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Histone deacetylase 1 (HDAC1) is a major regulator of chromatin structure and gene expression. Tight
control of HDACI1 expression is essential for development and normal cell cycle progression. In this report, we
analyzed the regulation of the mouse HDACI1 gene by deacetylases and acetyltransferases. The murine HDAC1
promoter lacks a TATA box consensus sequence but contains several putative SP1 binding sites and a CCAAT
box, which is recognized by the transcription factor NF-Y. HDAC1 promoter-reporter studies revealed that the
distal SP1 site and the CCAAT box are crucial for HDAC1 promoter activity and act synergistically to con-
stitute HDAC1 promoter activity. Furthermore, these sites are essential for activation of the HDAC1 promoter
by the deacetylase inhibitor trichostatin A (TSA). Chromatin immunoprecipitation assays showed that HDAC1
is recruited to the promoter by SP1 and NF-Y, thereby regulating its own expression. Coexpression of acetyl-
transferases elevates HDAC1 promoter activity when the SP1 site and the CCAAT box are intact. Increased
histone acetylation at the HDAC1 promoter region in response to TSA treatment is dependent on binding sites
for SP1 and NF-Y. Taken together, our results demonstrate for the first time the autoregulation of a histone-

modifying enzyme in mammalian cells.

In eukaryotic cells, DNA is complexed with core histones
and other proteins in the form of chromatin. The basic repeat-
ing unit of chromatin, the nucleosome, is built of two copies of
each of the four core histones, H2A, H2B, H3, and H4,
wrapped by 146 bp of DNA. This organization allows the
efficient packaging of genomic DNA into the nucleus but also
has a negative impact on gene expression. To overcome this
nucleosomal repression, the N-terminal tails of core histones
are targets for multiple modifications, such as acetylation,
phosphorylation, and methylation, which can modulate chro-
matin compaction. The best-studied modification of core his-
tones is the reversible acetylation of conserved lysine residues
within the N termini. Acetylation results in reduced interaction
between positively charged histone tails and negatively charged
DNA. Histone deacetylation is believed to result in chromatin
condensation, whereas acetylation correlates with increased
accessibility to genes for the transcription machinery.

Two types of enzymes, the histone acetyltransferases (HATS)
and the histone deacetylases (HDACs), control the acetylation
of histones and other proteins. More than a dozen mammalian
histone deacetylases have been identified in recent years, and
they have been classified into three groups according to their
homology with the yeast enzymes Rpd3, Hdal, and Sir2 (11,
19). Class I enzymes seem to be involved in more general
cellular processes, whereas class II enzymes might have more
tissue-specific functions. The third mammalian HDAC class is
made up of enzymes with homology to the NAD-dependent
deacetylase Sir2. Mammalian Sir2 was recently shown to de-
acetylate p53, thereby controlling stress response and cell sur-
vival (21, 24, 38).

* Corresponding author. Mailing address: Christian Seiser Institute
of Medical Biochemistry, Division of Molecular Biology, University of
Vienna, Vienna Biocenter, Dr. Bohr-Gasse 9/2, A-1030 Vienna, Aus-
tria. Phone: 431 4277 61770. Fax: 431 4277 9617. E-mail: cs@mol
.univie.ac.at.

6993

The class I enzyme HDACI was the first mammalian de-
acetylase identified (37). Numerous transcription factors, in-
cluding regulators of the cell cycle, differentiation, and devel-
opment, have been shown to associate with HDACI, thereby
mediating the repression of specific target genes (1, 7, 27).
Previous work from our laboratory indicated a role of mouse
HDACIT in the regulation of proliferation and development.
For instance, it has been shown that the expression of HDAC1
is induced upon growth factor activation of mouse T cells and
fibroblasts (3, 13). In addition, HDACTI levels were found to be
elevated in highly proliferative tissues, embryonic stem cells,
and several transformed cell lines (3, 20), suggesting a link
between HDACI function and proliferation. In accordance
with this idea, disruption of the HDACI gene resulted in
reduced proliferation of mouse embryos and embryonic stem
cells (20), whereas overexpression of HDACI led to impaired
proliferation of murine fibroblasts (3). Taken together, these
results indicate that a tightly controlled cell-type-specific ex-
pression of HDACI is crucial for unrestricted proliferation.

Recent findings point to the existence of a control system
that modulates cellular deacetylase activities via a regulatory
feedback mechanism. The expression of HDACI and certain
other mammalian histone deacetylases is increased in response
to deacetylase inhibitor treatment (10, 39). Furthermore, the
HDACT gene was recently shown to be activated by the coop-
eration of acetylating and phosphorylating signals, resulting in
phosphoacetylation of HDACI1 promoter-associated histone
H3 (13). These data demonstrated that the chromatin modifier
HDACT1 is regulated by mechanisms involving changes in chro-
matin structure.

Here, we directly evaluate the roles of acetylases and de-
acetylases in the regulation of HDACI promoter activity. We
show that binding sites important for HDAC1 promoter activ-
ity are also essential for activation of the promoter by the de-
acetylase inhibitor trichostatin A (TSA). Further, we demon-
strate that SP1 and NF-Y transcription factors can bind to
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these consensus sequences and can recruit HDACI to its own
promoter. The HDAC1-mediated repression is counteracted
by histone acetyltransferases, such as p300 and P/CAF. This
feedback loop provides a perfect mechanism for the precise
regulation of HDACI levels in mammalian cells.

MATERIALS AND METHODS

Cell culture. The cell lines Swiss 3T3, Ref52, NIH 3T3, and U20S were
cultured in Dulbecco’s modified Eagle medium containing 10% (vol/vol) fetal
calf serum (FCS). Embryonic stem cells were cultivated in M15 medium con-
taining 15% (vol/vol) FCS and 10° U of leukemia inhibitory factor/ml on gela-
tinized culture dishes. Drosophila SL-2 cells were maintained in Schneider’s
insect medium. Swiss 3T3 cells were rendered quiescent by incubation in Dul-
becco’s modified Eagle medium containing 0.2% (vol/vol) FCS for 48 h. Growth
arrest was routinely controlled by fluorescence-activated cell sorter analysis with
a Partec PAS-II sorter.

To generate stable cell lines, 5 pg of linearized plasmid DNA was transfected
into Swiss 3T3 fibroblasts using DAC 30 transfection reagent (Eurogentec) as
recommended by the supplier. The transfected cells were selected in the pres-
ence of Geneticin (400 wg/ml; Life Technologies, Inc.). Clones were pooled after
12 to 14 days and expanded in medium containing Geneticin. The drug was
removed only shortly prior to the experimental assays. For transient transfection,
Ref52, NIH 3T3, and U20S cells (8 X 10*) were seeded in 3-cm-diameter petri
dishes and transfected the following day with a total of 2 ug of DNA using
polyethyleneimine-assisted gene transfer (2). Two microliters of polyethylenei-
mine were diluted in 125 pl of HEPES buffer saline and added dropwise to 2 p.g
of DNA diluted in 125 pl of HEPES buffer saline. After a 20-min incubation at
room temperature, the transfection mixture was added to the cells, which, prior
to the transfection, had their growth medium replaced by 800 pl of serum-free
medium. The transfection medium was replaced by fresh medium after 6 h. After
48 h, luciferase and B-galactosidase activities were measured. Transient trans-
fection of SL-2 cells was carried out by calcium phosphate coprecipitation as
described previously (17). TSA (final concentration, 50 ng/ml = 0.16 pM) was
obtained from Wako Pure Chemical Industries.

Isolation of the mouse HDAC1 promoter. The mouse HDACI gene and a
365-bp upstream region were previously isolated by screening genomic libraries
(18). To obtain more sequence information about the HDAC1 upstream region,
we used the GenomeWalker kit from Clontech according to the manufacturer’s
instructions. Each PCR was performed with Clontech Advantage-GC cDNA
polymerase mix. The following gene-specific primers were used: GSP1, 5'-CAC
CCG CAG CTC ACC GTC GTA G-3', and GSP2, 5'-CCC GTC AGT CTG
TCC GCC CGC C-3".

Plasmid constructs. The full-length mouse HDACI promoter (pP721) was
cloned into Sacl/HindIII-cut pGL2Basic (Clontech) and pGL2neo vectors (9),
respectively. The 5" deletion constructs (pP365, pP303, pP210, pP125, and pP93)
spanning from —1 to —700 bp of the translational start codon were generated
using PCR primers containing Sacl and HindIII restriction sites and cloned into
the pGL2neo vector. Luciferase plasmids with mutated transcription factor bind-
ing sites were constructed by site-directed mutagenesis using an overlap exten-
sion PCR protocol (28). Two separate PCR fragments for each half of a final
hybrid product were generated with mutagenesis primers (SP1mut, 5'-GAT CCC
GGG GGT Gtt CGG GGC TTC GAG-3'; CCAATmut, 5'-CCG CGC ATG
CCG ATT aaT TAG AGT GAG ACC-3'; and AP2mut, 5'-CCG GTC TCt ttC
ACC CCT CCG CGC C-3'; lowercase letters represent mutated base pairs) and
outer primers containing Sacl and HindlII restriction sites. The two products
were mixed, and a second PCR was performed using the two outside primers.
The resulting products were cloned into Sacl/Hindlll-cut pGL2Basic and
pGL2neo vectors, respectively. All the deletion and site-directed mutagenesis
constructs were sequenced to confirm the intended deletions or mutations.

Primer extension. Total RNA was isolated from a mouse liver, and poly(A)*
mRNA was purified using the Oligotex mRNA midi kit from Qiagen according
to the manufacturer’s instructions. Ten picomoles of [y->?P]ATP-labeled oligo-
nucleotides (SB 8, 5'-GTA ACA GAC TTT CCT CTT GG-3') and 1 pg of
poly(A)*-selected RNA were dissolved in 10 .l of water, heated to 70°C for 10
min, and chilled on ice. Reverse transcription was carried out at 42°C for 1 h
using Superscript reverse transcriptase (Gibco). The same oligonucleotide was
also used to sequence the mouse genomic regions cloned into the pBluescript
vector pKS. The reaction products were separated on a denaturing 6% poly-
acrylamide gel and autoradiographed overnight.

Electrophoretic mobility shift assay. Whole-cell extracts were prepared as
described previously (9). Ten micrograms of protein extract was used for the
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binding reaction as described previously (33). The sequences of the top strands
of the individual oligonucleotide probes were as follows: CCAAT WT, 5'-ATG
CCG ATT GGT TAG AGT-3'; CCAAT mut, 5'-ATG CCG ATT aaT TAG
AGT-3'; SP1 WT, 5-GGG GGT GGG CGG GGC TTC-3'; and SP1 mut,
5'-GGG GGT Gtt CGG GGC TTC-3'. Competition experiments were per-
formed with the corresponding unlabeled double-stranded oligonucleotides.

Chromatin immunoprecipitation. Chromatin immunoprecipitation assays
were carried out as described previously (13) with a few modifications. Chroma-
tin was cross-linked for 10 min using formaldehyde. The resulting chromatin
solution was diluted 1:10 and precipitated with 5 pl of acetyl-specific histone
antibodies, 10 wl of a monoclonal HDACI antibody (Upstate Biotechnology),
4 wl of polyclonal SP1 antibody (12), and 4 ul of NF-YB antibody (32). Rabbit
preimmune serum (for polyclonal antibodies) and the nonspecific monoclonal
antibody 10F9 (for monoclonal antibodies) were used as controls. The following
day, chromatin-antibody complexes were isolated from the solution by incuba-
tion with 30 pl of protein A/G-Sepharose beads (50% slurry, 100 wg of salmon
sperm DNA/ml, 500 p.g of bovine serum albumin/ml) with rocking at 4°C for 2 h.
The beads were harvested and washed as described previously (13). Chromatin-
antibody complexes were eluted from the A/G-Sepharose beads by the addition
of 2% sodium dodecyl sulfate, 0.1 M NaHCOj;, and 10 mM dithiothreitol to the
pellet. Cross-linking was reversed by the addition of 0.05 volume of 4 M NaCl
and incubation of the eluted samples for 6 h at 65°C. The DNA was extracted
with phenol-chloroform, precipitated with ethanol, and dissolved in water. The
immunoprecipitated DNA was analyzed for HDAC1 promoter and histone H4
gene sequences by quantitative PCR.

PCR analysis of immunoprecipitated DNA. All PCRs were performed on a
Biometra D3 thermocycler using Promega PCR Master Mix. The linear range for
each primer pair was determined empirically using different amounts of genomic
DNA. PCRs with increasing amounts of genomic DNA were carried out along
with the immunoprecipitated DNA. PCR products were resolved on 2% agarose
gels and quantified using the ImageQuant program (Molecular Dynamics).

Primer sets used in chromatin immunoprecipitation assays. The primer sets
used in chromatin immunoprecipitation assays were as follows: histone H4 locus,
upper primer (5'-GAC ACC GCA TGA AAA GAA TAG CTG-3’) and lower
primer (5'-CTT TCC CAA GGC CTT TAC CAC C-3'); transfected HDACI
promoter, upper primer (5'-GGA CTT TGG TAC AGG CCC AGG G-3') and
lower primer (5'-GCT CTC CAG CGG TTC CAT CCA C-3'); endogenous
HDACI1 promoter fragment, upper primer (5'-GCC GGA CTIT TGG TAC
AGG CCC AGG-3') and lower primer (5'-CTT TCC TCT TGG TGC CCT
GAG TCT-3').

RESULTS

Analysis of the mouse HDAC1 promoter. As a first step to
understanding the transcriptional regulation of HDACI, we
cloned and sequenced the region upstream of the first exon
of the mouse HDACI gene. The presumptive mouse HDAC1
promoter sequence, encompassing 721 bp upstream of the
translational start codon, is shown in Fig. 1. As is typical of
many housekeeping genes or genes that encode transcription
factors, the DNA sequence is rich in GC nucleotides and lacks
a TATA box consensus sequence. A transcription factor bind-
ing site database search, using the Genomics Computer Group
software package, revealed a number of potential binding sites.
Three putative SP1 binding sites are located at positions —13,
—38, and —100 upstream of the translational start codon. Fur-
ther, a CCAAT box at position —151 and two putative AP-2
binding sites at positions —50 and —188 could be identified. An
AP1 binding site is present far upstream of the ATG start
codon (—660).

Determination of the HDAC1 gene transcriptional start site.
To determine the transcriptional initiation site of the HDACI1
gene, we used a reverse transcriptase primer extension assay.
Primers were designed to span the putative transcription start
site and then used in extension reactions with poly(A)*-se-
lected mRNA from a mouse liver (Fig. 2). The result from one
primer (SBS8) revealed a strong signal, indicating a major tran-
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FIG. 1. Mouse HDACI promoter. Putative transcription factor binding sites are boxed. The core promoter sequence (P210) is shown in
boldface. The sequence overlapping with the murine HDAC1 cDNA (3) and the translational start codon are underlined. The arrow indicates the

major transcripitonal start site.

scription start site. In addition, several weak signals corre-
sponding to minor initiation sites were observed. Alignment
with a dideoxynucleotide sequence ladder from the same prim-
er showed that the strong band corresponded to a guanosine
within a GC-rich region. The major transcription start site is
located 68 bp upstream of the ATG translational start codon
(Fig. 1). The identical major start site was also found with
poly(A)™* RNA isolated from the mouse T-cell line B6.1 (data
not shown). In perfect agreement with these results, three
recently identified expressed sequence tag clones (BY059245,
BY051749, and BY058306) that are obviously derived from
mouse HDAC1 mRNA extend exactly to the G triplet at +68
to +70, corresponding to the major transcription initiation site.

Identification of binding sites essential for HDAC1 pro-
moter activity. To determine transcription factor binding sites
that are essential for HDAC1 promoter activity, two ap-
proaches were taken. Luciferase reporter constructs were cre-
ated either with various 5" promoter deletions or with mutated
binding sites for individual transcription factors. The HDAC1
promoter-luciferase constructs were transiently transfected
into various mouse and human cell lines and assayed for lucif-
erase activity. As shown in Fig. 3A, deletion to position —210
resulted in only a moderate decrease in HDAC1 promoter
activity in NIH 3T3 and Ref52 cells. In U20S cells, the reduc-
tion of HDACI promoter activity was more pronounced, sug-

gesting the presence of positive, cell-type-specific cis-acting
sequences within the region. Further deletion to position —125
significantly reduced HDAC1 promoter activity, while the
shortest promoter construct (P93) showed only minimal, but
still significant, promoter activity. These results indicate that
HDACI promoter activity is primarily mediated by the se-
quence between —93 and —210, including the distal GC box
and the CCAAT box. Consequently, these motifs were indi-
vidually or simultaneously mutated in the context of different
promoter constructs as indicated in Fig. 3B. Furthermore, the
upstream AP-2 binding site was mutated and examined for its
effect on HDACI promoter activity. In agreement with results
obtained with the 5’ deletion constructs, mutation of the
CCAAT box reduced promoter activity ~3-fold, while muta-
tion of the distal GC box decreased promoter activity to ~20%
of that of the wild type. Mutation of the AP-2 binding site had
no significant effect on luciferase activity. The same effect of
point mutations on HDACI1 promoter activity was obtained in
the context of the longest HDAC1 promoter construct (P721;
data not shown). Constructs that contained no functional
CCAAT box and distal GC box displayed very weak promoter
activity (Fig. 3B, bottom). Together, these results showed that
the CCAAT box and the distal GC box are crucial for the
activity of the HDAC1 promoter.
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FIG. 2. Determination of the 5" ends of mouse HDACT1 transcripts.
Primer extension analysis with poly(A)*-selected RNA from a mouse
liver was performed using the 3*P-labeled SBS oligonucleotide (lane 5).
A genomic sequencing ladder (lane 6) was created in parallel and is
shown with the appropriate radiolabeled nucleotides (lanes 1 to 4).
The arrow indicates the major start site of transcription.

Interaction of SP1 and NF-Y transcription factors with
HDACI1 promoter sequences. Having identified potential tran-
scription factor binding sites on the HDACI promoter, we next
used electrophoretic mobility shift assays to identify proteins
which interact with these consensus sequences. Double-strand-
ed oligonucleotides corresponding to the CCAAT box and to
the distal GC box were incubated with protein extracts from
Swiss 3T3 cells, and complexes were analyzed on a nondena-
turating polyacrylamide gel electrophoresis gel (Fig. 4A). One
important CCAAT box binding factor in mammalian cells is
the transcriptional regulator NF-Y. NF-Y, also referred to as

MoL. CELL. BIOL.

CP1 or CBF, consists of three subunits, A, B, and C, all of
which are required for DNA binding (reviewed in reference
25). With the CCAAT box binding site, one large complex was
formed which could be supershifted by the addition of NF-YB
antibodies. Complex formation was inhibited by specific com-
petitor oligonucleotides but was not affected by nonspecific
competitor oligonucleotides. In contrast, no specific complexes
were observed with oligonucleotides containing a mutated
CCAAT box.

The GC-containing oligonucleotide probe produced two
shifted complexes, which could be competed with specific oli-
gonucleotides. One of the complexes could be supershifted
with antibodies against SP1, whereas a mutated GC box probe
gave no complexes at all. These results suggested that NF-Y
and a member of the SP1 transcription factor family recognize
the corresponding binding sites within the HDACI promoter.
Therefore, we next asked whether SP1 and NF-Y are also
associated in vivo with the mouse HDACI1 promoter. As shown
in Fig. 4B, chromatin immunoprecipitation assays revealed
that the transcription factors NF-Y and SP1 bind specifically to
the HDACI promoter region. In contrast, SP1 and NF-Y were
absent from the 3’ part of the HDACI gene, indicating a
site-specific recruitment of these transcription factors to the
HDACI upstream region.

SP1 and NF-Y transcription factors are involved in activa-
tion of the HDAC1 promoter. To investigate the role of NF-Y
in HDAC1 promoter activity in vivo, a dominant-negative
NF-YA subunit was cotransfected with HDAC1 promoter re-
porter plasmids into U20S cells. As shown in Fig. 5, HDAC1
promoter activity was significantly reduced by cotransfection of
increasing amounts of the dominant-negative NF-YA subunit,
but not by cotransfection of wild-type NF-YA, compared to an
empty vector. On the other hand, the dominant-negative NF-
YA protein had only a minor effect on an HDACI promoter
with a mutated CCAAT box.

Next, we examined the effects of SP family members and
NF-Y on HDACI promoter activity using Drosophila SL-2
cells (Fig. 6). This cell line is devoid of endogenous SP fam-
ily members and NF-Y (41). Transfection of the wild-type
HDACI promoter construct alone resulted in no significant
promoter activity, whereas cotransfection with all three NF-Y
subunits induced promoter activity ~3-fold. Cotransfection of
the wild-type promoter together with SP1 or SP3 increased
promoter activity >10-fold. However, inclusion of NF-Y and
SP1 or SP3 dramatically enhanced HDACI1 promoter activity
by 70- and 40-fold, respectively. In contrast, these effects were
not observed with the double-mutated HDACI promoter con-
struct lacking the NF-Y site and the distal GC box. These
results suggest that both SP family members and NF-Y can
act synergistically to activate transcription from the mouse
HDACI promoter.

Repression of the HDAC1 promoter by HDAC1 itself can be
relieved by TSA. Previously, it was shown by run-on assays that
the HDACI gene is transcriptionally activated by the histone
deacetylase inhibitor TSA (13). To show that the upstream
sequence of the mouse HDACI gene is sensitive to TSA, the
wild-type HDACI1 promoter-reporter construct was stably
transfected into Swiss 3T3 cells arrested for 48 h and treated
with TSA for various periods. As shown in Fig. 7A, luciferase
expression driven by the HDACI1 promoter increased up to
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FIG. 3. Luciferase activity driven by HDACI1 promoter 5’ deletions or point mutations. Schematic representations of wild-type and mutated
promoter regions of the mouse HDACI gene used for the production of HDACI-luciferase constructs are shown on the left. Site-specific
disruption of individual elements is indicated by crossed boxes. Reporter constructs, together with a B-galactosidase reference vector, were
transfected into cells, which were harvested after 48 h and assayed for luciferase activity. Enzyme activity was normalized to 3-galactosidase activity.
The means * standard deviations of three independent experiments are shown. (A) Luciferase activities of HDACI wild-type promoter and
deletions transiently transfected into U20S cells, NIH 3T3 fibroblasts, and Ref52 cells. (B) Luciferase activities of HDAC1 P303 promoter and
corresponding constructs with mutated transcription factor binding sites in U20S cells.

10-fold following TSA treatment. This result suggests that
histone deacetylases might be involved in the repression of
HDACI transcription in resting fibroblasts.

To examine whether HDACT itself binds and thereby re-
presses its own promoter, we performed chromatin immuno-
precipitation assays of wild-type ES cells and HDAC1~/~ ES
cells using a monoclonal HDACI antibody (Fig. 7B). Chroma-
tin immunoprecipitation assays revealed that in wild-type ES
cells, HDAC1 promoter DNA was immunoprecipitated with
the HDACI antibody, while no DNA was recovered from ES
cells lacking HDACI. Further, no DNA was immunoprecipi-
tated from the H4 gene locus. This result indicates that the
HDACI protein is involved in the regulation of its own gene.

Expression of the HDACI gene was previously shown to be
induced by growth factors (3). In growth factor-deprived fibro-
blasts, inhibition of deacetylases by TSA relieves the transcrip-
tional repression of the HDAC1 promoter. Therefore, it is
likely that deacetylases become specifically recruited to the
HDACI upstream region when cells are deprived of growth
factors. To test this hypothesis, we analyzed the association of
HDACI with the HDAC1 promoter in resting and serum-

activated Swiss 3T3 cells. Indeed, HDACI1 was associated with
its own promoter in resting fibroblasts (Fig. 7C). Stimulation of
Swiss 3T3 cells with high serum concentrations resulted in
significant dissociation of the deacetylase from the HDACI
promoter. Thus, reduced activity of the HDACI gene in rest-
ing fibroblasts correlated with recruitment of HDACI to its
promoter.

The distal SP1 binding site and the CCAAT box are nec-
essary for promoter activation by TSA and recruitment of
HDACI. To determine transcription factor binding sites that
are essential for promoter activation by TSA, we established
stable Swiss 3T3 cell lines carrying the various 5’ promoter
deletion constructs or the HDACI1 promoter point mutation
constructs stably integrated into their genomes. Deletion or
point mutations within the different promoter constructs in
stably transfected Swiss 3T3 fibroblast lines had basically the
same effect as in transiently transfected cell lines (Fig. 3 and
data not shown). Cells were synchronized in G, by serum
deprivation for 48 h and treated with TSA for 20 h, and lucif-
erase activity was determined. As shown in Fig. 8A, deletion to
position —125 did not significantly effect TSA-mediated acti-



6998 SCHUETTENGRUBER ET AL. MoL. CELL. BioL.
A
Oligo CCAAT wt CCAATmut distal SP1 wt SP1mut
I 2 [ k] 2 |
a CCAAT g SP1
=]
Comp = & = i | & a - - = i | - -
m
: = _
AB . IE - - - - - & - - R . &
- <4-SP1
N-F-Y—’ T +SP3
B
Input unAB NFY SP1
Mgx 4x 1x 1T 1 1

HDACT1 3’part

HDAC1 promoter

FIG. 4. Protein complexes interacting with binding sites in the HDAC1 promoter. (A) Electrophoretic mobility shift assays were performed by
incubating protein extracts from exponentially growing Swiss 3T3 cells with the indicated oligonucleotide probes (Oligo). Antibodies (AB) and
double-stranded competitor oligonucleotides (Comp; 10- and 100-fold molar excess) were added as indicated (—, not added). Specific complexes
are marked by arrows. (B) NF-Y and SP1 are associated with the proximal HDAC1 promoter. Formaldehyde-cross-linked chromatin was prepared
from proliferating Swiss 3T3 cells and precipitated with NF-YB antibodies (NFY), SP1 antibodies (SP1), or nonspecific antibodies (unAB). DNA
from the antibody-bound fraction and total input DNA isolated from chromatin used for the immunoprecipitation were analyzed by quantitative
PCR using primers specific for the HDACI promoter or the 3’ part of the mouse HDACI gene (exon 12).

vation of the HDACI promoter, but deletion to position —93
nearly abolished activation by TSA, suggesting that the distal
GC box is necessary for the TSA effect on the HDACI pro-
moter.

Surprisingly, mutation of this site had only a marginal effect
on TSA-mediated activation, similar to single point mutations
within the CCAAT box, whereas mutation of the AP2 binding
site had no effect at all (Fig. 8B). In contrast, constructs con-
taining no functional CCAAT box and distal GC box (P93,

P125 SP1, and P303 double) all showed significantly reduced
TSA-mediated induction (Fig. 8B). From this, we concluded
that activation of the HDACI1 promoter by TSA requires ei-
ther the distal SP1 binding site or the CCAAT box.

These data suggest that histone deacetylases such as HDACI1
are recruited to the promoter by SP1 and NF-Y. Mutation of
both binding sites should abolish binding of HDACI to its
promoter region. This assumption was verified by chromatin
immunoprecipitation assays using stably transfected cell lines
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FIG. 5. HDACI promoter activity is repressed by a dominant-neg-
ative mutant of NF-YA. U20S cells were transiently transfected with
0.5 pg of HDACI1 pP721 wild-type reporter plasmid (wt) or the cor-
responding CCAAT mutant reporter plasmid (CCAAT mut) without
(—) or together with 0.5 or 1 pg of expression vector encoding dom-
inant-negative NF-YA (NFY dn) and a B-galactosidase reference vec-
tor. As a control, the reporter plasmids were cotransfected with 1 pg
of the expression plasmid pNF-YA13 encoding wild-type NF-YA
(NFY wt). pCIneo empty vector was used to bring the total amount of
the DNA mixture to 2 pug. The activity (in relative light units [RLU])
of luciferase relative to that of B-galactosidase is presented. The means
+ standard deviations of three independent experiments are shown.

containing either the wild-type promoter or the double-mu-
tated promoter. Cells were arrested for 48 h and treated with
TSA for another 20 h, and chromatin was immunoprecipi-
tated with monoclonal HDACI antibodies or nonspecific con-
trol antibodies. The results, shown in Fig. 8C, revealed that
HDACIT is associated only with the wild-type HDACI1 pro-
moter region but not with the promoter containing no func-
tional CCAAT box and distal SP1 binding site. No HDACI1
was detected at the histone H4 gene locus. Further, TSA treat-
ment reduced but did not abolish binding of HDACI to the
promoter (see Discussion).

HDAC1 promoter is regulated by the balanced action of
HATSs and HDAC:s involving histone acetylation at the HDAC1
promoter. Our results strongly suggest that activation of the
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FIG. 6. Synergistic activation of the HDACI1 promoter by Sp1/Sp3
and NF-Y in Drosophila SL-2 cells. Drosophila SL-2 cells were cotrans-
fected with 0.5 pg of wild-type (wt) or double-mutated (double mut)
HDACT1 reporter plasmids (pP721 or pP721double) with or without
expression vectors encoding Sp1/Sp3 or NF-Y (100 ng each). The total
amount of DNA (10 p.g) was adjusted by the addition of salmon sperm
DNA. The data are presented as stimulation (x-fold), where the value
of luciferase activity normalized to total cell protein for the reporter
alone is set at 1. The means * standard deviations of three indepen-
dent experiments are shown.
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FIG. 7. Autoregulation of the HDACI1 promoter. (A) Activation of
stably integrated HDACI1 promoter P721 by TSA. Stably transfected
Swiss 3T3 cells were serum arrested for 48 h and treated with TSA for
the indicated periods. The cells were harvested, and luciferase activ-
ity (in relative light units [RLU]) was determined and normalized to
the corresponding amount of protein. (B) HDACI is associated
with its own promoter region. Formaldehyde-cross-linked chroma-
tin was prepared from undifferentiated proliferating wild-type (wt)
and HDAC1™/~ (—/—) ES cells and immunoprecipitated with an
HDACT1 antibody (HDACT1) or a nonspecific antibody (unAB). DNA
from the antibody-bound fraction and total input DNA isolated from
chromatin used for the immunoprecipitation were analyzed by quan-
titative PCR for the presence of the HDACI promoter region and the
histone H4 control gene. (C) Specific recruitment of HDACI to the
HDACI1 promoter region in resting Swiss 3T3 fibroblasts. Cross-linked
chromatin was prepared from resting fibroblasts before (rest) and
after (ind) restimulation with 20% FCS for 18 h and precipitated with
the monoclonal HDAC1 antibody or an unrelated control antibody
(unAB). The precipitated DNA was analyzed as described for panel B.

HDACI promoter by TSA involves a change in the balance
between acetylating and deacetylating activities at the HDAC1
promoter. To strengthen this observation, cellular HAT activ-
ity was increased by cotransfection of constructs expressing
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FIG. 8. The distal SP1 binding site and the CCAAT box are crucial for TSA-mediated activation and recruitment of HDACI to its promoter
region. (A) Schematic representations of wild-type and mutated promoter regions of the mouse HDACI gene are on the left. Site-specific
disruption of individual elements is indicated by crossed boxes. Stably transfected Swiss 3T3 cells containing the HDAC1 5’ deletion mutants were
serum arrested for 48 h and treated with TSA. After a further 20 h, the cells were harvested and assayed for luciferase activity. Enzyme activity
was normalized to the corresponding protein concentration and plotted relative to the untreated value set as 1. The means * standard deviations
of three independent experiments are shown. (B) Stably transfected Swiss 3T3 cells containing the HDACI point mutants were treated as described
for panel A and examined for luciferase activity. (C) Chromatin immunoprecipitation analysis of stably transfected HDAC1 promoter P721 for the
presence of HDACI. Cross-linked chromatin of resting (rest) or TSA-treated (TSA) stable cell lines carrying the wild-type HDACI1 promoter (wt)
or the double-mutated HDACI promoter (mut) was immunoprecipitated with an HDACI antibody (HDACT1) or a nonspecific antibody (un AB).
DNA from the antibody-bound fraction and total input DNA isolated from chromatin used for the immunoprecipitation were analyzed by
quantitative PCR using a primer specific for the transfected promoter (HD1/Luci).
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FIG. 9. Involvement of histone acetyltransferases in the activation of the HDACI gene. (A) U20S cells were transiently cotransfected with 0.5 g
of HDACI wild-type reporter plasmid (pP721) or with 0.5 or 1 g of expression vectors encoding p300 or P/CAF, together with a B-galactosidase
reference vector. As a control, the reporter plasmid was cotransfected with 1 pg of expression plasmids encoding the TK protein. pCIneo empty vector
was used to bring the total amount of the DNA mixture to 2 pg. The activity of luciferase (in relative light units [RLU]) to relative to that of
B-galactosidase is presented. The means =+ standard deviations of three independent experiments are shown. (B) Cotransfection was carried out as
described for panel A using HDACI point mutants (mut) as reporter constructs. (C) Chromatin immunoprecipitation performed with antibodies against
acetylated histone H3 and H4 using chromatin isolated from stably transfected Swiss 3T3 cells carrying either the wild-type HDAC1 promoter (wt) or
the double-mutated HDACI promoter (mut) before (rest) and after (TSA) TSA treatment. DNA from the antibody-bound fraction and total input DNA
isolated from chromatin used for the immunoprecipitation were analyzed by quantitative PCR using a primer specific for the transfected promoter
(HD1/Luci; see Materials and Methods). PCR products were quantified using the ImageQuant program, and relative signal intensities (-fold) are
indicated.
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p300, a known histone acetyltransferase, together with either
the wild-type HDACI promoter construct or mutated HDACI
promoter constructs. Expression of increasing amounts of p300
significantly induced HDACI1 promoter activity, while cotrans-
fection with a vector encoding the thymidine kinase (TK) pro-
tein showed no effect on HDACI1 promoter activity compared
to an empty vector (Fig. 9A). A single mutation within the
distal SP1 binding site or the CCAAT box did not affect trans-
activation by p300, but simultaneous mutation of both sites
abolished activation by p300 (Fig. 9B). In agreement with these
data, ectopic expression of the adenoviral protein E1A, a
known inhibitor of p300, decreased HDAC1 promoter activity
and abolished the coactivator function of p300 (data not
shown). Coexpression of P/CAF, another histone-acetylating
enzyme, also led to significant, albeit less pronounced, induc-
tion of HDACI1 promoter activity. These results strongly sug-
gest that histone deacetylases and acetyltransferases are re-
cruited by the same factors to the HDAC1 promoter.

To examine whether activation of the HDACI promoter by
changes in the HAT-HDAC balance involves hyperacetylation
of histones at the HDAC1 promoter, we again carried out
chromatin immunoprecipitation experiments with antibodies
directed against acetylated histone isoforms. Stable cell lines
containing either the wild-type promoter or the double-mu-
tated promoter were arrested by serum deprivation and treated
with TSA as previously described. Hyperacetylated chromatin
was immunoprecipitated with acetyl-specific histone antibod-
ies. As shown in Fig. 9C, wild-type HDAC1 promoter DNA
was enriched twofold in anti-acetyl H3 immunoprecipitates
and fourfold in anti-acetyl H4 immunoprecipitates after TSA
treatment. Mutation of the distal SP1 site and the CCAAT box
abolished TSA-induced hyperacetylation at the HDACI pro-
moter region (Fig. 9C, top). Interestingly, in the absence of the
deacetylase inhibitor, the mutated promoter showed elevated
basal histone acetylation levels that might be due to loss of the
binding sites for HDACI recruiting factors. No significant
changes in histone acetylation after TSA treatment were ob-
served for a control locus, the histone H4 gene (Fig. 9C, bot-
tom). These data are in perfect agreement with the observation
that both histone-modifying enzymes (HATs and HDACsS) are
recruited to the HDACI promoter by the distal SP1 site and
the CCAAT box.

DISCUSSION

Organization of the mouse HDAC1 promoter. In this report,
we analyzed the murine HDACI1 promoter and its regulation
by acetylating and deacetylating enzymes. The organization of
the murine HDACT gene is very similar to that of the HDAC2
gene, suggesting a duplication of the ancestral gene (18, 43). In
contrast, the upstream region of the HDACI gene does not
show significant sequence homology to the mouse HDAC2
promoter. The HDACI promoter region is very GC rich and
lacks a TATA box. The most important regulatory elements
are located within a small region upstream of the major tran-
scription start site of the HDACI gene.

Activation of the mouse HDAC1 promoter. The 210-bp
HDACI promoter fragment that confers essentially full pro-
moter activity contains a CCAAT box and a GC box upstream
of the transcription start site and two GC boxes and an AP2
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binding site downstream of the transcription start site. Muta-
tion analysis showed that the HDACI1 promoter requires an
intact CCAAT box and the distal GC box for full promoter
activity. A number of nuclear transcription factors, including
C/EBP, NF-Y, MSY1, and CTF/NF-1, have been shown to
bind to the CCAAT box (23). GC-rich motifs are very common
in many promoters, and several SP1 family members can bind
to these sequences (36).

Electrophoretic mobility shift assays identified NF-Y as the
transcription factor that binds to the CCAAT box and SP1 as
the transcription factor recognizing the distal GC box. Further
evidence that the transcription factor NF-Y is functional at the
mouse HDACI1 promoter was obtained with the help of a
dominant-negative mutant that inhibited expression of an
HDACI promoter-reporter construct. We further showed that
NF-Y does not work in isolation but rather operates in con-
junction with SP1 or SP3 to regulate HDACI transcription.
Both transcription factors were found to be associated with the
endogenous HDACI1 promoter by chromatin immunoprecipi-
tation experiments. Mutation of the CCAAT box and SP1 site
in combination reduced HDAC1 promoter activity to minimal
levels, whereas expression of both SP1/SP3 and NF-Y in Dro-
sophila SL-2 cells led to amplification of HDAC1 promoter
activity beyond that seen with either transcription factor alone.
A functional synergism between SP1 and NF-Y has also been
shown for other genes, including the genes for rat fatty acid
synthase, human p27(Kipl), hamster TK, rat pyruvate kinase
M, and the transforming growth factor B type II receptor (14,
15, 30, 33, 41, 45). In addition, a physical interaction of these
transcription factors has been demonstrated (23, 31, 41). Tak-
en together, our results strongly suggest that efficient HDAC1
expression depends upon functional interaction between the
two transcription factors NF-Y and SP1.

Feedback regulation of the HDAC1 promoter. Activation of
the HDACI1 promoter by the histone deacetylase inhibitor
TSA suggests a role for histone-modifying enzymes in the
regulation of the HDACI1 gene. Very recently, it was shown
that HDACI expression is induced by TSA in resting mouse
fibroblasts (13), and similarly, HDAC inhibitors have been
shown to affect the expression of class I HDACs in Hep3G
cells and human lymphocytes (8, 10). These findings suggest a
potential negative-feedback loop controlling HDACT1 expres-
sion. We show here by chromatin immunoprecipitation assays
that HDACI can indeed bind to its promoter region, thereby
repressing its own expression. Further, we demonstrate that
the distal GC box or the CCAAT box, which are also involved
in TSA-mediated activation of the HDACI promoter, can bind
cofactors that recruit HDACI1 to the promoter region. This
would result in targeted histone deacetylation and consequent
silencing of the HDACI gene. This mechanism allows the cell
to fine tune HDACI levels in response to changes in cellular
deacetylase activity.

In resting fibroblasts, where HDACI1 gene expression is re-
pressed, deacetylase activity would be dominant at the HDAC1
promoter. Inhibition of deacetylases would change the local
equilibrium between acetyltransferases and deacetylases and
favor transcription of the HDACI gene. In agreement with this
scenario, TSA treatment of resting Swiss 3T3 cells led to his-
tone hyperacetylation at the HDAC1 promoter and concomi-
tant transcriptional activation, indicating the presence of acetyl-
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transferases at the HDACI1 promoter. Further evidence for the
role of HATSs in the regulation of HDACI expression was
provided by the observation that overexpression of p300 in-
creases HDACI promoter activity in a dose-dependent man-
ner. Mutation analysis suggests that histone acetyltransferases
are recruited to the HDACI1 promoter by the same transcrip-
tion factors that target HDACI to its promoter region. The
fact that mutation of either the CCAAT box or the distal GC
box alone did not abolish TSA-mediated activation of the
HDACI promoter suggests that each transcription factor can
independently recruit HATs to the HDAC1 promoter. How-
ever, both transcription factors together might be more ef-
ficient in the recruitment of coactivators, since the luciferase
reporter assays clearly demonstrate cooperativity between
NF-Y and SP1 in the activation of the HDAC1 promoter.

The binding sites for NF-Y and SP1 are required not only
for activation of the HDACI promoter by acetyltransferases
but also for recruitment of HDACI, indicating a dual regula-
tory role of these transcription factors. Both transcription fac-
tors have been implicated in activation and repression of tran-
scription. For instance, SP1 can serve as an anchor protein for
positive and negative regulators of the mouse TK promoter (9)
and the human p21/CIP1/WAF1 gene (20). SP1 can directly
bind to HDAC1 (9) and was shown to associate with the
acetyltransferase p300 (4). Similarly, NF-Y can recruit the
transcriptional coactivators P/CAF and p300 (16, 22) but was
also found to be involved in negative regulation of gene ex-
pression (26, 40, 42). A series of studies has described acety-
lation-mediated gene regulation in context with the transcrip-
tion factor NF-Y or SP1 (16, 29, 34, 44, 45).

Interestingly, the presence of HDACI at the HDACI pro-
moter was reduced in the presence of the histone deacetylase
inhibitor TSA. Strikingly, a TSA-mediated dissociation of the
SP1-HDAC1 complex was recently observed in the context of
the regulation of the TBRII gene in human pancreatic cancer
cells (45). Together, these data suggest that posttranslational
modifications could regulate the recruitment of deacetylases.
Indeed, several recent reports show that the regulatory func-
tions of members of the SP1 transcription factor family are
modulated by acetylation and phosphorylation (5, 6, 35).

In summary, our results demonstrate that transcription of
the mouse HDACI1 gene is regulated by acetyltransferases and
deacetylases, which are recruited by the transcription factors
NF-Y and SP1 to the HDACI promoter. To our knowledge,
this is the first report that describes the feedback regulation of
a mammalian histone-modifying enzyme. Several findings in-
dicate that the acetylation-dependent regulation of HDAC:S is
a more general phenomenon. For instance, histones associated
with the HDAC2 promoter were found to be hyperacetylated
in HDACI-null cells, suggesting that HDACI regulates not
only its own expression but also that of other class I deacety-
lases (20). In agreement with this idea, levels of HDAC2 and
HDAC3 are increased in HDACI-deficient embryonic stem
cells (20). Accordingly, the expression of endogenous HDACI,
HDAC?2, and HDAC3 is decreased in HDAC1-overexpressing
Swiss 3T3 fibroblasts (B. Schuettengruber and K. Kroboth,
unpublished data). Similar to the autoregulatory circuits con-
trolling the phosphorylation of proteins in signal transduction
pathways, the activities of deacetylases and acetylases might be
adjusted by feedback regulation.
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