sp3
at these sites was confirmed with chromatin immunoprecipitation (ChIP) and electromobility shift assays (EMSA).
Cotransfection of either Sp1 or Sp3 with a reporter driven by the HDAC4 promoter led to high activities in SL2 insect cells
(which lack endogenous Sp1/Sp3). In human cells, restored expression of Sp1 and Sp3 up-regulated HDAC4 protein
levels, whereas levels were decreased by RNA-interference-mediated knockdown of either protein. Finally, variable
levels of Sp1 were in concordance with that of HDAC4 in a number of human tissues and cancer cell lines. These studies
together characterize for the first time the activity of the HDAC4 promoter, through which Sp1 and Sp3 modulates
expression of HDAC4 and which may contribute to tissue or cell-line-specific expression of HDAC4.

INTRODUCTION

Histone deacetylases (HDACs) all share the ability to
deacetylate specific lysines in the tail residues of the core
histones, generally resulting in the compaction of chromatin,
transcriptional repression, and silencing. There has been an
explosion of interest in recent years in the HDACs, because
of the panoply of critical cellular functions that have now
been linked to HDACs (Grozinger and Schreiber, 2002; Ver-
din et al., 2003; Sengupta and Seto, 2004; Yang and Gregoire,
2005) .

HDACs in general lack DNA binding activity, and appear
to mediate their activities as part of large multiprotein com-
plexes (such as the NuRD, Sin3, and CoREST complexes;
Hassig et al., 1997; Laherty et al., 1997; Zhang et al., 1997,
1998), which include non-HDAC proteins and other unique
polypeptides that together modulate histone deacetylase ac-
tivity. An example of the regulation of HDAC activity me-
diated by protein-protein interactions relates to the SMRT/
N-CoR complex. The silencing mediator of retinoid and
thyroid receptor (SMRT) and nuclear receptor corepressor
(N-CoR) are nuclear receptor corepressors that bind and
enhance the HDAC activity of HDAC3 (Alland et al., 1997;
Heinzel et al., 1997; Wen et al., 2000; Guenther et al., 2001;
Zhang et al., 2002). In contrast to the effects on HDAC3, the
deacetylase activity of the class II HDACs (HDAC4, 5, 7, and

9) are not enhanced by binding to the SMRT/N-CoR com-
plex, suggesting that the class II HDACs may recruit enzy-
matically active HDAC3-SMRT/N-coR complexes for their
functional effects (Fischle et al., 2002). Regulation of the
expression of class II HDACs may therefore influence the
overall function of such multiprotein complexes in regulat-
ing gene expression.

The role of class II HDACs such as HDAC4 in specific
cellular and tissue functions is becoming clarified. HDAC4
has been found to regulate chondrocyte growth and differ-
entiation during skeletogenesis through interactions with
the runt-related transcription factor-2 (Runx2) (Vega et al.,
2004a, 2004b). HDAC4 has also been found to mediate tran-
scriptional repression through interactions with other DNA-
binding factors, such as PLZF (promyelocytic leukemia zinc-
finger) and BCL6, factors linked to hematopoietic cell
differentiation, leukemogenesis, and inflammation (Lemer-
cier et al., 2002; Chauchereau et al., 2004). HDAC4 regulates
the activity of the myocyte enhancer factor-2 (MEF2) family
of transcription factors, implicated in the cellular differenti-
ation and proliferation of hematopoietic, nervous, and mus-
culoskeletal systems (Miska et al., 1999; Wang et al., 1999;
McKinsey et al., 2000a, 2000b, 2002; Chauchereau et al., 2004;
Vega et al., 2004a, 2004b).

Perhaps reflecting the versatility of HDAC4 in regulating
gene expression in diverse systems and tissues, the diversity
of mechanisms regulating the activity of HDAC4 has been
particularly striking. HDAC4 mRNA and protein are both
highly unstable, with intracellular half-lives less than 8 h in
HeLa cells (Liu et al., 2004). The interaction between HDAC4
and MEF2 is up-regulated by sumoylation of specific resi-
dues in HDAC4, which in turn leads to the sumoylation and
repression of MEF2 (Wang et al., 1999; Gregoire and Yang,
2005). HDAC4 is phosphorylated at amino-terminal serine
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residues by the Ca2�/calmodulin-dependent kinase (CaMK)
and protein kinase D, which appears to create docking sites
for the 14-3-3 family of proteins, which results in its CRM1-
dependent nuclear export (McKinsey et al., 2000a, 2000b,
2001; Wang et al., 2000; Zhou et al., 2000; Wang and Yang,
2001; Vega et al., 2004a, 2004b). HDAC4 is also regulated
through caspase-mediated cleavage, which results in an nu-
clear localization signal (NLS)-containing amino-terminal
fragment that translocates into the nucleus to effect tran-
scriptional repression and decreases cell viability (Liu et al.,
2004; Paroni et al., 2004).

Despite the diversity of pathways modulated by HDAC4
and mechanisms regulating the activity of HDAC4, surpris-
ingly little is known about the mechanisms regulating its
expression. We report here the identification of consensus
binding sequences in the promoter of human HDAC4 for the
Specificity Protein (SP) family of transcription factors. We
find that both Sp1 and Sp3 bind to these sequences, and
drive strong expression of a HDAC4 promoter-driven lucif-
erase reporter. Expression of Sp1 and Sp3 in cells deficient
for either transcription factor led to increased expression of
HDAC4 protein. Consistent with direct roles in driving ex-
pression of HDAC4, knockdown of Sp1 and Sp3 led to
reduced HDAC4 protein levels. Finally, a general concor-
dance was found between Sp1 and HDAC4 protein expres-
sion in human cancer cell lines and normal human tissues.
These results together strongly identify a role for the SP
family of transcription factors in driving the expression of
human HDAC4, an class II HDAC that may potentially
modulate the activity of other transcription factors.

MATERIALS AND METHODS

Cell Culture, Reagents, and Treatments
All human cells were obtained from the American Type Culture Collection
(ATCC; Manassas, VA), and grown at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM) or McCoy’s media supplemented with 10% fetal calf serum
(FCS). Drosophila melanogaster SL-2 cells were maintained in Schneider’s insect
medium supplemented with 10% FCS at 28°C. Mithramycin and trichostatin
A (TSA) were from Sigma (St. Louis, MO). Mock-treated control cells were
handled identically to drug-treated cells with the exception that medium
alone was added.

Immunoblotting
Cell lysates were prepared via scraping on ice and pelleting at 4°C, followed
by resuspension in Laemmli buffer and sonication. For immunoblotting,
samples (50 �g/lane) were boiled for 5 min and separated via SDS-PAGE, and
transferred to PVDF membranes. After transfer, the membranes were blocked
with 5% nonfat milk in phosphate-buffered saline (PBS) and then probed with
the indicated primary antibodies, followed by the appropriate secondary
antibodies conjugated with horseradish peroxidase. Anti-HDAC2 antibodies
were from Biomol (Plymouth Meeting, PA), and anti-HDAC6 were from Cell
Signaling (Beverly, MA). Washes were performed with PBS with 0.1% Tween.
Finally, after probing with primary and secondary antibodies, the membranes
were exposed to film after enhanced chemiluminescence (ECL) (Amersham
Biosciences, Piscataway, NJ). Densitometry of immunoblots was performed
on images obtained under nonsaturated conditions and quantitated with NIH
Image 1.54 software.

Reverse Transcriptase-PCR
Endogenous RNA was isolated using Trizol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions and assessed via RT-PCR.
The Titan One Tube RT-PCR System (Roche, Indianapolis, IN) was used with
the following primers: histone deacetylase 4 (HDAC4): 5� CAA GAA CAA
GGA GAA GGG CAA AG 3� and 5� GGA CTC TGG TCA AGG GAA CTG 3�;
53BP1: 5� AGG TGG GTG TTC TTT GGC TTC C 3� and 5�TTG GTG TTG AGG
CTT GTG GTG ATA C 3�; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): 5� CAA CTT TGG TAT CGT GGA AGG ACT C 3� and 5� AGG
GAT GAT GTT CTG GAG AGC C 3�. Reactions for all targeted mRNA were
performed under similar conditions, with comparatively identical results.

Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation assay (ChIP) assays were performed via a
commercially purchased chromatin immunoprecipitation kit (Upstate Bio-

technology, Lake Placid, NY), using either anti-Sp1 (Upstate; 07–124), anti-Sp3
(Santa Cruz Biotechnology, Santa Cruz, CA; SC-644), or anti-NF-Y/CBF-B
(Santa Cruz; SC-10779) antibodies. HeLa cells were first cross-linked for 10
min by adding formaldehyde directly to tissue culture medium to a final
concentration of 1%. Cross-linked cells were then washed twice with cold PBS
(with protease inhibitors), scraped, pelleted, resuspended in 200 �l SDS lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0), and incubated for 10
min on ice. The lysates were then sonicated for five cycles of 30 s each, resting
on ice for 1 min between cycles, on an Ultrasonic Processor W-385 sonicator
(Plainview, NY) with settings of cycle time: 1 s, duty cycle: 20%, output
power: 10%. After sonication, the samples were centrifuged and the super-
natants diluted 10-fold in ChIP dilution buffer with protease inhibitors and
precleared with 80 �l salmon sperm DNA/protein A Agarose-50% slurry for
30 min at 4°C. Cross-linked chromatin was incubated overnight with 3 �g
Sp1, 3 �g Sp3, 3 �g NF-Y, or control IgG in a total volume of 1 ml at 4°C.
Antibody-protein-DNA complexes were isolated by immunoprecipitation
with 60 �l salmon sperm DNA/protein A. After extensive washing, pellets
were eluted by freshly prepared elution buffer (1% SDS, 0.1 M NaHCO3).
Formaldehyde cross-linking was reversed by 5–12-h incubation at 65°C after
adding 20 �l 5 M NaCl. Samples were purified through PCR purification kit
columns (Qiagen, Chatsworth, CA) and used as a template in PCR. ChIP
primers: 5� TCC AGC AGC CAA TGA GGT CC 3� and 5� TTC TCC CCA CTC
CAG CGT CG 3� were used to amplify a 382-base pair fragment correspond-
ing to the core HDAC4 promoter. Samples from at least three independent
immunoprecipitations were analyzed.

HDAC4 Luciferase-Reporter Constructs
The HDAC4 promoter DNA containing a variety of Sp1/Sp3 binding sites
was amplified from HeLa cell genomic DNA by Roche GC-rich PCR kit and
primers A�B (composition of primers are listed in the next section). The
amplified HDAC4 promoter segment was then digested with BglII and Hin-
dIII and cloned into pGL3-basic luciferase reporter (Promega, Madison, WI)
to generate (�317–�117) HDAC4-pGL3. Using (�317–�117) HDAC4-pGL3
construct as a template, a series of truncated HDAC4 promoter segments
were amplified, digested, and cloned into pGL3-basic by using appropriate
primers. The primers used for (�317–�7) HDAC4-pGL3 were A�C, for
(�223–�7) HDAC4-pGL3 were D�C, for (�117–�7) HDAC4-pGL3 were
E�C, and for (�103–�7) HDAC4-pGL3 were F�C. The construct “(�317–�7)
HDAC4 mut Sp1/3,” in which the three contiguous and one proximal Sp1/
Sp3 sites were mutated, was generated from (�317–�7) HDAC4-pGL3 via the
QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) by using
primers G�H. All constructs were confirmed by direct DNA sequencing. For
clarity, these constructs are listed in Figure 4 and discussed in the Results
section by only the portion upstream of the transcription start site (because all
constructs have in common the first seven nucleotides after the HDAC4
transcription start site as well as pGL3).

Primers used for construction of HDAC4-PGL3 Luciferase reporters were
as follows: A) 5� CAT AGA TCT GTG GGA GCA GAC GGG CTG TG 3�; B)
5� CAT AAG CTT CAG GCT GGG AGG CTG TTC GG 3�; C) 5� CAT AAG
CTT CCA CAA CCT CCC CTC CTC ATT C 3�; D) 5� CAT AGA TCT AAT
TGA CGA GCT CTT CAT TAG 3�; E) 5� CAT AGA TCT CAA GGG GAG GTG
ACG CAA G 3�; F) 5� CAT AGA TCT TGA CGG GCG TGC GGG GTG GCC
TA 3�; G) 5� CG CCC GGG TTG GTT GGT TGG GAG GAA GGG CCG AGC
CGT 3�; and H) 5� ACG GCT CGG CCC TTC CTC CCA ACC AAC CAA
CCC GGG CG 3�.

Luciferase Assays in Mammalian Cells
For luciferase assays, 2.5 � 105 HeLa or 5 � 105 PC3 cells were plated in
60-mm plates. Luciferase reporter plasmids (2 �g for each) were transfected
into HeLa or PC3 cells via 5 �l of Lipofectamine 2000 (Invitrogen). For all
luciferase reporter assays, pRL-TK (Renilla Luciferase) was also cotransfected
and measured to normalize transfection efficiency. After 48 h of transfection,
cells were washed twice with PBS and lysed in situ with 300 �l passive lysis
buffer with three freeze-thaw cycles. Luciferase activity of 20 �l of cell lysate
was measured via the Dual-Luciferase reporter assay system (Promega) ac-
cording to the manufacturer’s instructions. Assays for all samples were per-
formed in triplicate, and the results were averaged.

Luciferase Assay in Drosophila melanogaster SL2 Insect
Cells
The day before transfection, 1 � 106 SL2 cells were plated in 60-mm plate and
maintained at 28°C in Schneider’s insect medium supplemented with 10%
FCS. Drosophila-specific expression vector: Pac, PacSp1, or PacSp3 (each 0.8
�g) were cotransfected with 0.8 �g (�317–�7) HDAC4-pGL3 and 0.4 �g
CMV4-�-gal into SL2 cells by 5 �l of Lipofectamine 2000 (Invitrogen). After
48 h of transfection, cells were washed twice with PBS and lysed by passive
lysis buffer with three freeze-thaw cycles to accomplish complete lysis of cells.
Luciferase activity of 20 �l of cell lysate was assessed via the Single-Luciferase
reporter assay system (Promega). �-galactosidase activity of 20 �l of cell
lysate was measured via spectrophotometry at 420 nm after incubating with
200 �l 5 mg/ml ONPG (Sigma; N-1127) in Z buffer (60 mM Na2HPO4, 40 mM
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NaH2PO4, 10 mM KCl, 1 mM MgSO4, PH 7.2). Relative Luciferase activity
was then normalized by �-gal activity. Assays for all samples were performed
in triplicate, and the results were averaged.

Electrophoretic Mobility Shift Assay
These electrophoretic mobility shift assays (EMSAs) were performed with 1 �
106 HeLa cells grown in 10-cm cell culture plates. Nuclear proteins were
extracted as described previously (Pore et al., 2004). The following oligonu-
cleotides were synthesized and labeled with [�-32P]ATP by T4 polynucleotide
kinase: the sequences corresponding to �261 base pairs to �226 base pairs of
human HDAC4 were 5� GCG CCC GGG GCG GGC GGG CGG GAG GCG
GGG CCG AG 3� and 5� CTC GGC CCC GCC TCC CGC CCG CCC GCC CCG
GGC GC 3� (corresponding to a 35-base pair section of the HDAC4 promoter)
and 5� GAT CGA TCG GGG CGG GGC GAT C 3� and 5� GAT CGC CCC GCC
CCG ATC GAT C 3� (the 22-base pair probe representing the canonical
Sp1/Sp3 sequence). Unincorporated [�-32P]ATP was removed by centrifuga-
tion through G-25 Sephadex column (Boehringer Mannheim, Indianapolis,
IN) according to manufacturer’s recommendations. The DNA-binding reac-
tion was performed for 30 min at room temperature in a volume of 20 �l,
containing 5 �g of nuclear protein extract, 2.5 mg/ml bovine serum albumin,
105 cpm, 0.1 mg/ml poly[dI:dC] (Sigma), 5 �l of 4� binding buffer (1� buffer:
10 mM Tris-Cl, pH 7.8, 100 mM KCl, 5 mM MgCl2, 1 mM EDTA, 10%
[vol/vol] glycerol, 1 mM DTT) with or without 100-fold excess of unlabeled
oligonucleotide competitor. Samples were subjected to electrophoresis on a
native 5% polyacrylamide gel run in either 0.5� TBE (Tris-boric acid-EDTA)
or 0.5� TGE (Tris-glycine-EDTA) for 3.5 h at 200 V.

Knockdown of Sp1 or Sp3 via RNA Interference
Short interfering RNAs (siRNAs), designed to target human SP1 and SP3
mRNAs, were synthesized (Dharmacon, Lafayette, CO). The criteria for de-
signing and methodology to introduce the siRNAs into cells were executed
according to the company protocols. Briefly, 5 � 106 HeLa cells were plated
the day before transfection in 10-cm plates. Oligofectamine (30 �l) and 60 �l
of a 25 �M stock solution of siRNA were preincubated with 90 �l and 1050 �l
of Opti-medium separately for 5 min and then mixed and vortexed gently and
incubated at RT for an additional 20 min. The mixture was then evenly added
to the plates. Forty-eight hours later, the cells were harvest by RIPA buffer.
The forward strands of each duplex of siRNAs were as follows: Sp1: 5�NNA
GCG CUU CA U GAG GAG UGA 3�; Sp3: 5�NNG CGG CAG GUG GAG CCU
UCA CU 3�; and GFP: 5�GCA AGC TGA CCC TGA AGC TC 3�.

Immunohistochemistry
A microarray of human tissues taken from different organs (Zymed Max-
Array, South San Francisco, CA) was assessed for expression of Sp1, HDAC4,
and HDAC2 protein. After deparaffinization slides were immersed in 95°C 10
mM citric acid buffer (pH 6.0) for 15 min in a steamer, treated with hydrogen
peroxide to block endogenous peroxides, and then blocked in 10% horse
serum. The slides were then probed overnight with anti-Sp1 (Upstate Bio-
technology), anti-HDAC4, or anti-HDAC2 (Biomol) antibodies in 4°C. A
peroxidase labeled polymer (DakoCytomation Envision Plus Dual Link Sys-
tem Peroxidase, Carpinteria, CA) was applied at room temperature for 30
min. The slide was developed with Vector DAB Peroxidase Substrate Kit
(SK-4100; Vector Laboratories, Burlingame, CA) and counterstained with
hematoxylin.

RESULTS

Mithramycin Rapidly Leads to Decreased HDAC4 mRNA
and Protein Levels and Decreased HDAC4 Promoter
Activity
To begin to investigate mechanisms that might control ex-
pression of HDAC4 mRNA, we treated cells with mithra-
mycin, a cell-permeable agent that binds to GC-rich DNA
sequences and is frequently used to explore the sequence
dependency of DNA-binding factors. The binding of mith-
ramycin is thought to impede binding by GC-specific tran-
scription factors by steric hindrance (Blume et al., 1991;
Nehls et al., 1993). In an initial experiment, we found that
treatment of HeLa cells with mithramycin rapidly led to
decreased levels of HDAC4 mRNA and was almost unde-
tectable by 16 h (Figure 1A). We therefore tested the effect of
mithramycin on the cells by harvesting at shorter time
points. This showed that the effect of mithramycin on
HDAC4 mRNA was evident by 4 h and that HDAC4 mRNA
expression was almost abolished by 8 h (Figure 1B).

Figure 1. Mithramycin rapidly leads to decreased HDAC4 mRNA
levels. (A) RT-PCR was performed on total mRNA isolated from
HeLa cells harvested at the indicated times after exposure to 125 nM
mithramycin. Reactions were performed in parallel under identical
conditions using primer pairs targeting HDAC4, or as controls,
53BP1 and GADPH. The final products were separated via electro-
phoresis in ethidium bromide-labeled agarose and photographed
under UV illumination. Each RT-PCR reaction yielded a single band
as shown. (B) RT-PCR was performed as described for A, with the
exception that the reactions were performed on total mRNA isolated
from HeLa cells harvested at time points more immediately after
mithramycin treatment, at the indicated times. (C) HeLa cells were
mock-treated (“Control”) or treated with mithramycin at 125 nM for
8 or 16 h, or 250 nM for 8 h, and harvested and cell lysates were
separated via SDS-PAGE, transferred to PVDF membranes, and
immunoblotted for HDAC4 or alpha-tubulin (as a loading control).
Both doses led to decreased HDAC4 protein. (D) Time course of
mithramycin-mediated repression of HDAC4 protein and lack of
effect on HDAC2 and HDAC6. Parallel plates of cells were mock-
treated or treated with 125 nM mithramycin and harvested 4, 12, or
20 h later. The resultant cell lysates were immunoblotted for
HDAC4, HDAC2, or HDAC6.
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We then assessed the effect of mithramycin on levels of
HDAC4 protein. Consistent with the decrease in levels of
HDAC4 mRNA noted in Figure 1 and the previously re-
ported instability of HDAC4 protein, which allows for
changes of the levels of protein to be quickly evident (Liu et
al., 2004), mithramycin treatment led to decreased HDAC4
protein levels (Figure 1C). A dose and time effect was de-
tected: HDAC4 protein levels were visibly decreased after
treatment with mithramycin at 125 nM for 8 h, and almost
undetectable after 16 h. At 250 nM of mithramycin, 8 h of
treatment was sufficient to render HDAC4 protein levels
almost undetectable. In contrast to these effects on HDAC4,
mithramycin treatment had no effect on HDAC2 and
HDAC6 protein levels (Figure 1D). These results together
indicated that binding of mithramycin to GC-rich DNA
sequences leads to decreased levels of HDAC4 mRNA and
protein, an effect that was not seen for all HDACs.

To assess whether the mithramycin directly inhibited
HDAC4 mRNA transcription by affecting the promoter, we
began by testing the ability of the sequences upstream of the
transcription initiation site of HDAC4 to drive expression of
a luciferase reporter. Analysis of this candidate HDAC4
promoter region revealed GC-rich sequences, which poten-
tially might be targeted by mithramycin (and which are
further addressed in Figure 3). The 317-base pair region
upstream of the HDAC4 transcription start site was there-
fore cloned into pGL3-Basic (a promoterless expression vec-
tor that is commonly used as a reporter to assess the pro-
moter activity of candidate sequences in driving luciferase
expression). This sequence upstream of HDAC4 was indeed
able to drive strong reporter expression (Figure 2; compare
luciferase activity of HDAC4-pGL3 [third bar] to pGL3-Basic
alone [first bar]). Furthermore, the addition of mithramycin

led to a dose-dependent decrease in reporter activity driven
by the putative HDAC4 promoter (the discrepancy between
residual luciferase activity detectable here and the lack of
HDAC4 protein shown in Figure 1 at the highest dose of
mithramycin is likely attributable to the greater sensitivity
of the luciferase assay vs. chemiluminescence). These obser-
vations together suggested that GC-rich sequences upstream
of HDAC4 contained promoter activity, which could be
blocked by mithramycin.

The Transcription Factor Specificity Protein 1 (Sp1) Binds
to HDAC4 Promoter In Vivo and In Vitro
Analysis of the GC-rich sequences of the putative HDAC4
promoter revealed a number of sites that appeared to be
consistent with the consensus binding sequence for the Spec-
ificity Protein (Sp1/Sp3) family of transcription factors
(GGCGGG or GGGCGG; indicated by the boxes in Figure
3A). To determine whether Sp1 or Sp3 in fact binds to this
area, we performed chromatin immunoprecipitation (ChIP)
of the HDAC4 promoter with anti-Sp1 and anti-Sp3 antibod-
ies. PCR (PCR) amplification of the immunoprecipitated
DNA (using primers indicated by dotted line in Figure 3A)
resulted in single bands of a size consistent with the region
of the HDAC4 promoter being amplified (377 base pairs),
the identity of which was confirmed by direct DNA se-
quencing (Figure 3B, and unpublished data).

Within the region of the HDAC4 promoter that was suc-
cessfully immunoprecipitated with Sp1 and Sp3, we identi-
fied seven potential binding sites for Sp1/Sp3 (as indicated
by the boxes in Figure 3A, and also diagrammed in Figure
4A). One particular 22-base pair sequence was especially
interesting in that it contained three contiguous Sp1/Sp3
binding sites ((�253) GG CGG GCG GGC GGG (�239)) in
addition to being separated by a single adenine (A) from
another potential Sp1/Sp3 binding site ((�237) GGCGGG).
As an additional test of specific binding of Sp1/Sp3 to this
region of the HDAC4 promoter, we performed EMSAs using
an unrelated nucleotide sequence, a synthesized portion of
the HDAC4 promoter or a canonical Sp1/Sp3 sequence as
the radiolabeled probes. The assay was performed in HeLa
cell lysates, resulting in protein:probe complexes with the
Sp1/Sp3 binding (“Canonical Sp1/Sp3”) or HDAC4 pro-
moter sequences that were readily detectable via autora-
diography, complexes that did not appear with an unrelated
nucleotide sequence (Random nucleotides; Figure 3C). For
both the canonical Sp1/Sp3 and HDAC4 promoter probes,
addition of either the unlabeled Sp1/Sp3 or HDAC4 pro-
moter sequence (as Unlabeled competitor) resulted in di-
minished complex formation, supporting the specificity of
the interaction between Sp1 and the HDAC4 promoter. The
EMSA assay was repeated using 0.5� TGE instead of 0.5�
TBE as the running buffer, with similar results (unpublished
data).

Sp1/Sp3 Binding Sequences Proportionally Contribute to
HDAC4 Promoter Activity
Whereas the experiments performed strongly supported the
specific binding of Sp1/Sp3 to the HDAC4 promoter, we
wanted to assess the functional consequence of the binding
and to assess the relative contribution of specific sequences
to expression. We amplified different portions of the HDAC4
promoter (see Materials and Methods) and fused each of these
to the pGL3-Basic luciferase reporter (Figure 4A). As an
additional step to assess the contribution of Sp1 sites within
(�253) GG CGG GCG GGC GGG GAG GCG GG (�232) to
promoter activity independent of promoter length, we mu-
tated each of the three contiguous and the next adjacent Sp1

Figure 2. HDAC4 promoter activity is repressed by mithramycin.
HDAC4 promoter sequence was cloned to the promoterless pGL3-
Basic luciferase reporter to generate (�317) HDAC4-pGL3. The
PGL3-basic and (�317) HDAC4-pGL3 were transfected into HeLa
cells. Twenty-four hours after transfection, cells were mock-treated
or treated with 62.5, 125, or 250 nM mithramycin. Another 24 h after
treatment, all plates were harvested and the resultant luciferase
activity was measured. Equal amounts of DNA (2 �g) was trans-
fected for each sample. The luciferase activity of cells transfected
with HDAC4 pGL3 and unexposed to mithramycin was set to 100%
(third bar), and the activities of all other samples were calculated
and plotted as a percentage of this value. To control for transfection
efficiency, the relative luciferase activity of each sample was also
normalized to the activity of a cotransfected Renilla luciferase plas-
mid (pRL-TK, 0.1 �g). All assays were performed in triplicate, and
the results were averaged. Error bars, SE. This experiment was
repeated three times, with similar results.
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site (to (�253) GG TTG GTT GGT TGG GAG GAA GG
(�232). Each of these constructs was then expressed in HeLa
cells, along with the promoterless pGL3-Basic parental vec-
tor alone as a negative control, and the resultant luciferase
activity was measured (Figure 4B). The entire promoter
sequence containing all seven Sp1 sites (“(�317) HDAC4”)
resulted in the highest level of expression. Mutation of the
four contiguous and adjacent Sp1 sites (“(�317) mut sp1
HDAC4”) resulted in a large decrease in activity. Interest-
ingly, further decreases in the length of the promoter se-
quences (i.e., “(�223), (�177), or (�103) HDAC4”), resulting
in progressively fewer Sp1 binding sites, resulted in progres-
sively decreased expression of the reporter as well. To fur-
ther broaden the applicability of these results, we repeated
the experiments in PC3 cells, with similar results (Figure

4C). These results together suggested that for both HeLa and
PC3 cells, additional Sp1 binding sites positively contribute
to driving HDAC4 expression.

Either Sp1 or Sp3 Protein Increases HDAC4 Promoter
Activity
The GC-rich boxes identified in the HDAC4 promoter could
be potentially bound by either Sp1 or Sp3, both of which are
often ubiquitously expressed in mammalian cells (Kingsley
and Winoto, 1992; Azizkhan et al., 1993). Whole cell lysates
of mammalian cells often contain significant amounts of
both transcription factors. Studies on the relative activities of
specific Sp family members are therefore often investigated
in insect cell lines such as SL2, which is devoid of endoge-
nous human Sp family members. (Yamada et al., 2000; Kout-

Figure 3. The human HDAC4 promoter: binding by Sp1/Sp3. (A) Genomic sequences upstream of the beginning (indicated by arrow) of
the mRNA sequence of HDAC4 are shown. Putative Sp1/Sp3 binding sites are boxed. Primers used for the Sp1/Sp3 chromatin immuno-
precipitation experiment shown in B are indicated by the dotted arrows. CCAAT boxes are shown in bold. (HDAC4 mRNA sequence
described by GenBank Accession number AB006626.2, GI: 6635126, clone ha061161/KIAA0288, submitted by O. Ohara (Kazusa DNA), as
well as Entrez Nucleotide (NCBI), GI: 13259519) (B) Chromatin immunoprecipitation (ChIP) of Sp1 and Sp3 indicates binding to the HDAC4
promoter. Formaldehyde-treated HeLa cells were lysed, sonicated, and immunoprecipitated for Sp1 and Sp3, followed by PCR amplification
with primers flanking the HDAC4 promoter (indicated in Figure 3A). The ChIP assays were performed with increasing amounts of purified
immunoprecipitated DNA. Only the anti-Sp1 and Sp3 antibodies result in single bands consistent with the HDAC4 promoter and which were
of the appropriate size. The assay was also performed with nonspecific immunoglobulin (Ig; Control Ig) under otherwise identical conditions
as a negative control. As a positive control (Input), the assay was performed with the same primers on the genomic DNA on which the ChIP
assays were performed. (C) EMSA assays of Sp1/Sp3 and the HDAC4 promoter sequences. Random oligonucleotides, or sequences
corresponding to the Sp1/Sp3 consensus binding sequence or the human HDAC4 promoter were labeled with [�-32P]ATP. These oligonu-
cleotides were incubated with nuclear extracts from HeLa cells. The reactions with the canonical Sp1/Sp3 and the HDAC4 promoter resulted
in protein:probe complexes, whereas the complexes were not seen with random oligonucleotides. The DNA-binding reaction was also
performed in the absence (�) or presence (�) of 100-fold molar excess of unlabeled Sp1/Sp3 canonical HDAC4 or promoter oligonucleotides
(as Unlabeled competitor), either of which diminished the protein:probe complexes seen in the absence of the competing sequences. The
entire length of the gel is shown, including the free Sp1/Sp3 or HDAC4 promoter probes (Free Probe) at the bottom of the gel. The EMSA
assay was repeated three times, including with TGE, with similar results each time. Faint bands below the protein:probe complexes are
nonspecific bands that are not always seen when the EMSA was repeated.
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sodontis et al., 2005). We cotransfected into SL2 cells, (�317)
HDAC4-pGL3, along with either PacSp1 or PacSp3 (insect
expression vectors encoding human Sp1 or Sp3). Either Sp1
or Sp3 drove strong expression of the (�317) HDAC4-pGL3
reporter, suggesting that either transcription factor alone can
positively drive HDAC4 expression (Figure 4D). In compar-
ison, the three controls showed comparatively little activity.
Interestingly, the HDAC4 promoter-fused reporter resulted
in a low level (�10%) of activity in the absence of human Sp1
or Sp3 (possibly due to other endogenous transcription fac-
tors in the insect cells that have a minor influence on
HDAC4 promoter activity).

Either Sp1 or Sp3 Can Modulate HDAC4 Protein Levels
The reporter assays described above indicate that both Sp1
and Sp3 can drive HDAC4 expression. To better understand
possible functional consequences of this pathway, we inves-
tigated the relationship between Sp1 and Sp3 expression and
HDAC4 protein levels. This was performed via two comple-
mentary approaches: 1) by overexpressing Sp1 and Sp3 via
mammalian expression vectors (CMV4-Sp1 and CMV4-Sp3),
and 2) by knocking down Sp1 and Sp3 via RNA interference
(RNAi). U2OS cells express low endogenous levels of either
Sp1 or Sp3 (Figure 5A), which allowed us to express grad-
uated levels of Sp1 or Sp3 protein. Indeed, transfecting

Figure 4. The HDAC4 promoter activity depends on Sp1/Sp3 binding sequences. (A) Luciferase reporters designed to test the activity of
different lengths of the HDAC4 promoter, including the effect of targeted mutations. The schematic shows the design of the pGL3 reporters
to test the relative contribution of different portions of the HDAC4 promoter. The 317-base pair nucleotides upstream of the transcriptional
initiation site of HDAC4, containing the seven potential Sp1/Sp3 binding sites indicated in Figure 4, were fused to the promoterless
pGL3-Basic luciferase reporter to generate (�317) HDAC4. The four Sp1/Sp3 binding sites at the most 5� end of the promoter region was
mutated, resulting in (�317) mut Sp1/3 HDAC4, or removed, resulting in (�223) HDAC4. Further portions of the HDAC4 were removed,
resulting in either (�177) HDAC4 or (�103) HDAC4, the latter lacking any of the potential Sp1/Sp3 binding sites indicated by the boxes in
Figure 4. (B) The activity of the HDAC4 promoter is proportional to the number of intact Sp1/Sp3 binding sites. Each of the reporter
constructs shown in A were transfected into individual plates of HeLa cells, and all plates were assayed for luciferase activity 48 h later after
transfection. A set of plates was transfected with pGL3 alone as an additional control. In these experiments, �-galactosidase activity resulting
from cotransfected CMV4-�-gal plasmid enabled normalization for transfection efficiency. All samples were performed in triplicate and the
results were averaged and plotted as shown, with all results expressed as a percentage of the activity resulting from (�317) HDAC4 (which
was set at 100%). Error bars, SE. The experiment was repeated three times with similar results. (C) The reporters described in A was
transfected into PC3 cells, which were subsequently assayed in a manner that was otherwise identical to that described for B and with results
calculated and plotted in a similar manner. This experiment was also repeated three times with similar results. (D) Either Sp1 or Sp3 can drive
HDAC4 promoter activity in SL2 cells. SL2 insect cells were tested for reporter activity under different conditions. Individual plates were
transfected with the promoterless pGL3 luciferase reporter alone or in combination with PacSp1 (which drives expression of Sp1 via an
insect-specific promoter), in either case resulting in little activity (first and second bars). In contrast, transfection of (�317) HDAC4-pGL3
resulted in high levels of activity when Sp1 or Sp3 was coexpressed (respectively via PacSp1 or PacSp3, fourth and fifth bars). Cotransfection
of (�317) HDAC4-PGL3 with the parental Pac vector resulted in minor activity only. In all plates, �-galactosidase activity resulting from
cotransfected CMV4-�-gal plasmid enabled normalization for transfection efficiency. All samples were performed in triplicate and the results
averaged and plotted as shown, with all results expressed as a percentage of the activity resulting from the HDAC4 promoter and PacSp3
((�317) HDAC4 pGL3 � PacSp3, which was set at 100%). Error bars, SE. The experiment was repeated three times with similar results.
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increasing amounts of the expression vector CMV4-Sp1 re-
sulted in correspondingly greater levels of Sp1 protein. This
in turn was associated with correspondingly increased lev-
els of HDAC4 protein, whereas levels of alpha-tubulin re-
mained unchanged (Figure 5B). Transfection of CMV4-Sp3
also led to increased HDAC4 protein levels, whereas alpha-

tubulin remained unchanged as well (Figure 5C). These
results, together with the reporter assays shown in Figures 4
and 5, are consistent with the ability of Sp1 and Sp3 to
modulate HDAC4 protein levels by driving the transcription
of HDAC4 mRNA.

To further establish the link between Sp1 and Sp3 and
HDAC4 protein levels, we assessed the effects of Sp1 and
Sp3 knockdown via RNAi. Treatment of HeLa cells (which
express high levels of both Sp1 and Sp3 protein) with siRNA
against either Sp1 or Sp3 led to greater than 90% decreases
in levels of the respective targeted proteins, compared with
control siRNA targeting green fluorescent protein (GFP).
Knockdown of either Sp1 or Sp3 was in turn associated with
marked decreases in HDAC4 protein levels (Figure 6A). As
an additional test that the effects of siRNA targeted against
Sp1 or Sp3 on HDAC4 protein levels was due to effects on
transcription driven by the HDAC4 promoter, we also as-
sessed for HDAC4 mRNA expression. SiRNA-mediated
knockdown of Sp1 and Sp3 led to decreased HDAC4 mRNA
(Figure 6B), which is therefore consistent with the effects on
HDAC4 protein. The results of overexpression and knock-
down of Sp1 and Sp3 together provide additional support

Figure 5. Overexpression of Sp1 or Sp3 increases HDAC4 protein
levels. (A) U2OS cells express low levels of Sp1 and Sp3 protein.
Asynchronous HeLa, PC3, or U2OS cells in exponential growth
phase were trypsinized and pelleted, and whole cell lysates were
prepared. These were then separated on SDS-PAGE gels, trans-
ferred to PVDF, and immunoblotted for Sp1, Sp3, or alpha-tubulin
(as loading control). (B) Individual plates of U2OS cells were non-
transfected or transfected with CMV4 vector (6 �g) alone, or with 2,
4, or 6 �g of CMV4-Sp1. The total amount of DNA transfected into
all cells was adjusted to 6 �g by the addition of parental CMV4
empty vector. Twenty-four hours after transfection, all cells were
harvested and the individual cell lysates were immunoblotted for
Sp1, HDAC4, or alpha-tubulin (loading control). The transfection of
increasing amounts of Sp1 expression vector led to increased levels
of Sp1 protein, which also led to increasing levels of HDAC4 pro-
tein. In contrast, alpha-tubulin protein levels remained unaffected.
(C) Cells were prepared and treated in a manner similar to B except
that CMV4-Sp3 (instead of CMV4-Sp1) was transfected. Transfec-
tion of increasing amounts of Sp3 expression vector led to increased
levels of Sp3, as well as HDAC4 protein.

Figure 6. Knockdown of either Sp1 or Sp3 results in decreased
HDAC4 protein levels. (A) Individual plates of HeLa cells were
transfected with control siRNA targeting GFP (control) or siRNA
targeting either Sp1 or Sp3. Forty-eight hours after transfection, all
cells were harvested and cell lysates immunoblotted for the proteins
indicated. SiRNA targeting either Sp1 or Sp3 led to decreased levels
of its target and also resulted in decreased HDAC4 protein levels. In
contrast, siRNA targeting GFP had no effect on HDAC4. (B) Knock-
down of Sp1 or Sp3 via siRNA leads to decreased HDAC4 mRNA
levels. HeLa cells were treated as in A, but harvested for total
mRNA, which was then assessed via RT-PCR with primers specific
for HDAC4 or GAPDH.
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that either Sp1 or Sp3 can modulate intracellular HDAC4
protein levels through effects on the HDAC4 promoter.

Expression of Sp1, HDAC4, and HDAC2 Protein in Human
Tissues
Given the link established between Sp1 and expression of
HDAC4, we wanted to determine if levels or expression
patterns of the respective proteins correlated in different
human tissues and if Sp1 correlated with a different HDAC
protein. We therefore assessed the expression of Sp1,
HDAC4, and HDAC2 protein in a panel of human tissues
taken from different organs. In the cerebral cortex, strong
expression of all three proteins was readily detected in py-
ramidal neurons (cells with larger nuclei, designated by
white arrowheads in the first column of Figure 7A). As
expected, HDAC4 was expressed in both the nucleus and
cytoplasm of these cells, consistent with the presence of both
NLS and cytoplasmic retention signals (CRS) in the protein
(Wang et al., 2001), whereas as a transcription factor Sp1 was
exclusively nuclear. In contrast to expression of all three
proteins in neurons, strong expression of Sp1 and HDAC4
but not HDAC2 was detectable in the testis, which was
predominantly manifested by the spermatogenic germ cells
(designated by stippled arrowheads in the second column of
Figure 7A) in the lumen of each seminiferous tubule. Ex-
pression of Sp1 and HDAC4 but not HDAC2 was also seen
in the prostate, which was especially conspicuous in the cells
of the prostatic glands (glandular layer designated by the
black arrowheads in the third column of Figure 7A). Expres-
sion of Sp1 and HDAC4 was also detected in other tissues
such as cardiac muscle, breast, pancreas, and ovary (unpub-
lished data), whereas a number of tissues such as thyroid
showed neither protein nor HDAC2 (fourth column of Fig-
ure 7A).

The strong expression of Sp1 and HDAC4 in the maturing
spermatocytes shown in Figure 7A suggested a potential
role for these proteins in differentiating cells. This possibility
seemed to be reflected in the epidermis as well. In the
epidermis, the continuous maturation of keratinocytes can
be easily distinguished in specific cellular layers of the tis-
sue. The surface of the skin (the stratum corneum) consists
of cornified dead cells, whereas the layer immediately below
(the stratum granulosum) consists of keratinizing cells that
are elongated and stain darker for hematoxylin (designated
by the white arrowheads in Figure 7B). Cells below this layer
show bigger nuclei and compose the stratum spinosum
(designated by stippled arrowheads). Finally the stratum
basale, lying immediately above the basement membrane, is
composed of columnar cells (designated by black arrow-
heads) with nuclei smaller than the cells of the stratum
spinosum. Interestingly, although almost all cells through-
out the epidermis showed expression of both Sp1 and
HDAC4 protein, differences in the expression levels ap-
peared to be detectable. The cells of the stratum spinosum
(stippled arrowheads) showed strongest expression of both
Sp1 and HDAC4. Although the cells of the stratum basale
(black arrowheads) also showed Sp1 protein, here the levels
of HDAC4 seemed slightly weaker, possibly reflecting the
beginning of (Sp1-driven?) HDAC4 expression. Sp1 protein
expression levels were weakest in the stratum granulosum
(white arrowheads), and in these cells HDAC4 protein ex-
pression seemed diminished as well. Finally, the stratum
corneum facing the surface showed neither Sp1 nor HDAC4
protein. In contrast to the expression of Sp1 and HDAC4
protein throughout the epidermis, the expression pattern of
HDAC2 protein seemed more random. Occasional cells of
the stratum granulosum, spinosum, and basale showed
HDAC2 protein, but many cells of all three layers did not.

Figure 7. Concordance between Sp1 and HDAC4
protein expression in human tissues. (A) Immuno-
histochemical analysis of Sp1, HDAC4, and
HDAC2 protein expression was performed on a
human tissue array containing sections from the
respective organs. Sections from the cerebral cor-
tex, testis, prostate, and thyroid tissues are shown.
Pyramidal neurons in the cerebral cortex (select
neurons indicated by white arrowheads in the first
column of figures) show expression of Sp1,
HDAC4, and HDAC2 protein. Protein expression
is indicated by the brown signal elicited by the
detection system against the background blue he-
matoxylin staining. As a transcription factor, Sp1
localizes to the nucleus, whereas HDAC4 is found
in both the nucleus and cytoplasm. Strong expres-
sion of Sp1 and HDAC4 protein but not HDAC2
was found in the testis, manifested conspicuously
by the developing spermatozoa (select cells indi-
cated by stippled arrowheads in the second col-
umn). Strong expression of Sp1 and HDAC4 pro-
tein but not HDAC2 was also detected in the
prostate, as detected in the cells of the prostatic
glands (designated by black arrowheads in the
third column). The expression of neither Sp1,
HDAC4, and HDAC2 in contrast was not detected

in the thyroid gland (fourth column). (B) Expression of Sp1 and HDAC4 protein in the layers of the epidermis. Immunohistochemical analysis
for Sp1, HDAC4, and HDAC2 protein was performed as in A. Specific layers of the epidermis show Sp1 and HDAC4 protein expression,
including cells of stratum basale (indicated by the black arrowheads), and especially strong in the stratum spinosum (stippled arrowheads).
Sp1 and HDAC4 protein in contrast is weaker in the stratum granulosum (white arrowheads) and undetectable in the stratum corneum lying
at the very surface (and which consists of cornified dead cells prone to flaking). In contrast to the concordance of Sp1 and HDAC4 protein
expression and the differences of expression patterns in different strata, HDAC2 expression appears more variable, with many cells showing
little to no HDAC2, but occasional cells of all layers showing HDAC2 protein.

F. Liu et al.

Molecular Biology of the Cell592



These results together indicate that there is cellular- and
tissue-specific expression of Sp1 and HDAC4, which did not
coincide with that of HDAC2. Although Sp1 is sometimes
referred as an “ubiquitous protein,” differences in protein
expression levels were detectable between different tissues
and sometimes within the cell types of the tissue.

Correlations between Sp1 Protein and HDAC4 mRNA and
Protein Levels in Additional Cell Lines
To further broaden the potential applicability of our findings
of cell-specific differences in expression levels of Sp1 and
HDAC4, we also assessed levels of the respective proteins in
different human cancer cell lines (Figure 8A). Our experi-
ments in human cancer lines as well as insect cells together
suggest that Sp1 and Sp3 can drive HDAC4 promoter activ-
ity and influence HDAC4 mRNA and protein levels. In
assessing additional human cancer cell lines, HeLa (derived
from cervical cancer), U373 (glioblastoma), and HCT116
(colorectal cancer) cells showed the highest levels of Sp1
protein, whereas SKBR3 (breast cancer) showed the lowest
levels. OVCAR (ovarian cancer) and T98G (glioblastoma)
cells showed intermediate levels of Sp1 protein. There ap-
peared to be a correlation between levels of Sp1 and HDAC4
protein expression levels. For example, the high Sp1-ex-
pressing HeLa and U373 cells also expressed high levels of
HDAC4 protein, whereas the low Sp1-expressing SKBR3
and HT29 cells likewise expressed little HDAC4, and
OVCAR and NHA (astrocytoma-derived) cells expressed
intermediate levels of both Sp1 and HDAC4 proteins. In
contrast to the link between Sp1 and HDAC4 levels, there
was no correlation between Sp1 and HDAC2 protein levels,
and levels of alpha-tubulin protein were nearly equivalent
between all cell lines. Interestingly, there was variation in

the degree of correlation of Sp1 and HDAC4 between cell
lines. For example, T98G cells expressed intermediate levels
of Sp1 but high levels of HDAC4; in contrast, HCT116 cells
expressed high Sp1 but intermediate levels of HDAC4. Fi-
nally, levels of HDAC4 protein tended to match that of its
mRNA in the different cell lines (Figure 8B). Cell lines with
high HDAC4 protein levels also showed high mRNA levels,
whereas cell lines with low HDAC4 mRNA levels showed
low levels of HDAC4 (with the exception of HT29 cells,
which showed intermediate levels of HDAC4 mRNA but
little HDAC4 protein). These results suggest that HDAC4
protein levels closely follow levels of the mRNA, supporting
the notion that promoter-driven control of transcription of
HDAC4 mRNA by Sp transcription factors can potentially
modulate HDAC4 protein expression. Furthermore, these
results also suggest that although Sp1 is sometimes de-
scribed as an “ubiquitous protein,” differences in protein
levels were detectable between different cell lines and in-
deed, possibly throughout embryogenesis (Supplemental
Figure 1).

Do Additional Mechanisms Influence HDAC4 Promoter
Activity?
We have described here the influence of Sp1 and Sp3 on
HDAC4 promoter activity. There are likely additional mech-
anisms that also control the activity of this promoter, such as
nucleosomal structure and other transcription factors. The
influence of chromatin structure on gene expression is often
probed with TSA, a general histone deacetylase inhibitor
that leads to the hyperacetylation of core histones that com-
prise the nucleosome, which results in the expansion of
chromatin (Yoshida et al., 1995) and which can result in both
up- as well as down-regulation of expression of certain
genes (Glaser et al., 2003). To assess whether TSA might
influence the promoter activity of HDAC4, we transfected
the reporters for the HDAC4 promoter used in the experi-
ments described in Figure 4, B and C, followed by mock
treatment or treatment with TSA (Figure 9). As before, in the
absence of TSA, (�317) HDAC4 led to the highest levels of
expression, whereas expression was progressively de-
creased in the reporters composed of smaller portions of the
HDAC4 promoter. Exposure of the cells to TSA had a num-
ber of interesting and impressive effects (Supplemental Fig-
ure 1). The promoter activity of (�317) HDAC4, (�317) mut
Sp1/Sp3 HDAC4, or (�223) HDAC4 was further increased,
respectively, about seven-, five-, and fivefold by TSA. The
promoter activity of (�177) HDAC4 and (�103) HDAC4
remained comparatively low, and the effects of TSA for these
were negligible. These results together indicate that HDAC4
promoter activity is increased by TSA (in a manner depen-
dent on promoter length), potentially suggesting that the
activity of the promoter may also be influenced by nucleo-
somal structure. However, the possible contribution of ef-
fects on nonhistone proteins by TSA cannot be excluded.

It is also likely that other transcription factors and chro-
matin remodeling factors (such as P300/CBP and HDAC1)
bind to the HDAC4 promoter and influence activity (Doet-
zlhofer et al., 1999; Zhang and Dufau, 2003; Varshochi et al.,
2005). In support of this notion, we also note the presence of
CCAAT boxes in the HDAC4 promoter (shown in bold in
Figure 3). These often represent potential binding sites for
the NF-Y transcription factor, which also influence promoter
activity (Maity and de Crombrugghe, 1998; Mantovani, 1999;
Matuoka and Yu Chen, 1999). We performed ChIP assays for
NF-Y and indeed found evidence consistent with the bind-
ing of NF-Y to the HDAC4 promoter (Figure 10). Whether or
not NF-Y positively drives HDAC4 promoter activity, sim-

Figure 8. Concordance between Sp1 and HDAC4 protein levels,
and the correlation between HDAC4 mRNA and protein. (A) The
following cell lines were grown under identical conditions: HeLa
(cervical cancer), U373 (glioma), OVCAR (ovarian), T98G (glioma),
HCT116 (colorectal), NHA (astrocytic), SKBR3 (breast), and HT29
(colorectal). Cells were harvested in exponential phase, and the
resultant lysates separated via SDS-PAGE, transferred to nitrocel-
lulose, and immunoblotted for Sp1, HDAC4, HDAC2, and alpha-
tubulin (loading control). (B) The respective cell lines shown in A
were grown and harvested under identical conditions, but pro-
cessed for total mRNA. RT-PCR was performed using primers
specific for HDAC4 and GAPDH (as assay control), and the result-
ant products were separated via agarose.
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ilar or contributing to that of to the activity of Sp1/Sp3, is
currently being investigated but will likely underscore the
complexity of mechanisms controlling the HDAC4 pro-
moter.

DISCUSSION

We have described here the identification of regions contain-
ing Sp1 and Sp3 consensus binding sites in the human
HDAC4 promoter, confirmed the binding of Sp1 and Sp3 to
these sequences, and found that this in turn drove HDAC4

promoter activity. The role of Sp1 and Sp3 in controlling
HDAC4 expression was further solidified by restoration ex-
periments and by knockdown of Sp1 or Sp3 by RNAi, which
in turn led to decreased HDAC4 mRNA and protein levels.
In linking the expression of HDAC4 to the activity of a
specific family of transcription factors in human cells, we
believe this may be the first description of mechanism(s)
controlling the expression of a class II HDAC.

Sp1 and Sp3 are zinc finger proteins that belong to the
Specificity Factor (Sp) family of transcriptional factors,
which regulates the transcription of tissue-specific, viral and
inducible genes by binding and acting through the GC boxes
(GGGCGG; for a recent review see Li et al., 2004). The Sp
family members are characterized by a motif of three con-
served Cys2His2 zinc fingers, which form the DNA-binding
domain (Suske, 1999). Sp1 and Sp3 share more than 90%
sequence homology in the DNA-binding domain and bind
to the same GC-rich DNA domains, which have been hy-
pothesized to lead to either activation or repression of gene
activity based on the promoter context or cellular back-
ground (Majello et al., 1997; Bouwman and Philipsen, 2002;
Ammanamanchi et al., 2003; Yu et al., 2003).

The novelty of this work also includes what we believe to
be the first survey of relative Sp1 and HDAC4 protein ex-
pression levels in human tissues and cancer cell lines, which
showed general concordance between the two proteins.
These results appear to be consistent with previous studies
of relative HDAC4 mRNA levels in different human tissues,
which found high levels in the brain, skeletal muscle, heart,
and testis (Fischle et al., 1999; Grozinger et al., 1999; Wang et
al., 1999). Other investigations have identified roles of Sp1
and other Sp family proteins in driving promoter activity in
different human tissues or tissue-specific promoters, includ-
ing that of neurons, the testis, keratinocytes, the prostate,
and the pancreas (McClure et al., 1999; Zhang et al., 1999;
Shi et al., 2001; Kaufman et al., 2002; Wilkerson et al., 2002;
Naso et al., 2003; Abdelrahim et al., 2004; Tang et al., 2004;
Benfante et al., 2005; Shin et al., 2005; Wang and Bannon,
2005). Interestingly, these investigations are supported by
our findings of high Sp1 levels in the cortical brain, the testis,
the prostate, epidermal skin, and pancreas. Because high
levels of HDAC4 protein were also identified in these tis-
sues, the potential role(s) of HDAC4 in influencing intracel-
lular processes in those tissues and the degree to which these
roles are modulated by Sp1/Sp3 may be intriguing to pur-
sue. Although HDAC4 protein expression generally
matched that previously found for the mRNA, such as the
strong expression of both HDAC4 protein and mRNA in the
brain, we also noted individual differences (e.g., strong
HDAC4 protein but weaker mRNA expression in the pros-
tate), which may reflect increased protein stability or de-
creased protein degradation in these tissue.

Changes in expression levels of Sp1 over time or in re-
sponse to stimuli that result in tissue-wide changes have
been previously noted. During murine development, Sp1 is
expressed at varying levels in the tissues of different organs,
which can change depending on the age of the embryo. For
example, Sp1 mRNA levels in the heart are increased four-
fold at day 30 from levels at day 15, whereas levels in other
tissues such as the thymus may vary up to 100-fold (Saffer et
al., 1991). Sp1 has also been shown to drive expression of
genes implicated in muscle atrophy, such as atrophy asso-
ciated with exposure to dexamethasone. Dexamethasone
treatment of muscle cells leads to Sp1-mediated upregula-
tion of the expression of ubiquitin C (Marinovic et al., 2000;
Price, 2003), which becomes covalently linked to and leads
to accelerated proteasome-mediated proteolysis of muscle

Figure 9. HDAC4 promoter activity is enhanced by the histone
deacetylase inhibitor trichostatin A (TSA). Cells were transfected
with the luciferase reporters described in Figure 4A, representing
different lengths of the HDAC4 promoter as well as with targeted
mutations. As previously described, these pGL3 luciferase reporters
consist of progressively shorter portions of the HDAC4 promoter,
which contain respectively fewer Sp1/Sp3 binding sites. The (�317)
mut Sp1/3 HDAC4 reporter is identical to (�317) HDAC4 with the
exception that the four most upstream Sp1/Sp3 binding sites are
mutated. Twenty-four hours after transfection, all cells were mock-
treated or treated with 2 �M TSA, and after another 24 h the
resultant luciferase activity was assayed in all cells. All samples
were performed in triplicate and the results were averaged and
plotted as shown, with all results expressed as before as a percent-
age of the activity resulting from (�317) HDAC4, which was set at
100%. TSA substantially increased the activities of (�317) HDAC4,
(�317) mut Sp1/3 HDAC4, and (�223) HDAC4. In all plates, nor-
malization for transfection efficiency was performed by measuring
�-galactosidase activity resulting from a CMV4-�-gal plasmid that
was cotransfected. The experiment was repeated three times with
similar results.

Figure 10. Binding of the NF-Y transcription factor to the HDAC4
promoter. Chromatin immunoprecipitation (ChIP) indicates bind-
ing of NF-Y to the HDAC4 promoter. Formaldehyde-treated HeLa
cells were lysed, sonicated, and immunoprecipitated for NF-Y, fol-
lowed by PCR-amplification with primers flanking the HDAC4
promoter (identical to that used for the assays shown in Figure 3).
The assays were performed on increasing amounts of purified im-
munoprecipitated DNA. The assay was also performed with non-
specific Ig (Control Ig) under otherwise identical conditions as a
negative control. As a positive control (Input), the assay was per-
formed with the same primers on the genomic DNA on which the
ChIP assays were performed.
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proteins and which then likely contributes to muscle atro-
phy (Wing et al., 1995; Solomon et al., 1998; Lecker et al., 1999;
Marinovic et al., 2000). In contrast to these observations,
continuous skeletal contraction led to decreased Sp1 mRNA
levels, potentially to help maintain muscle mass (Irrcher and
Hood, 2004). Interestingly, HDAC4 has been associated with
repression of the myogenic MEF2 transcription factor (Miska
et al., 2001), and HDAC4 has been found to be substantially
up-regulated during muscle atrophy (Table 1 in Supplemen-
tal Data section of Bodine et al., 2001), which might be
consistent with parallel up-regulation by Sp1.

Regulation of the activities of Sp family members of
transcription factors have also been found to include post-
translational mechanisms as well as protein-to-protein inter-
actions. Posttranslational modifications such as phosphory-
lation, glycosylation, or sumoylation have been reported to
influence the activity of Sp1 (Jang and Steinert, 2002; Sun et
al., 2002; Zhang and Dufau, 2002; Chu and Ferro, 2005). The
ratio of Sp1 to Sp3 in certain cellular contexts may determine
the degree of activation (Wong et al., 2003; Pang et al., 2004).
Sp1 has been reported to associate with chromatin remod-
eling factors (such as p300/CBP or PCAF) and DNA-binding
proteins (Chapman and Perkins, 2000; Xiao et al., 2000; Jang
and Steinert, 2002; Suzuki et al., 2003; Zhang and Dufau,
2003; Li et al., 2004; Huang et al., 2005; Varshochi et al., 2005).

Although we found a general correlation between Sp1 and
HDAC4 protein levels in tissues and cell lines, posttransla-
tional mechanisms may account for individual variations in
the degree of correlation. For example, a portion of Sp1 in
T98G cells migrates slower than the Sp1 in OVCAR cells
(compare lanes 4 and 3 in Figure 8) possibly suggesting the
presence of a greater proportion of “activated” phosphory-
lated Sp1, which may in turn contribute to increased expres-
sion of HDAC4 mRNA and protein. Nonetheless, a thresh-
old level of Sp1 may be required for HDAC4 expression, as
suggested in our RNAi experiments, in which reduction of
Sp1 led to reduced HDAC4 levels. We noted that SKBR3
cells expressed the lowest levels of Sp1, and HDAC4 in this
cell line was undetectable. Finally, it is also likely that that
factors specific to HDAC4 may influence the ultimate levels
of the protein, such as translational efficiency, the relative
stabilities of HDAC4 mRNA and protein in different cell
lines, and the presence of mechanisms that lead to mRNA
and protein degradation (Liu et al., 2004).

The mechanisms we describe here that control the pro-
moter activity of HDAC4 are reminiscent of that previously
described for HDAC1, a class I HDAC (Schuettengruber et
al., 2003). Similar to what we have found for HDAC4, the
activation of HDAC1 expression by Sp1 was dependent on
specific sequences in the promoter, which was increased by
TSA. However, unlike HDAC4, HDAC1 has not been pre-
viously implicated in muscle differentiation or development,
but was linked instead to adipocyte differentiation (Wiper-
Bergeron et al., 2003). To our knowledge, the relative expres-
sion patterns of HDAC1 in different human cell lines have
not been reported. Nonetheless, these findings together
therefore raise the possibility that the Sp family of transcrip-
tion factors have different target genes in different tissues,
but share similarities in the mechanisms of activation.
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