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Reversible acetylation of core histones plays an important role in transcriptional regulation, cell cycle
progression, and developmental events. The acetylation state of histones is controlled by the activities of
acetylating and deacetylating enzymes. By using differential mRNA display, we have identified a mouse histone
deacetylase gene, HD1, as an interleukin-2-inducible gene in murine T cells. Sequence alignments revealed that
murine HD1 is highly homologous to the yeast RPD3 pleiotropic transcriptional regulator. Indirect immuno-
fluorescence microscopy proved that mouse HD1 is a nuclear protein. When expressed in yeast, murine HD1
was also detected in the nucleus, although it failed to complement the rpd3A deletion phenotype. HD1 mRNA
expression was low in G, mouse cells but increased when the cells crossed the G,/S boundary after growth
stimulation. Immunoprecipitation experiments and functional in vitro assays showed that HD1 protein is
associated with histone deacetylase activity. Both HD1 protein levels and total histone deacetylase activity
increased upon interleukin-2 stimulation of resting B6.1 cells. When coexpressed with a luciferase reporter
construct, HD1 acted as a negative regulator of the Rous sarcoma virus enhancer/promoter. HD1 overexpres-
sion in stably transfected Swiss 3T3 cells caused a severe delay during the G,/M phases of the cell cycle. Our
results indicate that balanced histone acetylation/deacetylation is crucial for normal cell cycle progression of

mammalian cells.

In eukaryotic cells, histones are essential for the packaging
of DNA. The smallest unit of genome organization, the nu-
cleosome, consists of 146 bp of DNA wrapped around an
octamer of core histones (H2A, H2B, H3, and H4). These core
histones are the target of different modifications including
phosphorylation, methylation, ubiquitination, and acetylation,
of which the latter is probably the most extensively studied.
Dynamic acetylation and deacetylation of lysine residues
within the highly conserved N-terminal part of core histones
seem to be necessary for a number of crucial nuclear events
including transcriptional silencing (11), replication (4, 19, 49,
50, 64), and DNA repair (19, 51, 58). However, the exact
biological function of these modifications is still unknown (10,
35, 36, 72).

One way to study core histone acetylation is the identifica-
tion of the involved acetylating and deacetylating enzymes.
During the last few years, histone acetyltransferases and his-
tone deacetylases have been characterized and partially puri-
fied from yeast, the slime mold Physarum, plants, and mam-
mals (3, 6, 9, 18, 21, 23, 26, 37-39, 44, 66). A yeast B-type
acetyltransferase with specificity for lysine 12 was recently
identified by a genetic approach (32). A nuclear A-type histone
acetyltransferase of Tetrahymena was shown to be homologous
to the yeast transcriptional regulator Gen5 (13). Recently, iso-
lation by affinity chromatography led to the identification of a
human histone deacetylase as a homolog of the yeast transcrip-
tion modulator RPD3 (65). Rpd3 and a Rpd3-related protein
have been localized in two distinct yeast histone deacetylase
complexes (54).

Specific antibodies recognizing certain acetylated histone
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isoforms have been shown to be very useful tools for investi-
gating the relationship between chromatin structure and his-
tone acetylation. Probing Drosophila salivary gland polytene
chromosomes with these antibodies revealed a characteristic
acetylation pattern for specific lysine residues throughout the
genome. In particular, histone H4 in heterochromatin regions
was less acetylated at lysines 5 and 8 but hyperacetylated at
lysine 12 (67). In contrast to all other chromosomes, the inac-
tive mammalian X chromosome is largely unlabelled by spe-
cific antibodies directed against the acetylated form of lysines
5, 8, 12, and 16 at histone H4 (27). Immunoprecipitation of
chromatin fragments from human HL-60 cells with similar
antibodies confirmed that the heterochromatin contains un-
deracetylated forms of H4, although the acetylation of histone
H4 was not correlated with transcriptional activity (47).

Another important step toward the understanding of the
role of histone acetylation was the identification of specific
inhibitors of histone deacetylases (12; for a review, see refer-
ence 77). Trichostatin A, a fungistatic antibiotic, has been
shown to induce differentiation in erythroleukemia cells (78),
to block the development of Xenopus and starfish embryos (2),
to induce the expression of different genes (5, 20, 25, 43), and
to arrest normal fibroblasts in the G, or G, phase of the cell
cycle (76). Furthermore, trichostatin A and trapoxin, another
specific inhibitor of histone deacetylases, also have the poten-
tial to revert the phenotype of oncogene-transformed fibro-
blasts (17, 62, 75).

In this publication, we report the identification of a murine
histone deacetylase gene, HD1, as a homolog of the yeast
transcription coregulator RPD3. HD1 mRNA levels and HD1
protein levels are low in interleukin-2 (IL-2)-deprived T cells
but rise severalfold in response to IL-2 stimulation. While
endogenous HD1 levels vary in different mouse cell lines with-
out obvious consequence on cell proliferation, induced over-
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expression of HD1 impaired the cell cycle progression of trans-
fected Swiss 3T3 cells. We propose that cell-specific optimal
histone deacetylase activity levels are needed for undisturbed
cell growth and proper chromatin function.

MATERIALS AND METHODS

Cell culture and media. B6.1 is an IL-2-dependent cytolytic mouse cell line
(56, 71). B6.1 cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 5% heat-inactivated fetal calf serum, 50 mM p-mercaptoethanol, 10
mM L-glutamine, and 100 U of recombinant human IL-2 (gift of M. Nabholz,
ISREC, Lausanne, Switzerland) per ml. The cell lines Swiss 3T3, C127, COP-8,
and F9 were kept in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. Swiss 3T3 cells were growth arrested by reducing the serum
concentration in the culture medium to 0.2% for 72 h and restimulated to enter
the cell cycle by using fresh medium containing 20% fetal calf serum. Growth
arrest and stimulation were routinely controlled by fluorescence-activated cell
sorter (FACS) analysis with a Partec PAS-II sorter. Centrifugal elutriation of
exponentially growing Swiss 3T3 cells (usually 3 X 10° cells) was performed with
Beckman elutriation equipment.

Retroviral infection and transfection of mammalian cells. The EcoRI-Pst1
fragment of the mouse HD1 cDNA was subcloned into Bluescript KS (Strat-
agene), resulting in the plasmid pKSHDIcod. The stop codon of the murine
HD1 coding sequence was replaced by a BamHI-Sacl linker by standard PCR
methods, and an oligodeoxynucleotide encoding the c-myc epitope EEQKLI
SEEDLLRKR (16) was cloned in frame into the generated sites. The corre-
sponding in vitro transcription/translation product was recognized by the 9E10
antibody (Oncogene Science) directed against the c-myc tag (data not shown).
The cDNA fragment coding for c-myc tagged HD1 was cloned into the retroviral
vector pBABE-Puro (45). High-titer retroviral supernatants were generated by
transient transfection of BOSC23 cells and used to infect Swiss 3T3 cells as
described previously (48). Infected cells were selected for 2 days in culture
medium supplemented with 2.5 pg of puromycin per ml and analyzed for ex-
pression of epitope-tagged HD1 protein by immunofluorescence and immuno-
blotting.

For transient expression of HD1 from the cytomegalovirus promoter, the
coding region of the murine HD1 cDNA was cloned into the mammalian ex-
pression vector pCIneo (Promega). For inducible expression, the coding region
of the HD1 ¢cDNA was cloned into the pMAMneo vector (Clontech, Palo Alto,
Calif.) under the transcriptional control of the mouse mammary tumor virus long
terminal repeat in an attempt to confer glucocorticoid inducibility to the cDNA.
Cultures of Swiss 3T3 cells were transfected with the HD1-encoding vector or the
empty plasmid by the Lipofectin method (Gibco) as recommended by the sup-
plier. About 24 h after transfection, cells were selected in culture medium
containing 400 pg of G418 per ml. Individual resistant clones were isolated 10
days later and passaged into stable cell lines. Two cell lines with moderate HD1
overexpression (represented by the cell line HD1-A) and a strongly overexpress-
ing cell line designated HD1-B were further characterized.

Indirect immunofluorescence. Infected Swiss 3T3 cells expressing epitope-
tagged HD1 were fixed with 3% paraformaldehyde and permeabilized with 0.5%
Triton X-100. The c-myc-tagged proteins were detected with monoclonal anti-
body 9E10 and visualized with a Texas Red-conjugated anti-mouse immunoglob-
ulin G IgG secondary antibody (Accu-Specs) in a Zeiss Axiovert 135TV micro-
scope.

Yeast methods. The yeast strains W303-1A (MATa leu2-3,112 ura3-1 tipl-1
his3-11,15 ade2-1 canl-100) (53) and YJIT1 (MATa leu2-3,112 ura3-1 trpl-1
his3-11,15 ade2-1 canl-100 rpd3A::HIS3) (this study) were used. Strain M833
(MATa ura3-52 trpl Al his3-200 leu2-1 trkIA rpd3A::HIS3), and M835 (MATa
ura3-52 trpl Al his3-200 leu2-1 trk1A) were generously provided by R. Gaber
(70). Standard media and techniques in yeast work were used as previously
described (52). For phenotype determination, yeast strains were spotted and
grown on cycloheximide agar plates as described previously (70).

Plasmid construction for yeast expression. For constitutive expression of mu-
rine HD1 in yeast, a Sall-SacI fragment of pKSHD1 containing the HD1 cDNA
was cloned into pAD4D (8), resulting in plasmid pADHD1. The construct for
expression of c-myc-tagged HD1 was obtained by cloning the Sa/l-Sacl insert of
pSVLHD1Myc into pAD4D, yielding pADHD1myc. Yeast RPD3 was amplified
by PCR with the primers 5'-GCG TCG ACC GTG GCT ACA ACT CGA TAT
C-3" and 5'-CGA GCT CCA ATA GAA TTC ATT GTC ATG C-3'. The PCR
product was digested with Sa/l and SacI and cloned into a Sall-SacI-opened
pAD4D to give pADRPD3. Mouse HD1 ¢cDNA and the yeast RPD3 gene have
a common Ncol site within the coding sequence at about equivalent positions
(mouse HD1 at position 551, yeast RPD3 at position 783). To construct HD1:
RPD3 chimeras, the Sall-Ncol fragment of pADHDI1 was replaced by the cor-
responding Sall-Ncol fragment of pADRPD3. This construct (P ADRPD3HD1)
encodes a hybrid protein with the N-terminal 189 amino acids of yeast Rpd3 and
the C-terminal 245 residues of mouse HD1. The complementary constructs were
obtained by cloning the Sa/I-Ncol fragments of pADHD1 and pADHD 1myc into
pADRPD3 partially digested with Ncol and Sall (pADRPD3HDI1 and
pADRPD3HDI1myc, respectively). Indirect immunofluorescence to detect the
epitope-tagged mouse protein in yeast was done as previously described (15). To
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disrupt the RPD3 gene in Saccharomyces cerevisiae, plasmid pJJRPD3 was con-
structed as follows. Two fragments of RPD3 corresponding to bp 405 to 805 and
815 to 1197 were cloned via EcoRI-Sacl and Clal-Xbal digestion, respectively,
into pJJ215 (28). Plasmid pJJRPD3 was digested with EcoRI-Sall and used to
transform strain W303-1A. Correct disruption of the RPD3 gene in the genome
of the resulting strain YJT1 was confirmed by PCR and Southern blot hybrid-
ization.

Differential mRNA display. Differential mRNA display was performed by the
method originally described by Liang and Pardee (34). Cytosolic RNA was
extracted from B6.1 cells after IL-2 deprivation and restimulation for 16 h as
described previously (56). Following reverse transcription, PCR was performed
with five different arbitrary primers. The HD1-specific PCR product was ob-
tained in three independent approaches with the primer 5'-GGT CCC TGA
C-3'. The fragment was reamplified by PCR and cloned into the pGEM-T vector
(Promega).

Isolation of HD1 full-length cDNA and RNA methods. A mouse cDNA library
prepared from growth-induced Swiss 3T3 cells (generous gift of R. Hofbauer)
was screened with the subcloned clone 16 DNA fragment by standard proce-
dures. Cytosolic RNA was extracted as previously described (56). Total RNA
from mouse tissues was isolated by the GTC method (RNAgents total RNA
isolation kit; Promega) as specified by the manufacturer. Northern blot hybrid-
ization was done by the sandwich method (63) with radiolabeled probes such as
the full-length HD1 cDNA fragment, the 0.3-kb Hhal-EcoRI fragment of mouse
B,-microglobulin cDNA, the 1.2-kb mouse thymidine kinase cDNA (24), and an
oligonucleotide complementary to nucleotides 3046 to 3063 of the murine 28S
rRNA.

Preparation of a polyclonal HD1 antiserum. The Bg/II-PstI fragment of HD1
c¢DNA was cloned into the BamHI-PstI-linearized plasmid pQE32 (Qiagen). The
resulting open reading frame encodes a N-terminal truncated version of murine
HD1 (amino acids 53 to 482) preceded by a histidine tag. The fusion protein was
expressed in Escherichia coli PR13Q and purified by nickel column chromatog-
raphy as described by the supplier (Qiagen). The recombinant protein was used
to immunize rabbits by standard immunological techniques (Eurogentec, Sera-
ing, Belgium).

Western blot analysis. Whole-cell extracts of mouse cells and yeast cells were
prepared as described in references 1 and 15, respectively. Western blot analysis
of endogenous and c-myc-tagged HD1 was performed as previously described
(63). Detection was performed by enhanced chemiluminescence (NEN-Dupont).

Histone deacetylase assay and immunoprecipitation of HD1-associated activ-
ity. Histone deacetylase enzyme activity in whole-cell extracts was determined as
described by Lechner et al. (33). Equal amounts (10 wg) of protein were incu-
bated with 10 pl of [*H]acetate-labeled chicken erythrocyte histones in a total
volume of 50 wl for 1 h at 30°C. The reaction was stopped by the addition of 36
wl of 1 N HCI-0.4 M acetate and 0.8 ml of ethyl acetate. After centrifugation at
8,400 X g for 5 min, a 600-ul aliquot of the organic phase was counted in 3 ml
of liquid scintillation cocktail. To determine the histone deacetylase activity in
immunoprecipitates, whole-cell extracts were incubated with 1 pl of serum and
20 pl of protein G-Sepharose bead suspension (10% [vol/vol]; Pharmacia) for the
tagged HD1 protein or 20 ul of protein A-Sepharose bead suspension (10%
[vol/vol]; Pharmacia) for the endogenous HD1 protein. After three washes with
the extraction buffer, the beads were resuspended in 50 wl of HD buffer (65) and
20-pl aliquots were examined as described previously (33).

Luciferase activity assay. Plasmid pRSVluc, which contains the firefly lucif-
erase gene under control of the Rous sarcoma virus (RSV) long terminal repeat,
was transiently expressed in the human lung carcinoma cell line A549 (14).
Triplicate transfections with Lipofectin (Gibco) were performed in 24-well plates
with 0.5 ng of pRSVluc together with (i) 1 pg of pClneo, (ii) 0.5 g of pCIneo
and 0.5 pg of pCIneoHDI, or (iii) 1 ug of pCIneoHDI1. These experiments
demonstrated that both HD1 protein levels and enzyme activity increased with
the amount of transfected pCIneoHD1 plasmid. After 24 h, the cells were lysed
and the extracts were analyzed by the luciferase reporter gene assay (Berthold
Detection Systems, Pforzheim, Germany) with the AutoLumat LB953 system
(EG&G; Berthold, Bad Wildbad, Germany) under the conditions recommended
by the supplier.

Nucleotide sequence accession number. The mouse HD1 cDNA sequence has
been deposited in the EMBL nucleotide sequence database under accession no.
X98207.

RESULTS

Isolation and sequence of the mouse HD1 ¢cDNA. The cyto-
lytic mouse T-cell line B6.1 was previously used as a model
system to study growth-dependent gene expression (56). B6.1
cells arrest in G, when deprived of IL-2 for 34 h, but they can
be restimulated to cycle by addition of fresh medium contain-
ing recombinant IL-2 (71). To identify novel growth-regulated
genes in this cell system, we have used differential mRNA
display (34). We have isolated several PCR products that
showed a reproducible IL-2-dependent difference in their
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FIG. 1. Differential expression of clone 16 mRNA in response to IL-2.
Northern blot analysis of exponentially growing B6.1 cells (exp), resting B6.1
cells (arr), and cells restimulated with IL-2 for 16 h (ind) was performed. The
membrane was sequentially hybridized with the reamplified PCR fragment of
clone 16 and a probe for the 28S rRNA.

abundance. Northern analysis revealed that cDNA fragment
16 recognized a 2.2-kb mRNA with strongly reduced expres-
sion in IL-2-deprived B6.1 cells (Fig. 1). With this cDNA frag-
ment as the probe, a full-length cDNA clone (clone 16) was
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isolated from a cDNA library generated with poly(A)" RNA
from growth-stimulated Swiss 3T3 mouse fibroblasts (a gener-
ous gift of R. Hofbauer). Sequence analysis showed that the
cDNA was 1,977 bp long with an open reading frame of 1,449
nucleotides potentially encoding a 482-residue protein (Fig. 2).
The predicted molecular mass of 55 kDa was confirmed in
vitro by transcription-translation experiments, since reticulo-
cyte lysates gave a protein product of the expected size (data
not shown).

Comparison with nucleotide sequences in the available da-
tabases revealed that HD1 is almost identical to a recently
isolated human histone deacetylase (65). The polypeptide en-
coded by fragment 16 differs from human HD1 in only 3 amino
acid residues, all of which are conservative exchanges (Fig. 3).
Therefore, it is reasonable to conclude that we have cloned the
mouse homolog of human HD1 as an IL-2-inducible gene.
Moreover, HD1 displayed a striking homology (58% identity
on the amino acid level) to the yeast protein Rpd3 (Fig. 3).
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FIG. 2. Nucleotide sequence and deduced amino acid sequence of mouse HD1. The putative polyadenylation signal is underlined.
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FIG. 3. Homology comparison of human HD1, mouse HD1, mouse Rpd3, and yeast Rpd3 proteins. The sequences were aligned with the Lasergene Megalign

program.

Recently, another murine homolog of Rpd3 was identified as
the binding partner of the transcription factor YY1 (73). This
protein shares 84% identity with mouse HD1. In addition, the
coding portion of clone 16 was found to be highly homologous
(80% identity at the nucleotide level) to the 3’ untranslated
region of the chicken proto-oncogene cDNA c-tkl (60). How-
ever, the potential reading frame of the 3’ c-tkl sequence is
disrupted by several frameshifts. Thus, the presence of HD1-
related sequences within the c-tkl gene is probably due to the
integration of a pseudogene.

The mammalian HD1 protein displays significant homology
to a number of proteins from different organisms. In addition
to a Xenopus Rpd3 homolog, proteins from Bacillus subtilis,
cyanobacteria, Caenorhabditis elegans, and two other yeast pro-
teins have significant homology to murine HD1 (data not
shown). These results suggest that HD1 is a highly conserved
protein throughout different species. Furthermore, the pres-
ence of two additional HD1-like cDNAs in the human EST
database and two RPD3-like genes in the yeast genome point
to the existence of a family of related proteins in eukaryotes.

HD1 is a nuclear protein both in yeast and in mammalian
cells. Since the murine HD1 protein displays high homology to
the yeast RPD3 transcription regulator, one would anticipate
that this protein is localized in the nucleus. To investigate its
intracellular localization, we have expressed the murine HD1
protein with a c-myc epitope at its carboxy terminus in Swiss
3T3 fibroblasts. Western blot analysis with protein extracts of
transfected cells showed a single band with the expected size of

about 57 kDa, while extracts from untransfected cells gave no
signal at all (Fig. 4A). Indirect immunofluorescence micros-
copy revealed that the HD1 protein is localized predominantly
to the nucleus of mammalian cells while Swiss 3T3 fibroblasts
transfected with the vector alone gave no detectable signal
(Fig. 4B and data not shown). In parallel, we studied the
localization of the murine protein expressed in yeast cells. A
c-myc-tagged mouse HD1 was expressed in yeast under alcohol
dehydrogenase (ADH) promoter control and visualized by
Western blotting and immunofluorescence. Immunoblot anal-
ysis gave a single band corresponding to a polypeptide of 57
kDa (Fig. 4A). By indirect immunofluorescence microscopy,
the mouse protein was also found in the nucleus of yeast cells,
suggesting that the nuclear localization signal of murine HD1
is properly recognized in yeast (Fig. 4B).

Mouse HD1 fails to complement the yeast rpd3A deletion
mutant phenotype. The striking homology (Fig. 3) between
yeast RPD3 and its mammalian counterpart suggests that they
may fulfill similar functions in their respective organisms. To
test if the mouse HD1 homolog is able to functionally comple-
ment the yeast protein, the RPD3 gene was disrupted in strain
W303-1A. Mutant rpd3A cells show an increased sensitivity to
cycloheximide and reduced expression of STE6 as described
previously (70). While expression of yeast Rpd3 from an ADH
multicopy plasmid conferred cycloheximide resistance, neither
wild-type mouse HD1 nor the c-myc-tagged version was able to
complement the rpd3A phenotype (data not shown). Similar
results were also obtained in rpd3A strains in a trkIA back-
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FIG. 4. Subcellular localization of mouse HD1 in Swiss 3T3 fibroblasts and
yeast cells. A c-myc-tagged version of mouse HD1 protein was expressed in Swiss
3T3 cells and yeast cells as described in Materials and Methods. (A) Western blot
analysis of murine c-myc-tagged HD1 protein expressed in mouse fibroblasts and
in yeast cells. c-myc-tagged HD1 was detected with monoclonal antibody 9E10.
Extracts from nontransformed yeast cells and nontransfected mouse Swiss 3T3
cells were included as controls (lanes C). (B) Indirect immunofluorescence (IF)
microscopy. Epitope-tagged HD1 protein was labeled with 9E10 antibody fol-
lowed by Texas red-conjugated anti-mouse immunoglobulin G. In parallel, the
nuclear DNA of mouse cells and yeast cells was stained with 4',6-diamidino-2-
phenylindole (DAPI).

ground (70). Chimeric hybrid constructs encompassing the N-
terminal half of the yeast Rpd3 protein and the C-terminal part
of the murine HD1 enzyme and vice versa also failed to in-
crease the resistance to the cycloheximide.

Growth-regulated expression of mouse HD1 mRNA in B6.1
cells. To elucidate the kinetics of mouse HD1 mRNA induc-
tion, B6.1 cells were deprived of IL-2 for 34 h and restimulated
with the lymphokine. Northern analysis showed that HD1
mRNA expression was very low in resting B6.1 cells but started
to rise after a 12-h induction with IL-2 and reached ninefold-
higher levels after a 24-h treatment with the lymphokine (Fig.
5A). Additional experiments showed that HD1 mRNA expres-
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FIG. 5. IL-2 induces HD1 mRNA levels in B6.1 cells. B6.1 cells were arrested
by deprivation of IL-2 for 34 h and restimulated for different periods (indicated
in hours) with fresh medium containing recombinant IL-2. (A) Cytosolic RNA
was analyzed on a Northern blot by sequential hybridization with the radiola-
beled HD1 ¢cDNA and a 3,-microglobulin (B, MG) cDNA fragment. To confirm
equal loading of RNA, the nylon membrane was stained with methylene blue
after transfer to compare the abundance of the 18S rRNA. (B) FACS analysis of
DNA content of B6.1 cells during IL-2 stimulation.

sion was not increased further after a prolonged stimulation
with IL-2 but stayed constantly high (data not shown). As
previously shown (56), levels of 8,-microglobulin mRNA were
not increased upon IL-2 induction of B6.1 cells. In parallel with
the RNA extraction, the DNA content of the cells at each stage
of growth induction was determined by FACS analysis. As
shown in Fig. 5B, B6.1 cells enter S phase at about the same
time as HD1 mRNA begins to accumulate in the cytosol of
these cells. A similar rise in HD1 mRNA was also observed in
both Swiss 3T3 fibroblasts and mouse L cells after serum stim-
ulation of growth-arrested cells (8a).

In a complementary experiment, we wanted to examine the
correlation between ongoing growth arrest and the decrease of
HD1 mRNA levels in B6.1 cells. Exponentially growing cells
were deprived of IL-2, and growth arrest was monitored by
FACS analysis (Fig. 6B). As depicted in Fig. 6A, HD1 mRNA
expression was high in dividing cells but gradually diminished
as the cells arrested in the G, phase. The levels of HD1 tran-

A hours after IL-2 deprivation
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FIG. 6. Decrease of HD1 mRNA expression during IL-2 deprivation. Expo-
nentially growing cells were cultured in complete medium without IL-2 for
various times (indicated in hours). (A) Cytosolic RNA was extracted, and HD1
mRNA levels were analyzed by Northern blot hybridization. 18S rRNA was
visualized by staining of the nylon membrane with methylene blue. (B) FACS
analysis of B6.1 cells during the growth arrest.
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FIG. 7. Cell-cycle-dependent expression of HD1 mRNA. (B) Swiss 3T3 cells
were separated according to their size by elutrial centrifugation, and the cellular
DNA content was determined by FACS analysis. (A) Cytosolic RNA was ex-
tracted, and equal amounts were analyzed on a Northern blot by hybridization
with a radiolabeled HD1 cDNA fragment and as a control with a mouse thymi-
dine kinase (TK) cDNA fragment.

scripts in growth-arrested B6.1 cells were reduced more than
fivefold compared to the levels in proliferating cells.

Expression pattern of HD1 mRNA and its regulation during
the cell cycle. Next, we investigated if HD1 mRNA expression
is not only regulated in response to growth factors but also
dependent on the cell cycle phase of proliferating cells. Expo-
nentially growing Swiss 3T3 cells were separated by centrifugal
elutriation, and the DNA content of the different fractions was
examined by FACS analysis. As shown in Fig. 7, HD1 mRNA
levels were unchanged throughout the cell cycle, while thymi-
dine kinase mRNA levels showed, as expected, a significant
rise when the cells entered S phase. Therefore, we conclude
that HD1 expression, at least at the mRNA level, is constant
during the cell cycle of proliferating cells.

Analysis of tissue-specific expression of HD1 by Northern
blotting revealed that murine HD1 mRNA was present in all
tissues examined, with somewhat reduced levels in liver and a
higher abundance in thymus and testis (data not shown). Fur-
thermore, we found a strong overexpression of HDI1 tran-
scripts in SV40-transformed kidney cells and in the mouse
teratocarcinoma cell line F9, whereas normal HD1 mRNA
levels were present in the polyomavirus-transformed cell line
COP-8 (unpublished observations).

Mouse HD1 protein is associated with histone deacetylase
activity. To examine the expression of endogenous HD1 pro-
tein in mouse cells, we raised polyclonal antibodies against a
recombinant murine HD1 polypeptide. The HD1 antiserum
recognized a single band with the expected size (Fig. 8A, left
panel), while the preimmune serum failed to detect specific
murine proteins (data not shown). In transfected Swiss 3T3
cells that express a c-myc-tagged version of mouse HD1, a
second band was detected by the HD1 antiserum. This slightly
slower-migrating protein was also recognized by the anti-
epitope antibody (Fig. 4A, left panel).

Since the human homolog of HD1 was identified as histone-
deacetylating enzyme, we next asked if additional expression of
HD1 causes a change in cellular histone deacetylase activity.
Whole-cell extracts were prepared from Swiss 3T3 cells ex-
pressing epitope-tagged HD1 protein and the untransfected
parental cell line and analyzed for histone deacetylase activity.
As shown in Fig. 8B, HD activity was significantly higher in
transfected cells than in the parental cell line.

To demonstrate a more direct relationship between the pres-
ence of HD1 protein and enzyme activity, HD1 protein was
immunoprecipitated with the HD1 antiserum from extracts
prepared from Swiss 3T3 cells and c-myc-HD1-expressing cells.
Significant histone deacetylase activity corresponding to about
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FIG. 8. Histone deacetylase activity is associated with the HD1 protein.
Whole-cell extracts were prepared from exponentially growing Swiss 3T3 cells
and c-myc HD1-expressing cells. (A) Endogenous HD1 protein and epitope-
tagged HD1 protein were visualized by immunoblotting with HD1 antiserum. (B)
Histone deacetylase activity in the whole-cell extracts was determined in tripli-
cate as described in Materials and Methods and shown as the mean value from
triplicate enzyme assays. (C) HD1 was immunoprecipitated, and histone deacety-
lase activity was determined in aliquots from both immunoprecipitates. In con-
trol immunoprecipitations, preimmune serum was used instead of HD1 anti-
serum.

10% of the input activity was found in immunoprecipitates
from both cell lines (Fig. 8C). As expected, the precipitated
enzyme activity in the c-myc-HD1 cell line was about twofold
higher than that in the Swiss 3T3 cells. Furthermore, we were
able to precipitate specific histone deacetylase activity in c-
myc-HD1-expressing cells with the epitope-specific antibody
(data not shown). Taken together, these results support the
idea that the mouse HD1 protein represents a histone deacety-
lase.

Growth regulation of cellular histone deacetylase activity
and HD1 protein levels in B6.1 cells. In view of the above
results, we investigated if cellular histone deacetylase activities
change during the growth induction of B6.1 cells. Whole-cell
extracts were prepared from IL-2-deprived B6.1 cells and IL-
2-stimulated cells and analyzed in HD activity assays. As shown
in Fig. 9A, we observed a small but significant increase in
histone deacetylase activity after 12 and 24 h of IL-2 induction.
To examine if HD1 protein levels are also influenced by IL-2,
we analyzed HD1 protein expression during the growth induc-
tion of B6.1 cells. By immunoblot analysis, HD1 protein levels
were detectable in resting T cells but increased up to sixfold
after IL-2 stimulation (Fig. 9B). The induction of HD1 protein
occurred with a biphasic kinetics. HD1 protein levels rose
threefold during the first 6 h after the addition of IL-2. Since
HD1 mRNA expression was unchanged during this period
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FIG. 9. Cellular histone deacetylase activity and HD1 expression increase
upon IL-2 stimulation of B6.1 cells. B6.1 cell were IL-2 deprived, and whole-cell
extracts were prepared after different periods of IL-2 stimulation (indicated in
hours). (A) Histone deacetylase (HD) activity was determined in triplicate ex-
periments as described in Materials and Methods. The results are depicted as
mean values. (B) Equal amounts of protein (50 pg) were separated on a 10%
denaturing sodium dodecyl sulfate—polyacrylamide gel and transferred to a ni-
trocellulose membrane. HD1 protein was detected on the immunoblot with the
polyclonal HD1 antiserum.

(Fig. 5), this increase in HD1 expression seems to be mediated
by a posttranscriptional mechanism. When B6.1 cells traversed
the S phase, HD1 protein levels increased further, in parallel
with the rise in HD1 mRNA levels. These results suggest that
enhanced HD1 protein expression in IL-2-stimulated B6.1 cells
contributes to the observed rise in total cellular histone
deacetylase activity.

HD1 can act as a transcriptional repressor in mammalian
cells. Yeast Rpd3 was first identified as a global transcriptional
regulator with a primarily negative effect on a number of dif-
ferent genes involved in potassium uptake, methionine metab-
olism, and mating-type switching (40, 46, 70). To determine
whether the mouse HD1 protein also has a negative regulatory
function, we analyzed the effect of HD1 expression on an RSV
promoter-driven luciferase reporter construct in A549 cells. In
previous experiments, this reporter construct had been shown
to be inducible by the specific histone deacetylase inhibitor
trichostatin A, indicating that the RSV long terminal repeat is
sensitive to changes in histone acetylation (data not shown). As
shown by the luciferase reporter assays, cotransfection of 0.5
and 1 pg of pCIneoHD1 resulted in significant concentration-
dependent reduction of RSV promoter activity to 60% and less
than 25%, respectively, of the control level (Fig. 10). Simulta-
neous addition of trichostatin A (30 ng/ml) led to a more than
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FIG. 10. Negative effect of HD1 on the transcriptional activity of the RSV
long terminal repeat. A549 human lung carcinoma cells were transiently trans-
fected with 1 g of the reporter plasmid pRSVluc together with 1 pg of pCIneo
(control), with 0.5 pg of pClIneo plus 0.5 pg of pCIneoHD1, or with 1 pg of
pCIneoHDI1. The cells were cultured for 24 h in the presence (shaded bars) or
absence (open bars) of 30 ng of trichostatin A per ml, and luciferase activity was
determined as described in Materials and Methods. Relative luciferase activity
(in relative light units) is depicted as mean values obtained from triplicate
transfections.

fivefold increase in RSV promoter activity despite the presence
of coexpressed HD1. We therefore conclude that HD1 can act
as a negative regulator of RSV promoter activity in A549 cells.

Overexpression of HD1 leads to a prolongation of the G,
and M phases in Swiss 3T3 cells. To investigate the effect of
HD1 overexpression in more detail, we intended to establish
stably transfected Swiss 3T3 cell lines by different transfection
methods. However, we were unable to raise G418-resistant
clones that express HD1 from the strong cytomegalovirus pro-
moter, suggesting a potential growth-inhibitory effect of the
histone-modifying enzyme. To circumvent this problem, mouse
HD1 was expressed under the control of the dexamethasone-
inducible mouse mammary tumor virus long terminal repeat.
Swiss 3T3 cells were stably transfected with pMAMneo or
pMAMneoHD1 and analyzed for inducible HD1 overexpres-
sion. Two cell lines, HD1-A and HD1-B, representing moder-
ately and strongly HD1-overexpressing Swiss 3T3 cells, respec-
tively, were investigated in more detail. In the absence of
dexamethasone, HD-1A cells showed HD1 protein levels that
were comparable to that in pMAMneo-transfected control
cells (Fig. 11A). Glucocorticoid stimulation of these cells led to
about 2.5-fold-increased HD1 levels and to a significant in-
crease in total histone deacetylase activity (Fig. 11A and B). In
the presence of dexamethasone, HD1-B cells expressed HD1
proteins at fourfold-higher levels than in Swiss 3T3 cells. The
total histone deacetylase activity of these cells was increased
threefold compared to that of control cells (Fig. 11B). The
slightly elevated HD1 expression in uninduced cells is most
probably due some leakiness of the mouse mammary tumor
virus promoter in this cell line.

Interestingly, both HD1-overexpressing cell lines showed a
remarkable reduction in the growth rate. In the presence of
dexamethasone, the doubling times of HD1-A and HD1-B
cells were 23 = 1 and 28 * 2 h, respectively, compared to 20 =
1 h for dexamethasone-treated control cells. FACS analysis of
HD1-A cells indicated that the portion of G,/M phase cells
increased from 12 to 25% upon treatment with dexamethasone
(Fig. 11D). The DNA histogram of pMAMneo-transfected
control cells, in contrast, was unchanged after addition of the
inducer and similar to the one of uninduced HD1-A cells (data
not shown). Removal of dexamethasone from the culture me-
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FIG. 11. Effect of HD1 overexpression in Swiss 3T3 fibroblasts. Cells stably
transfected with pMAMneo (control) or pMAMneoHD1 (HD1-A and HD1-B)
were grown for 4 days in the absence (—) or presence (+) of 1 pM dexameth-
asone. (A) Whole-cell extracts were prepared and HD1 protein expression was
analyzed by immunoblotting with the HD1 antiserum. (B) Histone deacetylase
(HD) activity in the whole-cell extracts was determined as described in Materials
and Methods. The data are representative of two independent experiments. (C)
DNA histograms of control cells and pMAMneoHD1-transfected cells cultivated
with dexamethasone (dexa) as described for panel A. (D) FACS analysis of
vector-transfected control cells and HD1-A cells that were exposed to 1 uM
dexamethasone for 4 days. Where indicated, 20 ng of trichostatin A (TSA) per ml
was added 24 h prior to harvesting. After 4 days of dexamethasone treatment,
one sample of HD1-A cells was further cultivated in medium without the glu-
cocorticoid (release).

dium resulted in a fairly normal cell cycle distribution, indicat-
ing that the effect of HD1 is reversible (Fig. 11D, HD1-A
release). Furthermore, trichostatin A (20 ng/ml) was able to
partially reverse the effect of HD1 overexpression in HD1-A
cells. When added to dexamethasone-induced HD1-A cells,
the specific histone deacetylase inhibitor reduced the portion
of G,/M phase cells to about 16%, suggesting that the change
in cell cycle distribution is linked to histone deacetylase activity
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(Fig. 11D). The DNA profile of control cells was unaffected by
the same amount of trichostatin A (Fig. 11D). Notably,
strongly overexpressing HD1-B cells showed a very unusual
cell cycle distribution. About 50% of the total cell population
was in the G, and M phases of the cell cycle (Fig. 11C).
Comparison of the calculated length of the different cell cycle
phases indicated that the reduced growth rate of this cell line
is due mainly to the drastic prolongation of the G, and M
phases. Again, treatment with trichostatin A (50 ng/ml) led to
a partial reversion of the atypical cell cycle distribution of
dexamethasone-induced HD1-B cells (data not shown). When
analyzed by fluorescence microscopy, both HD1-overexpress-
ing Swiss 3T3 cell lines showed aberrant cellular and nuclear
morphologies, including fragmented nuclei and multiple nuclei
per cell, while dexamethasone-treated control cells had a nor-
mal morphology. In summary, our results indicate that bal-
anced acetylation and deacetylation of core histones is essen-
tial for the undisturbed cell cycle progression of eukaryotic
cells.

DISCUSSION

In this paper, we report the isolation and cloning of the
murine homolog of the histone deacetylase HD1 as an IL-2-
regulated gene. The yeast homolog of HD1 was previously
characterized as the yeast transcriptional modulator Rpd3.
This protein is required for the maximal induction or repres-
sion of a number of regulated yeast genes, including PHOS,
TRK2, STE6, SPO13, and HO (40, 46, 70). The identification of
human HD1 as an RPD3 homolog (65) was therefore a crucial
step toward the understanding of the molecular function of this
pleiotropic yeast transcriptional regulator. The fact that his-
tone acetylation and deacetylation affect the stability of nu-
cleosomes is in line with the findings that changes in the nu-
cleosomal structures of the promoters of PHOS and STE6
parallel their transcriptional activation (57, 68). However, the
regulatory machineries controlling transcription activation in
yeast and mammals seem to display significant differences,
since murine HD1 failed to fulfill the cellular function of yeast
RPD3.

The mammalian homolog of Rpd1, another yeast transcrip-
tion modulator (46, 59, 61), was recently shown to be part of a
repressor complex containing both Mad and Max, two proteins
involved in the c-myc signal transduction pathway (7, 55).
Again, the function of RPDI in yeast could not be comple-
mented by its mammalian homolog, suggesting that, despite
the striking homology, the mammalian protein lacks domains
necessary for the interaction with other yeast factors required
for transcriptional regulation (22).

We demonstrate here that the murine HD1 is associated
with histone-deacetylating activity. A direct relationship be-
tween HD1 and histone deacetylation is also underlined by the
finding that both transient and inducible expression of HD1
result in a significant increase in enzymatic activity. Given the
high homology between the mouse protein and the human
histone deacetylase described by Taunton et al. (65), murine
HD1 is most probably a histone deacetylase.

Furthermore, we show that HD1 has an inhibitory effect on
the transcriptional activity of an RSV enhancer/promoter-
driven reporter construct. This result is in good agreement with
the recent identification of yet another HD1-related mamma-
lian Rpd3 homolog, mRPD3, as a transcriptional corepressor
that interacts with YY1 (73). Transient expression of mRPD3
partially repressed transcription from a promoter containing
YY1-binding sites. The repression is significantly enhanced by
coexpression of the transcription regulator YY1, indicating
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that the recruitment by DNA-binding proteins or complexes is
crucial for the cellular function of histone-modifying enzymes.
This idea is further supported by recent reports that demon-
strate a direct interaction of human HD1 with the retinoblas-
toma-binding protein p48 (65) and complex formation between
the histone acetyltransferase P/CAF and p300, a transcrip-
tional adapter protein involved in cell cycle regulation and
differentiation (74). The association of the histone deacetylase
with p48 also implies a role for HD1 in the de novo assembly
of nucleosomes, since p48 was identified as the small subunit of
chromatin assembly factor 1 (69).

We further demonstrate here that HD1 expression in mouse
T cells increased after growth stimulation and remained con-
stantly high in exponentially growing cells. The rise in HD1
mRNA and protein levels is paralleled by a significant en-
hancement of cellular HD activity. These findings imply an
important role of histone deacetylation in proliferating cells.
Surprisingly, HD1 mRNA and protein expression levels vary
up to 10-fold among Swiss 3T3 fibroblasts, B6.1 lymphocytes,
and F9 teratocarcinoma cells. The difference in HD1 levels is
accompanied by similar variations in cellular histone deacety-
lase activity (8b). None of these cell lines, however, showed any
abnormality in cell cycle progression, suggesting that the activ-
ities of different histone-modifying enzymes are regulated in a
cell-specific manner. Disturbance of this equilibrium by ectopic
overexpression of HD1, however, had serious effects on the
growth behavior of transfected Swiss 3T3 cells. Several lines of
evidence argue that dynamic changes in the nucleosome struc-
ture by histone acetylation and deacetylation are crucial for
cell cycle progression of eukaryotic cells. For instance, newly
synthesized histones have to undergo acetylation at specific
lysine residues but become deacetylated shortly after deposi-
tion into the chromatin during the S phase of the cell cycle (see
reference 29 for a review). The specific HD inhibitor tricho-
statin A blocks the proliferation of serum-stimulated fibro-
blasts in the G, phase, whereas cells released from an S phase
block arrest in the G, phase (76). In yeast cells, removal of the
conserved amino terminus of histone H4 causes an increased
doubling time with a disproportionately elongated G, phase
(30). Furthermore, mutational change of the four conserved
lysines within that N-terminal domain to arginines is lethal,
while substitution by glutamines results in a marked delay
during G; and G,/M (41).

It is intriguing that HD1 overexpression in mouse cells leads
to a variety of defects similar to the ones that were observed in
the genetic analysis of yeast histone H4 mutants. Yeast cells
expressing histone variants resembling completely acetylated
H4 isoforms had similar phenotypes, including slower growth,
delayed progression through the G,/M phase, and abnormal
nuclear morphology (42). Thus, it was suggested that the pres-
ence of lysines within the N-terminal H4 domain is required
for the maintenance of genome integrity. In mammalian cells,
inhibition of histone deacetylation by specific inhibitors and
histone deacetylase overexpression had comparable growth-
inhibitory effects (31, 76; also see above). This inhibition could
be due to an indirect effect on the expression of activators or
inhibitors of cell proliferation. Alternatively, changes in the
acetylation pattern of nucleosomes could be required for cell
cycle progression.

We hypothesize that a reversible modification of histones is
equally important for completion of the cell cycle and regula-
tion of gene expression in proliferating cells. The IL-2-depen-
dent upregulation of HD1 expression may simply reflect the
need for dynamic changes in the chromatin structure of cycling
cells. This model would predict that growth factor-induced
cells have an increased turnover of acetyl residues on the
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N-terminal histone tails. Detailed studies are under way to
determine the kinetics of histone acetylation and deacetylation
during IL-2-dependent stimulation of T cells and in HD1-
overexpressing cells.

Taken together, our results support the notion that core
histone deacetylation constitutes more than a simple trigger
for chromatin condensation. Several distinct acetyltransferases
and deacetylases have 24 to 28 lysine residues per nucleosome
as potential targets for modification. The situation is further
complicated by the possible modulation of these enzymes by
accessory proteins like Sin3, YY1, or the Rb-binding protein
p48. We therefore believe that both acetylating and deacety-
lating activities are involved in the regulation of gene expres-
sion. Subtle but significant variations in the acetylation pattern
of core histones could not only change chromatin structures
but also modulate the affinity of frans-acting factors. The char-
acterization of these proteins, together with the identification
of factors interacting with histone-modifying enzymes, should
allow us to unravel the underlying mechanisms.
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