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ABSTRACT Histone acetylation levels in cells result from
a dynamic equilibrium between competing histone acetylases
and deacetylases. Changes in histone acetylation levels occur
during both transcriptional activation and silencing. Cloning
of the cDNA for a human histone deacetylase (HDAC1) has
shown that it represents a human ortholog of the yeast
transcriptional regulator RPD3. We have screened the ex-
pressed sequence tag database (National Center for Biotech-
nology Information) with the yeast RPD3 sequence and iden-
tified a human ortholog of RPD3, HDAC3. This cDNA encodes
a protein of 428 amino acids with 58% sequence identity with
HDACTp. By using a specific polyclonal antiserum recogniz-
ing the C-terminal domain of HDAC3p and Western blotting,
we detected a single ~49-kDa band in several tumor cell lines.
HDAC3p is expressed predominantly in the nuclear compart-
ment. Immunoprecipitation experiments with either an anti-
serum against HDAC3p or an anti-FLAG antiserum and a
flagged HDAC3 cDNA showed that HDAc3p exhibits deacety-
lase activity both on free histones and on purified nucleo-
somes. This deacetylase activity is inhibited by trichostatin,
trapoxin, and butyrate in vitro to the same degree as the
deacetylase activity associated to HDAC1p. These observa-
tions identify another member of a growing family of human
HDAC genes.

Posttranslational modifications of the N-terminal domain of
histones, which include acetylation, methylation, phosphory-
lation, and ubiquitination, are emerging as an important step
in the transcriptional regulation of eukaryotic genes. In par-
ticular, acetylation of specific lysine residues in the N-terminal
portion of all histones consists of the transfer of an acetyl group
from acetyl CoA onto the e-amino group of lysine residues.
Regulation of acetylation of the core histones is a dynamic
process under the control of competing enzymes: histone
acetyltransferases and histone deacetylases (HDACsS) (1, 2).

Although a correlation between core histone acetylation
and gene activity has been known for many years, the identi-
fication of the first histone acetyltransferase (3) as a homo-
logue of the yeast transcriptional coactivator GCNS5 has
brought considerable support to the paradigm that histone
acetylation/deacetylation plays an active role in transcrip-
tional regulation. More recent studies have shown that other
proteins previously identified as transcriptional regulators also
possess histone acetyltransferase activity. These include p300
and CBP, coactivators that interacts with DNA binding factors
(4, 5); P/CAF, a human homologue of yeast GCN5 that
interacts with p300/CBP (6); and TAF;250, a subunit of
TFIID complex (7).

Independently, the target of action of the HDAC inhibitor
trapoxin A was identified as a human ortholog of the yeast
transcriptional regulator RPD3 (1). This gene, initially called
HD1, is now called HDACI, and its product exhibits HDAC
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activity (1). Another RPD3-related gene, initially called hRPD3
(8), now called HDAC2, encodes a protein interacting with
YY1, a transcription factor that can act both as an activator or
a repressor (9). HDACl1p and HDAC2p are part of two large
repression complexes containing mSin3p, a mammalian ho-
mologue of the yeast corepressor SIN3 (9-11). Mammalian
Sin3p was first identified as a protein interacting with Mad/
Mxi proteins and required for their repressor function (12, 13).
The HDACI-Sin3 complex also plays a role of corepressor
complex for N-Cor and SMRT, two silencing mediators for the
unliganded retinoid and thyroid hormone receptors (14-16).

Herein, we report the identification and the characterization
of a third human cDNA exhibiting homology to yeast RPD3.
The protein encoded by this cDNA, HDAC3p, possesses
intrinsic HDAC activity.

MATERIALS AND METHODS

Reagents and Cell Lines. All cells were grown in Opti-MEM
medium (GIBCO/BRL) supplemented with 2% fetal bovine
serum (HyClone), penicillin (50 units/ml), streptomycin (50
pg/ml), and 2 mM glutamine at 37°C in a humidified 95%
air/5% CO, atmosphere. Trichostatin A (TSA) was obtained
from Wako Pure Chemical Industries, and trapoxin (TPX) was
obtained from M. Yoshida (University of Tokyo). Both drugs
were stored in dimethyl sulfoxide at —20°C and diluted
immediately before use. Sodium butyrate was purchased from
Sigma.

Cloning of HDAC3 c¢DNA. A clone containing a cDNA for
a human RPD3 homologue from a human infant brain library
was obtained from the I.LM.A.G.E Consortium (Lawrence
Livermore National Laboratory) (clone 32733) and fully se-
quenced on both strands. Because no ATG initiation codon
was found in this cDNA, we performed rapid amplification of
cDNA ends (CLONTECH) by using Marathon-Ready cDNA
from spleen (CLONTECH) and an oligonucleotide corre-
sponding to the 5’ region of the I.M.A.G.E cDNA clone
(5'-AGAAAGCTTCTTGAACCCCGTCACCATGGTGG-
ATGTC-3"). A 650-bp fragment was amplified by rapid am-
plification of cDNA ends, gel-purified, subcloned into the TA
cloning vector (Invitrogen), and sequenced on both strands.
This fragment contained an ATG in-frame with the rest of the
OREF and at a position similar to the ATG of HDACL. To
reconstruct the full ORF of this cDNA, called HDAC3 here-
after, an EcoRI-HindIIl fragment from the rapid amplifica-
tion of cDNA ends was ligated to a HindIII-NotI fragment
(the Notl site is derived from Lafmid BA vector) into the
pcDNA3.1 (Invitrogen) vector digested with EcoRI and
HindIII. The full-length cDNA for HDACI (clone 31480) was
isolated from a human fetal lung library (17) and obtained

Abbreviations: HDAC, histone deacetylase; TSA, trichostatin A;
TPX, trapoxin.
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from Y. Nakamura (Kami-Ikebukuro Toshima-ku, Tokyo).
The complete cDNA was resequenced, digested with EcoRI
and Xhol [these two sites are derived from the Bluescript
vector (Stratagene)] and subcloned into the EcoRI/Xhol-
digested pcDNA3.1 vector (Invitrogen). To generate a fusion
protein between HDACp and the FLAG epitope, both cDNAs
were amplified by PCR using primer oligonucleotides contain-
ing the sequence encoding the FLAG sequence and subcloned
into the pcDNA3.1 vector (Invitrogen).

Generation of Specific Antisera Against HDAC1 and
HDAC3. HDACI1- and HDAC3-specific antisera were gener-
ated by immunizing rabbits with peptides corresponding to the
predicted C-terminal domain of each protein coupled to
keyhole limpet hemocyanin (amino acids 467-482, EEK-
PEAKGVKEEVKLA for HDACI1 and amino acids 413-428,
FYDGDHDNDKESDVEI for HDACS3, respectively). An IgG
fraction was affinity purified from serum on protein G-
Sepharose 4 (Pharmacia). Specific anti-IkB-a rabbit poly-
clonal serum was purchased from Santa Cruz Biotechnology.
The anti-FLAG M2 monoclonal antibody was purchased from
Kodak.

Western Blots Analysis. Total cellular extracts were pre-
pared by incubating cells in RIPA buffer [1X PBS/1% Nonidet
P-40/0.5% deoxycholate/0.1% SDS/0.6 mM phenylmethyl-
sulfonyl fluoride/aprotinin (60 pug/ml)/1 mM sodium or-
thovanadate] for 1 h at 4°C. After centrifugation at 12,000 X
g for 10 min at 4°C, protein concentration in the supernatant
was quantified, and 20 ug of each extract was separated by
electrophoresis on a 7.5% SDS/PAGE gel, transferred to
nitrocellulose, and probed with a 1:4,000 dilution of the
anti-HDACI1 IgG fraction (5.3 mg/ml) or 1:2,000 dilution of
the anti-HDAC3 IgG fraction (7.8 mg/ml). Horseradish per-
oxidase-conjugated goat anti-mouse IgG (Amersham; 1:10,000
dilution) was used as a secondary antibody for ECL detection
(Amersham).

Jurkat cells nuclear extract and cytoplasmic fraction (S-100)
were prepared (18). Twenty-five micrograms of nuclear extract
proteins and a proportional amount of cytoplasmic proteins
(18.5 ng) were separated by electrophoresis on a 10% SDS/
PAGE gel and analyzed by Western blotting as described
above.

Immunoprecipitation-HDAC Assays. Jurkat cells (5 X 107
cells) were washed twice with ice-cold PBS and resuspended in
1 ml of lysis buffer (50 mM Tris*HCI, pH 7.5/120 mM NaCl/5
mM EDTA/0.5% Nonidet P-40) in the presence of protease
inhibitors [antipain (10 wg/ml)/aprotinin (2 pg/ml)/
chymostatin (10 pg/ml)/leupeptin (1 pg/ml)/pepstatin (1
pg/ml)/0.5 mM phenylmethylsulfonyl fluoride]. The lysate
was incubated for 1 h on ice and cleared by centrifugation at
12,000 X g for 10 min at 4°C. Supernatants were precleared
with 30 ul of a 50% protein G-Sepharose slurry for 2 h at 4°C.
Beads were pelleted by centrifugation and supernatants were
incubated overnight at 4°C with 30 ug of IgG fraction from
anti-HDACI or anti-HDAC3 polyclonal antiserum (preincu-
bated 2 h at room temperature with either the homologous or
heterologous immunizing peptide). As a control we used 10 ul
of the corresponding preimmune serum. Thirty microliters of
a 50% protein G-Sepharose slurry was added for 2 h at 4°C.
Immune complexes were pelleted by centrifugation and
washed three times with 1 ml of lysis buffer and three times
with lysis buffer containing 0.5 M NaCl. Beads were resus-
pended in 200 ul of HDAC buffer (20 mM TrissHCI, pH
8.0/150 mM NaCl/10% glycerol), and a HDAC assay was
performed as described (1). Briefly, a synthetic peptide cor-
responding to amino acids 1-23 of histone H4 was synthesized
and purified by reverse-phase HPLC. This peptide (0.5 mg)
was acetylated in vitro by overnight incubation with [3H]acetate
(5 mCi, 5.3 Ci/mmol; 1 Ci = 37 GBq; NEN) in 500 ul of EtOH
in the presence of 0.24 M benzotriazole-1-yloxy-tris(dimeth-
ylamino)phosphonium hexafluorophosphate (Aldrich) and 0.2
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M triethylamine. The reaction mixture was dried, resuspended
in 10% methanol, and purified by reverse-phase HPLC. Frac-
tions containing acetylated peptides were lyophilized and
resuspended in water. For deacetylase assays, 20,000 cpm of
acetylated peptide was incubated with the immunoprecipitate
for 24 h at 16°C and the reaction was stopped by adding acetic
acid (0.04 M, final concentration) and HCI (250 mM, final
concentration). The mixture was extracted with ethyl acetate
and the released [*H]acetic acid was quantified by scintillation
counting. For inhibition studies, the immunoprecipitated com-
plexes were preincubated with the various drugs for 30 min at
4°C.

Isolation of [3H]Acetyllysine-Labeled Nucleosomes. Jurkat
T cells (2 X 10° cells per ml) were incubated with [*H]acetic
acid (250 uCi/ml) for 1 h at 37°C. Cells were washed three
times in ice-cold 1X PBS/10 mM sodium butyrate, resus-
pended in buffer A (10 mM Tris-HCI, pH 7.4/10 mM NaCl/3
mM MgCl,/0.3 M sucrose/10 mM sodium butyrate/protease
inhibitors) at 2.5 X 107 cells per ml and incubated for 10 min
at 4°C. An equivalent volume of buffer A/0.2% Nonidet P-40
was added and cells were incubated for 10 min at 4°C. Nuclei
were centrifuged at 600 X g for 10 min, resuspended at 10° cells
per ml of buffer A/10 mM CaCl,, and digested with micro-
coccal nuclease (Sigma; 0.05 unit/ml) for 30 min at room
temperature. The digestion was stopped by cooling and nuclei
were centrifuged (500 X g, 10 min). The pellet was resuspended
in 350 ul of 1 mM EDTA, pH 7/10 mM sodium butyrate for
10 min at 4°C. After centrifugation (10 min, 800 X g), the
supernatant was adjusted to 150 mM sucrose and layered on
top of a 1 M sucrose cushion (10 mM Tris'HCI, pH 7.5/10 mM
sodium butyrate/protease inhibitors), and centrifuged at
50,000 X g for 48 h. The pellet was resuspended in 150 ul of
10 mM sodium cacodylate (pH 7) and extensively dialyzed
against the same buffer. For the deacetylation assay, 5 ul of
[*H]acetyllysine-labeled nucleosomes were incubated with
HDACI1 or HDAC3 immunoprecipitated proteins, and the
reaction products were resolved on a 15% SDS/PAGE gel.
Gels were fixed and stained with Coomassie blue and en-
hanced with a fluorography enhancing solution (Amplify,
Amersham) for 30 min. Gels were dried and exposed for
autoradiography at —70°C for 3-15 days.

RESULTS

Cloning of cDNA for a Human RPD3 Ortholog, HDAC3. To
identify RPD3 orthologs expressed in human cells, we screened
the National Center for Biotechnology Information (National
Institutes of Health) database of expressed sequence tags
(ESTs) with the yeast RPD3 sequence and identified more
than 40 EST clones. These sequences were compared with each
other and with the published sequence of HDACI1. We focused
our effort on a single clone from the .LM.A.G.E Consortium
that appeared distinct from both HDAC1 and HDAC2 and was
representative of several other ESTs. Analysis of the sequence
of this cDNA, referred to as HDAC3 hereafter, revealed the
existence of an ORF of 1,284 bp encoding for a putative
protein of 428 amino acids (Fig. 14). The predicted protein has
a theoretical molecular mass of 48.8 kDa and a calculated
isoelectric point of 4.8. The start codon is surrounded by a
favorable translational initiation context (GCCACCATGG,
where the initiation codon is in boldface type) (19) and is
colinear with the ATG of HDAC1 and HDAC2. A potential
adenylation signal (AATAAA) is located at nucleotide posi-
tion 1,895, 20 nucleotides before the poly(A) tail.

The deduced protein sequence of HDAC3 was aligned with
HDACI1 and HDAC2 (Fig. 1B). HDAC3p exhibits extensive
sequence homology with HDAC1p and HDAC2p. The simi-
larity between HDACIp and HDAC2p (84% identity and
90.5% homology) is greater than between HDAC3p and
HDAClp (58.4% identity and 73.7% homology) or HDAC3



Biochemistry: Emiliani et al.

GGEGCCTGCTCCCGCCGECACT AT GCC ARG ACC GTG GCC TAT TTC TAC GAC CCC GAC GTG
1 M A K T V A Y F Y D P D V

GGC AAC TTC CAC TAC GGA GCT GGA CAC CCT ATG AAG CCT CAT CGC CTG GCA TTG ACC CAT AGC CTG GIC CTG CAT
14 6 N F H ¥ 6 6 #H P M H R L A L T H § L ¥V L H

TAC GGT CTC TAT ARG ARG ATG ATC GTC TTC AAG CCA TAC CAG GCC TCC CAG CAT GAC ATG TGC CGC TTC CAC TCC
EE) Y 6 L Y K ¥ M I Vv F XK P Y @ A S O H D M C R F H 8§

GAG GAC TAC ATT GAC TTC CTG CAG AGA GTC AGC CCC ACC AAT ATG CAA GGC TTC ACC AAG AGT CTT AAT GCC TTC
64 E p Y 1 D F L 0 R vV § P T N M 0 6 F T K S L N A ¥

ARC GTA GGC GAT GAC TGC CCA GTG TTT CCC GGG CTC TTT GAG TTC TGC TCG CGT TAC ACA GGC GCA TCT CTG CAA
89 N V & D D C P VvV F P G L F E F C § R Y T G A& § L Q

GGA GCA ACC CAG CTG AAC AAC ARG ATC TGT GAT ATT GCC ATT AAC TGG GCT GGT GGT CTG CAC CAT GCC ARG AAG
124 6 A T 0 L N N K I € D I A I N W K K

TTT GAG GCC TCT GGC TIC TGC TAT GTC ARC GAC ATT GTG ATT GGC ATC CTG GAG CTG CTC AAG TAC CAC CCT CGG
13 F E A § G F C Y Vv ¥ D I VvV I ¢ I L EBE L L K ¥ H P R

GTG CTC TAC ATT GAC ATT GAC ATC CAC CAT GGT GAC GGG GTT CAA GAA GCT TTC TAC CTC ACT GAC CGG GTC ATG
%4 Vv L Y 1 D I D I H H & D & V @ E A F Y L T D R V M

ACG GTG TCC TTC CAC AAA TAC GGA AAT TAC TIC TTC CCT GGC ACA GGT GAC ATG TAT GAA GTC GGG GCA GAG AGT
189 T Vv § F H X Y 6 N Y F F P G T G E S

GGC CGC TAC TAC TGT CTG AAC GTG CCC CTG CGG GAT GGC ATT GAT GAC CAG AGT TAC AAG CAC CTT TTC CAG CCG
6 R ¥ @ 1 D D O S Y K H L F Q

GTT ATC AAC CAG GTA GTG GAC TTC TAC CAA CCC ACG TGC ATT GTG CTC CAG TGT GGA GCT GAC TCT CTG GGC TGT
23 v 1 N Q V V D P Y @ P T € I V L Q € G A D S L G €

GAT CGA TTG GGC TGC TTT AAC CTC AGC ATC CGA GGG CAT GGG GAA TGC GTT GAA TAT GTC AAG AGC TIC AAT ATC
264 D R L & ¢ F N L § I H G E ¢ vV E Y V K § P N I

CCT CTA CTC GTG CTG GGT GGT GGT GGT TAT ACT GIC CGA AAT GTT GCC CGC TGC TGG ACA TAT GAG ACA TCG CTG
288 P L L V L 6 6 6 6 Y T V R N V A R C W T Y E T § L

CTG GTA GAR GAG GCC ATT AGT GAG GAG CTT CCC TAT AGT GAA TAC TTC GAG TAC TIT GCC CCA GAC TTC ACA CTT
34 L Vv E E A I S E B L P Y § E Y F E Y F A P D T L

CAT CCA GAT GTC AGC ACC CGC ATC GAG AAT CAG AAC TCA CGC CAG TAT CTG GAC CAG ATC CGC CAG ACA ATC TTT
339 B s T R I E N O© R Qg Y L D @ I R Q@ T I F

GAA AAC CTG ARG ATG CTG RAC CAT GCA CCT AGT GTC CAG ATT CAT GAC GTG CCT GCA GAC CTC CTG ACC TAT GAC
34 E N L X M L N H A P § V Q I H D V P A

AGG ACT GAT GAG GCT GAT GCA GAG GAG AGG GGT CCT GAG GAG AAC TAT AGC AGG CCA GAG GCA CCC AAT GAG TTC
3¢ R T D E A D A E B R G P E E N Y S R P E A P N E F

TAT GAT GGA GAC CAT GAC AAT GAC AAG GAA AGC GAT GIG GAG ATT TGTGTCCC TTCTTT
414 Y D G D H D N D K E S D
TCACCTCTTGGT CTAGAGTC TTTGCTGAC CAC)
TTTGGTTCTCGAACC TTTCCTCTCTCTCCCARGGCCTE TGGTA

ATTAT C TTGCCC

TTCTTCCCTGCTTCCCTCGARCC!

CTCTGACTTCCTC TCTGACTTCTTCCTCC

GEGCTCTERC TCCC TT TCTGTTCTCACTTTIGGCTTTATG

CACTGTTTTTATCCAATARACTAAGTC TTTTT

EDACL PO A 0 G R YKV C Y YYDGDVGN YY YGOQGRP MK PHRIRMTENLLLNYGLYRKMEL YRRHKA
HDAC2 Fl 2 b oG [k kv CY Y Y DG DEIGR YY YG QG EP MK PHRIRMTENLLLNYGLYRKMEI YRPHKA
HDAC3 1 ------- PRN< By (v DEIDV G REEAYGRIG B P MK PH RFFSAT HELELEY 6 L Yx M BAFIp A
HDAC1 (X I - EEMTKYHSDDYIKFLRSIRPDNMSEY SKQMISNFNVGEDCPVFDGLEEFCQLS TGRSV
EDAC2 [ES 7 c=MTKYHSDEIYIKFLRSIRPEDNMSEY SKQMIRAr N vEED CPRIFDGLFEFCQLSTGGS VA
EDAC3 54 SQHDNC RFLEIERRSIDIRA0 RY,S AT RRUC G5, Thy Sk ¥ A BRRSID LR Ad P IR FR-TRY S R ¥ (RIARIL O
: 0 T NS A A ]~ VK LN|JO OT DIAVNWAGGLEHAKKEJEASGFCYVNDIVLAILELLKYHQRVLYIDIDI BH
LT BN G A VK LN 0 O T DAV NWAGGLEBAKKMEASGFCYVNDIVLAILELLKYHQRVLYIDIDI HH
ESS Y ER TR G 2 ] L 5 S0 L AN WA GGLHHAKK)QEASGFCYVND IVRRGT LEL LK YHRVLYIDIDI BH
8 S NSO N GO GVEEAF YT TDRVMT VS FHKY GRIEY FPGT GD LRDI GAGKGKYY AVNJ4PLRDGIDDES Yl
e N Y FWNGD GVEEAF YT TD RVMT VS FHKY GJEY FPGRGD LRDI GAGKGKYYAVNIZPIEYD GI DD E 5 Y{E]
LSS E R RN G D G VEA R YATD RVMT VS FHEKY GEERIF » 6T 6D IFFAZG A B G Y Y BAN{JE L R0 61 D DS v)d

ST PR R R RPN T K P VNS KVMEMEJQP SAVVLQCGD SLSGDRLGCEFNLTIKGHAKC VE|JVKS FNLRIGLML
e N I PRIl 1 K PEJT S KVMEMY QP SAVVLQCGADSLSGDRLGCFNLTJJRGHARC VE|YVKFFNLELL ML
HDAC3 234 p:EAFFIP Y IREIV EERYY O PEXSHV Lo CGAD SLEMDRLGCFNLEIEIG HEFIC VEMY KS FNEF LLL
S T PO Y LW G GGG YT IRNVARCWIYETAVALDWMEI PNELPYND YFEY FGPDFKLH 15 P S NMMT NQ N T
HDAC2 LI A NGGGGYT IRNVARCWTYETAVALD[MEI PNELPYNDYFEYFGPDFKLHISPSNEIMT NORT )4
BHDAC3 294 [RRSREIVEASCELRREPYS L LY B.EARYS E 23R4S EpERRSA ISR T (AP D VET RTERPRIS RO,
HBDAC1 EE MY LEKIKQRLFENLRMLPHAPCVQMQATPED ARRAE)AS GDEDEAMDPDKRI SIMFSD KR I A CJf
LR P L v [iE K TKOQRLFENLRML PHAPGVQMQATPEDANAIEDS GDEDERID PDRRI S 1) ¥¥SD KR T A CLY
BEDAC3 354 PSADORREIT IiEREAR (VAN CENS\RST 8D VgAML 4T YBJR TRRADAEER- - - GPEENY SJPEAP
HDACL 418 BERERENIE| [KEJs S N F| = VETEDERE KD PE EIKEFT 4 !‘E‘-- E3reagd
BDACZ2 419 [EERERERNr| REfv e D rf8dciSiraR 1FEnfix £ 1 £ kI Y= PEYDIdSEo N s c R dT DT
HDAC3 411 NpERYYPGDEDND---------~=== ESDVI--------- - - - m - s e e e mmu oo

BDACL 474 EVEEEVKLA-
Epac2 479 [ridsBlorswe
BDAC3  —---------

FiG. 1. Nucleotide and predicted amino acid sequences of
HDACS3. (A4) The nucleotide and predicted amino acid sequences of
HDACS3 are shown. (B) Protein sequence alignment of HDAClp, -2p,
and -3p. All three proteins were aligned by using CLUSTAL W (version
1.7) and printed by using BOXSHADE (version 3.21). Identical residues
are in black; conserved residues are in gray.

and HDAC2 (58.5% identity and 74.8% homology), suggesting
that HDAC3p might be functionally distinct from HDACIp
and HDAC2p.

HDAC3p Is a Ubiquitously Expressed and Predominantly
Nuclear Protein. To obtain specific antisera against HDAClp
and HDAC3p, rabbits were immunized with specific peptides
corresponding to the predicted C-terminal regions of
HDACI1p and HDAC3p. Western blot analysis showed that the
anti-HDAC3p antibody recognized a single major protein with
a molecular mass of ~50 kDa (Fig. 24) in agreement with the
predicted molecular mass (48.8 kDa). HDAC3p was detected
in all human cell lines studied (Fig. 24) and in several mouse
and rat cell lines (data not shown). HDAC3p was expressed at
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Fic. 2. HDACIlp and HDAC3p are ubiquitously expressed and
predominantly nuclear proteins. (4) Western blot analysis. Western
blots containing 20 ug of protein per lane from different cell lines were
developed with a polyclonal serum raised against HDAClp or
HDAC3p. Coomassie blue staining of gels showed that similar
amounts of cellular protein were loaded in different lanes (data not
shown). Sizes of protein markers are indicated. (B) Immunofluores-
cence. HeLa cells grown on coverslips were fixed, stained with the
anti-HDACI or anti-HDAC3 antiserum, and examined by immuno-
fluorescence microscopy as described (20). (C) Subcellular localiza-
tion of HDAC1p and HDAC3p. Jurkat cells nuclear (N) and cyto-
plasmic (C) fractions were prepared. Proportional amounts of each
fraction were analyzed by Western blotting using specific antiserum
directed against HDAC3, HDACI, or 1«kB-a.

the highest level in HeLa cells and at lower levels in the U937,
Raji, and A549 cell lines (Fig. 24). In comparison, the
HDACIp was expressed at more uniform levels in various cell
lines (Fig. 2A4). Next, we examined the cellular sublocalization
of HDACI1p and HDAC3p by using indirect immunofluores-
cence and our specific anti-HDAC1 or anti-HDAC3 anti-
serum. Both proteins were detected as predominantly nuclear
proteins in HeLa cells (Fig. 2B). To confirm this observation,
we prepared nuclear and cytoplasmic extracts from Jurkat cells
and analyzed proportional amounts of nuclear and cytoplasmic
proteins by Western blotting with anti-HDAC1 or anti-
HDACS3 antiserum. This analysis showed that both HDACIp
and HDAC3p are predominantly located in the cell nucleus
(Fig. 2C). Western blot analysis of the same fractions with an
anti-IkB-a antiserum showed that this protein is predomi-
nantly cytoplasmic, as predicted (Fig. 2C).

HDAC3p Is a HDAC. To determine whether HDAC3p
exhibits HDAC activity, HDAC3p was immunoprecipitated
from cellular extracts and its enzymatic activity was measured
in vitro. A peptide corresponding to amino acids 1-24 of
histone H4 was acetylated in vitro and used as a substrate for
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the deacetylase as described (1). Immunoprecipitates obtained
with the anti-HDAC3 antiserum contained HDAC activity.
Immunoprecipitation of this deacetylase activity was specifi-
cally blocked when the anti-HDAC3 antiserum was preincu-
bated with an excess of the homologous HDAC3p immunizing
peptide (Fig. 34) but not with the heterologous immunizing
peptide corresponding to HDACIp (Fig. 34). HDAC3
deacetylase activity was also inhibited in the presence of 400
nM TSA (Fig. 34). Immunoprecipitates obtained with the
anti-HDACI antiserum also contained HDAC activity (Fig.
3B). Immunoprecipitation of this activity was blocked by
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FiG.3. HDAC3is a HDAC. (4) Cellular extracts from Jurkat cells
(5 X 107 cells) were subjected to immunoprecipitation using a poly-
clonal antiserum against HDAC3p, in the presence of a 100-fold excess
of HDACS3 peptide (residues 413-428) or HDAC1 peptide (residues
467-482). As a control, the corresponding preimmune serum was used.
Immunoprecipitated complexes were tested for HDAC activity, by
measuring the release of [*H]acetate from an acetylated N-terminal
H4 peptide (in cpm), in the absence or presence of 400 nM TSA. (B)
Same protocol as described for A4, except that a polyclonal serum
against HDACl1p was used. (C) Cellular extracts (2.5 X 107 cells) from
293 cells stably expressing the HDACI-FLAG or HDAC3-FLAG
fusion protein or control cells were subjected to immunoprecipitation
using a monoclonal antibody against the FLAG epitope (10 ug) in the
absence or presence of a 100-fold excess of the FLAG peptide.
Immunoprecipitated complexes were tested for HDAC activity.
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preincubating the antiserum with the homologous immunizing
peptide from HDACI1p but not with the heterologous
HDAC3p peptide (Fig. 3B).

To confirm these observations, the FLAG-epitope-tagged
proteins HDAC1-FLAG and HDAC3-FLAG were expressed
in 293 cells after transfection of the corresponding cDNAs.
HDAC activity was immunoprecipitated with an anti-FLAG
monoclonal antibody from the 293/HDACI1-FLAG and the
293/HDAC3-FLAG cells (Fig. 3C). Both activities were in-
hibited by 400 nM TSA or when the antibody was preincubated
with an excess of FLAG peptide (Fig. 3C). No HDAC activity
was immunoprecipitated from control 293 cell extracts with
the anti-FLAG antibody (Fig. 3C). Both HDACIp and
HDAC3p exhibit enzymatic activity when expressed in insert
SF9 cells using baculovirus (W.F. and E.V., unpublished
observations). These observations collectively demonstrate
that a specific HDAC activity is associated with the HDAC3
protein.

HDAC1p and HDAC3p Deacetylate Nucleosomal Histones.
To examine the ability of HDAC1p and HDAC3p to deacety-
late histones in their natural context (i.e., when incorporated
into nucleosomes), we isolated nucleosomes after in vivo
labeling with [*H]acetate, microccoccal nuclease digestion,
and density centrifugation on sucrose cushions. Purified nu-
cleosomes (mono-, di-, and trinucleosomes, predominantly)
were incubated with immunoprecipitated HDAClp or
HDAC3p in the absence or presence of TSA. Histones were
separated on 15% SDS/PAGE gels, stained with Coomassie
blue, and autoradiographed. Immunoprecipitates containing
HDACIp or HDAC3p deacetylated both histone H3 and
histone H4 (Fig. 4). In several experiments, we observed that
histone HDAC3p more efficiently deacetylated histone H4
than HDACIp. In the experiment shown, HDACI caused a
3.6-fold reduction in H4 acetylation, whereas HDAC3 caused
a 8.2-fold reduction in H4 acetylation (Fig. 4). No significant
deacetylation was observed with immunoprecipitates obtained
with the preimmune antiserum (data not shown). In addition,
preincubation of the anti-HDAC3 antiserum with the HDAC3
C-terminal peptide used to generate the antiserum completely
abolished deacetylation, whereas preincubation with the un-
related HDACI peptide did not (data not shown). The oppo-
site was observed with the anti-HDACI antiserum (data not
shown). These observations therefore demonstrate that the
anti-HDACI and anti-HDACS3 antisera specifically immuno-
precipitate HDAC enzymes active on nucleosomal histones
and suggest that these enzymes possess different substrate
specificities.

Specific Inhibition of HDAC1 and HDAC3 by Butyrate,
TSA, and TPX. To further characterize the properties of these
proteins, HDAC1p and HDAC3p were used in deacetylase
assays in the presence of various HDAC inhibitors (21, 22).
Different concentrations of sodium butyrate, TSA, and TPX
were incubated with immunoprecipitated HDAC3p and
HDACIp, and the enzymatic activity of the two proteins was
measured by using in vitro-acetylated histone H4 peptide as a
substrate. Both enzymes were inhibited to the same degree by
butyrate and TSA and 50% inhibition was observed at 0.1 mM
butyrate and 2 nM TSA for both enzymes (Fig. 5). In contrast,
HDAC3 appeared more sensitive to TPX than HDACI, with
50% inhibition at 10 nM TPX for HDACI and 50% inhibition
at 100 nM for HDAC3 (Fig. 5).

DISCUSSION

In this report, we describe the isolation and characterization of
a human RPD3 ortholog, HDAC3. With a polyclonal serum
directed against a C-terminal peptide of HDAC3p, we immu-
noprecipitated a specific HDAC activity, active both on a
synthetic peptide derived from the N-terminal domain of
histone H4 and on purified nucleosomal histones H3 and H4.
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FiG. 4. Acetylated nucleosomes are substrate for HDACIp and
HDAC3p. (4) [*H]Acetyllysine-labeled nucleosomes were incubated
with anti-HDAC1 (Left) or anti-HDAC3 (Right) immunoprecipitated
complexes in the absence or presence of TSA (400 nM). Reaction
products were resolved on a 15% SDS/PAGE gel, and histones were
visualized by staining with Coomassie blue (Lower) and by autoradiog-
raphy after enhancement (Upper). The positions of the four histones H2A,
H2B, H3, and H4 are indicated. (B) The autoradiogram was quantified
after scanning by using the IMAGE analysis program (National Institutes
of Health). Results are expressed as arbitrary absorbance values.

This activity was inhibited by sodium butyrate, TPX, and TSA,
indicating that these inhibitors can interact directly with the

TSA
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enzyme without prior cellular modifications. HDAC3p is
present in all cell lines and tissues examined and is predomi-
nantly nuclear.

HDAC3p belongs to a family of proteins highly conserved
from yeast to humans, highlighting the importance of the
control of chromatin posttranslational modifications in eu-
karyotic cells. The fact that several HDAC enzymes coexist in
cells (23, 24) suggests that these proteins have distinct func-
tions. HDAC1p and HDAC2p associate in vivo with mSin3p,
an integrator that targets HDACsS to specific promoter regions
by interacting with specific DNA binding proteins, such as Mad
and Mxi (10, 11). mSin3 also interacts with the corepressors
N-Cor and SMRT and, via this interaction, mediates the
repressive activity of the unliganded retinoid and thyroid
hormone receptors (14, 15). The interaction of HDACIp and
HDAC2p with mSin3p results in the specific targeting of a
HDAC activity to specific promoter regions. Deacetylation of
histone in a specific nucleosome in the context of such a
promoter is thought to results in transcriptional activation or
repression. Although HDACI1p and HDAC2p appear very
similar at the sequence level and at the functional level,
because they both interact with mSin3p, HDAC3p is more
distantly related to both proteins at the amino acid sequence
level. Preliminary experiments indicate that HDAC3p does not
interact with mSin3p or RbAp48p (W.F., S.E., and E.V.,
unpublished observations) and low-stringency immunoprecipi-
tation experiments using the anti-HDAC3 antiserum have
identified several proteins distinct from those coimmunopre-
cipitated with the anti-HDACI1 antiserum (W.F. S.E., and
E.V., unpublished observations). These experiments suggest
that HDAC3p might be targeted to a subset of promoters
distinct from those targeted by HDAC1p or HDAC2p via its
interaction with DNA binding proteins. An additional level of
specificity might also occur as a result of different substrate
specificities of different HDACs. We have repeatedly observed
that HDAC3p deacetylates histone H4 more completely than
HDACI1 when examined in the context of nucleosomal his-
tones (see Fig. 4). Future studies should examine the specific
acetyllysine residues that are targeted in histone H3 and H4 by
each of these enzymes. A difference in substrate specificity
among HDACI, -2, and -3 could result in markedly different
biological effects because the acetylation/deacetylation of
specific lysine residues in histones H3 and H4 has been

TPX

100

80

60

40

20

Butyrate
100 100
2 80
S 9 |
g8
o 5 60 60
a2 o
=%
0
§ 2 a0 40
g ‘
fa] 20 20 |
0 0 ;
0 0.1 1 10 o o1
Concentration (mM)
FiG. 5.

1

Concentration (nM)

T T 1 1 1

10 100 1000 0 0.1 1 10 100 1000

Concentration (nM)

Inhibition of HDAC1p and HDAC3p deacetylase activity by butyrate, TSA, and TPX. Cellular extracts from Jurkat cells were subjected

to immunoprecipitation using polyclonal antiserum against HDAC3 or HDACI, and tested for HDAC activity, in the absence or the presence of
increasing concentrations of the following inhibitors: sodium butyrate (0.1, 1, and 10 mM), TSA (0.4, 4, 40, and 400 nM), and TPX (0.4, 4, 40, and
400 nM). Results are expressed as a percentage of the HDAC activity obtained in the absence of inhibitors.
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associated with different biological functions (refs. 25-28; for
review, see ref. 29).

Although several reports have shown a correlation between
core histone hyperacetylation and transcriptional activation
(30-35), other studies have suggested that HDACs play a
significant role in both transcriptional silencing and transcrip-
tional activation, depending on the promoter examined. First,
disruption of either the RPD3 or SIN3 gene in yeast showed
that both genes are required for full activation and/or or
repression of specific promoters (36-38). In mammalian cells,
inhibition of HDACs with TSA or TPX results in the activation
or repression of a small fraction of cellular genes (39). Finally,
mutations affecting the RPD3 gene in Drosophila and yeast
reduced the transcriptional activity of genes near heterochro-
matin regions, indicating that rpd3p can counteract the
genomic silencing imposed by these particular chromatin
regions (40). Such differences might be explained by the local
chromatin organization of different promoters. In the HIV
and mouse mammary tumor virus promoters, precisely posi-
tioned nucleosomes are associated with transcriptional repres-
sion (41, 42). Inhibition of HDACsS results in transcriptional
activation of both promoters, consistent with a model in which
the repressed state is associated with a hypoacetylated nucleo-
some (30, 43). In other promoters, positioned nucleosomes
have been reported to facilitate transcription (44, 45). In such
cases, stabilization of a nucleosome by deacetylation of core
histones could result in the potentiation of transcriptional
activation.

Although changes in histone acetylation have long been
known to correlate with transcriptional activation and repres-
sion of specific genes, the recent identification of specific
enzymes involved in these modifications, including HDAC3p
in this report, will allow the direct investigation of the role of
histone modifications in transcriptional regulation.
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Note Added in Proof. While this manuscript was in preparation, Yang
and coworkers (46) independently reported the identification of
HDAC3.
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