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Abstract

Epigenetically mediated modulation of gene promoter function through histone acetylation modifying enzymes, which regulate
the acetylation state of histone proteins and other promoter-bound transcription factors, is increasingly appreciated as a key
component in the regulation of reversible gene expression. While histone acetyltransferases (HATs), which are frequently part of
multisubunit coactivator complexes, lead to the relaxation of chromatin structure and transcriptional activation, histone deacety-
lases (HDACS) tend to associate with multisubunit corepressor complexes, which result in chromatin condensation and tran-
scriptional repression of specific target genes. We have isolated and characterized the human HDACY9 genomic sequence, which
spans a region of 458 kb and which has one single chromosomal locus. Determination of the exon—intron splice-junctions estab-
lished that HDACY is encoded by 23 exons ranging in size from 22 bp (exon 1) to 264 bp (exon 11). Characterization of the 5
flanking genomic region revealed that the human HDACY promoter lacks both the canonical TATA and CCAAT boxes; CpG
elements are missing. The human HDAC9 open reading frame is 3036 bp long and encodes a 1011 aa protein with a predictive
molecular weight of 111.3 kDa and an isoelectric point of 6.41. Fluorescence in situ hybridization analysis localized the human
HDACY gene to chromosome 7p21, a region which has been associated particularly with the pathogenesis of gynecological tu-

mors. © 2002 Elsevier Science (USA). All rights reserved.
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The acetylation and deacetylation of both histones
and non-histone proteins occurs through opposing
activities of histone acetyltransferases (HATs) and hi-
stone deacetylases (HDACs), which are important in
the regulation of various cellular processes, which in-
clude the alteration of chromatin structure, gene acti-
vation and gene silencing, the modulation of meiosis,
and mechanisms of aging [1]. While hyperacetylation
of histones is generally correlated with transcriptionally
active chromatin, hypoacetylation is associated with
transcriptional silencing, which in turn is mainly based
on the limited access of activation factors [2] and the
concurrent binding of transcriptional repressor com-
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plexes, of which HDACs themselves are part, to pro-
moter DNA [3]. Based on size and sequence
considerations, yeast HDACs and their corresponding
mammalian orthologs have been grouped into three
categories, class I, class II, and class III HDACs of
which yeast class I HDACs include RPD3, HOSI,
HOS2, and HOS3 [4], yeast class II HDACs contain
HDAI [4] and yeast class III HDACs comprise the
silencing protein SIR2. Likewise, based on their
structural similarity with yeast RPD3 mammalian
HDACI [5], HDAC?2 [6], HDACS3 [7], and HDACS [8]
are referred to as mammalian class I HDACs. Simi-
larly mammalian HDAC4 [9], HDACS [9], HDAC6
[9], HDACT7 [10], HDAC9 [11-13], and HDACI10 [14],
which are related to yeast HDAI, are designated as
mammalian class II HDACs [9]. Finally, on the basis
of their homology to the yeast SIR2 protein, mam-
malian class III HDACs include the SIRT1-7 proteins
[15-18].
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Histone deacetylase enzymatic activities are associ-
ated with both the activation or repression of specific
gene products and can be inhibited by histone de-
acetylase inhibitors [9,19]. Disruption of histone
deacetylase genes has been reported to cause histone
hyperacetylation and changes in transcription levels of
specific gene products [4,20]. In the present study, we
report the isolation, characterization, and chromoso-
mal localization of BAC clones 541010 and 551110,
which contain the human HDACY genomic locus.
Only little is known about the functional aspects of
HDAC9 and class II HDACs in general. However, it
has been reported that HDACY9 (GenBank
AAKG66821) is preferentially expressed in the brain,
heart, and pancreas, while a HDAC9 isoform, which
has been described to be truncated at the C-terminal
end and which has been termed HDAC9a (GenBank
AAK66822), predominates in the lung, liver, and
skeletal muscle, while expression of both forms of
HDACDY is equivalent in the placenta and in the kid-
ney [11]. Functional analysis showed that both iso-
forms have comparable TSA-inhibitable HDAC
activity but much less activity than HDAC4 [11]. In
addition, HDAC9 has been shown to specifically re-
press MEF2C-mediated transcriptional activation
[11,12]. Misleadingly, a number of sequences, which
have been earlier designated as HDAC7B (GenBank
XP_004963, NP_ 055522, XP_056945, XP_ 056946,
and AAFO04254), are identical with the HDACY se-
quences and are clearly distinct from the sequences,
which have been deposited at GenBank for HDAC7A
(GenBank XP_017202, XP_ 027199, AAF63491, XP_
27205, NP_056216, XP_0271 98, XP_007047,
XP_027206, and NP_057680).

Materials and methods

Identification of the human HDAC9 ¢cDNA. A homology search of
the EST database at NCBI (National Center for Biotechnology In-
formation) yielded four positive IMAGE consortium cDNA clones
(GenBank AW382651, AW382677, AA701346, and AA488817), of
which two clones (GenBank AW382651 and AW382677) were ob-
tained from the Reference Center of the German Human Genome
Project (RZPD, Berlin, Germany). Plasmid DNA was prepared ac-
cording to published protocols [21] and its insert sequence was deter-
mined by DNA cycle sequencing.

Identification of BAC genomic clones BAC clones 541010 and
551L10. An arrayed BAC genomic library (BAC human release II,
Incyte Genomics) was screened with clone GenBank NM_014707,
which was shown to contain a fragment covering the 3’ end of the
human HDAC9 cDNA. Blots were washed for 20 min in 2x SSPE
and prehybridized for 1 h at 55 °C in hybridization buffer (Digene,
Beltsville, MD). The HDAC9 cDNA fragment was excised from the
pT7T3D-vector (Pharmacia, Piscataway, NJ) by Notl and EcoRI
digestion, gel-purified and radiolabeled with [o-**P]dCTP (DuPont,
Wilmington, DE) using the Multiprime DNA labeling system
(Amersham, Arlington Heights, IL), denatured, added to the pre-
hybridization buffer, and allowed to hybridize for at least 16 h at

55 °C. Membranes were then washed twice for 20 min in 2x SSPE-
0.1% SDS, twice for 20 min in 0.2x SSPE-0.1% SDS at room
temperature, and once for 1 h at 65 °C in 0.2x SSPE-0.1% SDS.
Autoradiographic exposures with two intensifying screens were
carried out for 1-7 days at —70 °C. Two clones, which were iden-
tified as BAC clones 541010 and 551L10, were found to be positive.
These clones had an insert of approximately 120 kb and were shown
to contain the human HDAC9 genomic sequence. Bac-DNA was
prepared from clones 541010 and 551L10 according to published
protocols [21].

Instrumental methods. Dye terminator cycle sequencing was per-
formed using the ABI PRISM BigDye Terminator Cycle Sequencing
Ready Reaction Kit with AmpliTaq DNA polymerase (Perkin—Elmer,
Branchburg, NJ) and analyzed with an ABI PRISM 310 Genetic An-
alyzer which utilizes the four-color, single-lane sequencing chemistry.

PCR methods. The HDACY9 sequence was determined by primer
walking on both strands using a direct sequencing strategy. Sequencing
reactions were performed using 0.6 pg cDNA and 20-30 mer oli-
gonucleotide primers (GENSET, La Jolla, CA). Sequencing reactions
were set up in a volume of 20 pl containing 10 pmol of the sequencing
primer, 4 ul BigDye Terminator Cycle Sequencing Ready Reaction
Mix (Perkin-Elmer, Norwalk, CT), DNA as indicated, and ddH,O
added up to a final volume of 20 pl. The thermal cycling profile for the
sequencing of the cDNA-clones was as follows: denaturation at 95 °C
for 30 s, annealing at 50 °C for 15 s, extension at 60 °C for 4 min (25
cycles), and storage at 4 °C.

Sequence analysis and computer database searches. DNA sequence
analysis was performed using the MacVector program (Oxford
Molecular Group PLC). Computer-aided chromosomal mapping
was carried out online using the Genome Database (GDB), hosted
by The Hospital for Sick Children Toronto (Ontario, Canada) and
the UniGene and LocusLink programs at the National Center for
Biotechnology Information (NCBI). Sequence comparisons were
done with the BLAST algorithm of the GenBank and EMBL data-
bases [22]. Protein similarity scores were calculated with the
CLUSTAL W Multiple Alignment Program Version 1.7 [23]. Pro-
tein motifs were identified online at the ExPASy (Expert Protein
Analysis System) proteomics server of the Swiss Institute of Bioin-
formatics (SIB) with the PROSITE program and double-checked
using the MotifFinder software hosted by the GenomeNet WWW
server at Institute for Chemical Research, Kyoto University (Japan),
but still remain to be experimentally confirmed. Motifs in unaligned
multiple sequences were identified with the MEME software on the
HUSAR server hosted by the Biocomputing Service Group at the
German Cancer Research Center (DKFZ, Heidelberg). Potential
transcription factor binding sites were identified with the
TFSEARCH program [24]. Sequence similarities were calculated
with the GAP software, which considers all possible alignments and
gap positions between two sequences and creates a global alignment
that maximizes the number of matched residues and minimizes the
number and size of gaps on the HUSAR server [25]. Repetitive
elements were identified on the Repeat Masker Server at the Uni-
versity of Washington and CpG elements were found with the CPG
software hosted by the European Bioinformatics Institute (EMBL
outstation).

Phylogenetic analysis. Phylogenetic trees were constructed from
known human HDAC7 and HDACY histone deacetylase sequences,
which were obtained from a protein sequence similarity search with the
human HDAC9 (GenBank NM_014707) protein and nucleotide se-
quences using the BLAST 2.0 program at NCBI database (non-re-
dundant GenBank CDS: translations + PDB + SwissProt + SPupdate
+ PIR). Progressive multiple sequence alignments were performed with
the CLUSTAL W Multiple Alignment Program Version 1.7 [26]. Trees
were calculated and drawn with the CLUSTREE software, which
computes a phylogenetic tree according to the Neighbor-Joining
Method. While vertical numbers along branches represent percentage
values for bootstrap statistical support, horizontal values indicate the
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ccctgttgecttctgatgecttagaattacattttectegetgatttagtttagaaaagagaaaagagettceccatgactagtagattatcacttttgggtttgetecttggaagtgacaagatgetaggatcectettt

ggaatgtaaaatttatctcttatatagaaaggatataaatgtagcaccagagactataaaactctgatactatctactgtactgtatagctgaacgccacaatgtgtctggtaatctattgactatcataaatgcecta
tttctacagaaaagttaggaggtccatatttcgggcaaccaatgtatagctgaatgcagaacagtcatagttgggtactaaccatatatatgatttatccatcaacaggtgecatatgectcagaaattetgtatecat
aagaaatcagactactttcttttccttttgcaagtaaattgaatttagectgagaggctgaggggaaattttcacatataagccacggttttgtgttttgtgttttgttttgtttatagatatagtactaactggat
ggatgcgataaaattcataggtggtactaagatacaataggatttgtgaaatggacaattgtcttgcataaatagcaagtaaaaaatcaagectgtecttcataaaaattttattctggggtgtgettgttttecaa
aagtacctctgctaaatctcctgttagtcctgaaactagaaggcagaaaagcttctagtgctacageccaactgcagtgtagectgagaaacaggcaacaaaaatagaacaccaggattgetgtgegtgggtgaggea
gaaaccacattatgagcaaaagcttccagtattattttagaaccaatacagagctctgtacttctctectetetettccaaaaacacatactacaaaaataaaatgaaatgaaatgtatgtgeatttgecctettag
aattatgattcttaattttttttcttgecttectttctttggaagecgaatcgeccagtatggaaacacagtgtgtaaagcaagcttcgagagaggaaagagttaattggttttaaggecctgegatagagaattatgg
ttggaaagatagaggctggacagctgggtttgectggggtatttttaaatgecattaatgcaggectccaatcactecggecatgettgacctatttttggetcaggecgaccattgttectatttectgtgectgtgggeca

GATA

tgctgttgttgattcatatgcaaatggattatcactcgectttageccaacttgagectgagagagactgagaaagggggaagagaggcacagacacagataggagaagggcaccggctggageccacttgecaggactgag

ggtttttgcaacaaaaccctagecagectgaagaactctaagecaggtttaattggtttetttttetegtgggtagacttaataattttctacgtattectgacaaagaaataaccccgaagcacgttectatttecca

GATA-2

cctgcttgtagtttcegggataacctaaactccagagagctatagcatccactectgtectttctgetttgecacacaggttggtaacatgggaaaagtgtccaggtctttttaaaagtggatgeccatttgagcagaa

aggaaatcattgtcgaagttgatcctectgetgettetectcagggaggagggagaaccagcgagggtagetecctggggecggtgecactgagecagtgatgaatgtttcatgtagetgaagtaagagtgactggaatat
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H
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I S S 88,956 bp V D v K S E A P v G L E P I S P L D L

CAC AGT ATG ATC AGC TCA G ..Intron l.. TG GAT GTG AAG TCA GAA GTT CCT GTG GGC CTG GAG CCC ATC TCA CCT TTA GAC CTA AGG

M

M P

v v D P v v R E K Q L Q Q E L L L I Q Q Q Q Q I Q

ATG ATG CCC GTG GTG GAC CCT GTT GTC CGT GAG AAG CAA TTG CAG CAG GAA TTA CTT CTT ATC CAG CAG CAG CAA CAA ATC CAG AAG

E

FoQ

K Q H E N L T R Q H Q A Q L Q E H I K 4,822 bp E L L

GAG TTT CAG AAA CAG CAT GAG AAC TTG ACA CGG CAG CAC CAG GCT CAG CTT CAG GAG CAT ATC AAG ..Intron 2.. GAA CTT CTA

E

L L

E K E Q K L E Q Q R Q E Q E v E R H R R E Q Q L P

GAA CTC CTA GAA AAG GAG CAG AAA CTG GAG CAG CAG AGG CAA GAA CAG GAA GTA GAG AGG CAT CGC AGA GAA CAG CAG CTT CCT

R

G

R

E 1,029 bp R A v A S T E v K Q K L Q E F L L S K S

AGA GGA CGA GAA A ..Intron 3.. GG GCA GTG GCA AGT ACA GAA GTA AAG CAG AAG CTT CAA GAG TTC CTA CTG AGT AAA TCA

T

N G

K N H S v S R H P K L w Y T 2,265 bp A A H H T S L D

ACT AAT GGA AAA AAT CAT TCC GTG AGC CGC CAT CCC AAG CTC TGG TAC AC ..Intron 4.. G GCT GCC CAC CAC ACA TCA TTG GAT
S P S Y K Y T L P G A Q D A K D D F P L R K T 35,320 bp A

S
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CAG GAA
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A S
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0 cC
CAG TGC
13,018
..Intron
0 K
CAG AAG
D S
GAC ACT

TCT CCA TCC TAC AAG TAC ACA TTA CCA GGA GCA CAA GAT GCA AAG GAT GAT TTC CCC CTT CGA AAA ACT G ..Intron 5..

R S R L K Q K v A E R R S S P L L R R K D G N v v

CAA

T

CGG TCC AGG TTA AAA CAG AAA GTG GCA GAG AGG AGA AGC AGC CCC TTA CTC AGG CGG AAG GAT GGA AAT GTT GTC ACT

v T 5,145 bp E S S v S S S S P G S G P S S P N N G P

T

GTG ACA G ..Intron 6.. AA TCC TCA GTC AGT AGC AGT TCT CCA GGC TCT GGT CCC AGT TCA CCA AAC AAT GGG CCA ACT

S v L P P T P H A E 9,928 bp Q M v S Q Q R I L I H E
TCG GTT TTG CCC CCT ACC CCT CAT GCC GAG ..Intron 7.. CAA ATG GTT TCA CAG CAA CGC ATT CTA ATT CAT GAA
T S P S L P N I T L G L P A A P S Q L N 2,291 bp A S

ACC TCT CCT TCT TTG CCC AAC ATT ACC TTG GGG CTT CCC GCA GTG CCA TCC CAG CTC AA
E T Q T L R Q G v P L P G Q Y G G S I P A S S S H
GAG ACG CAG ACG CTT AGG CAA GGT GTT CCT CTG CCT GGG CAG TAT GGA GGC AGC ATC CCG GCA TCT TCC AGC CAC
P N S S H Q A L L Q H L L L K E Q M R Q Q K L L v
CCC AAC AGC AGC CAC CAG GCT CTC CTG CAG CAT TTA TTA TTG AAA GAA CAA ATG CGA CAG CAA AAG CTT CTT GTA
H P Q S P L A T K E R I S P G I R G T H K L P R H

D
GAT
N

T ..Intron 8.. GCT TCG AAT

P
CcCcT
A
GCT
R

CAT CCT CAG TCT CCC TTG GCA ACA AAA GAG AGA ATT TCA CCT GGC ATT AGA GGT ACC CAC AAA TTG CCC CGT CAC AGA

P L P Q S T L A Q L v I Q Q Q H Q Q F L E K Q K Q
CCT TTG CCT CAG AGC ACG TTG GCT CAG CTG GTC ATT CAA CAG CAA CAC CAG CAA TTC TTG GAG AAG CAG AAG CAA
17,529 bp L L S K S I E Q L K Q P G S H L E E A E E E
..Intron 10.. CTG CTT TCG AAA TCT ATT GAA CAA CTG AAG CAA CCA GGC AGT CAC CTT GAG GAA GCA GAG GAA GAG
D R A P S S G N S T R S D S S A C v D D T L G Q v
GAC AGA GCG CCC TCT AGT GGC AAC AGC ACT AGG AGC GAC AGC AGT GCT TGT GTG GAT GAC ACA CTG GGA CAA GTT
v D S D E D A Q I Q E M E S G E Q A A F M Q Q 61,103
GTG GAC AGT GAT GAA GAT GCT CAG ATC CAG GAA ATG GAA TCT GGG GAG CAG GCT GCT TTT ATG CAA CAG ..Intron
R A L S v R Q A P L A A v G M D G L E K H R L v S

Y
TAC
L
CTT
G
[elele]
bp
11..
R

CGT GCG CTC TCT GTG CGC CAA GCT CCG CTG GCT GCG GTT GGC ATG GAT GGA TTA GAG AAA CAC CGT CTC GTC TCC AGG

v L P H P A M D R P L Q P G S A T 21,247 bp G I A Y
GTT TTA CCT CAC CCA GCA ATG GAC CGC CCC CTC CAG CCT GGC TCT GCA ACT G ..Intron 12.. GA ATT GCC TAT
v C G N S T T H P E H A G R I Q S I W S R L Q E T
GTT TGT GGC AAT TCC ACC ACC CAC CCT GAG CAT GCT GGA CGA ATA CAG AGT ATC TGG TCA CGA CTG CAA GAA ACT
bp R I Q G R K A S L E E I Q L v H S E H H S L L Y
13.. CGA ATT CAA GGT CGA AAA GCC AGC CTG GAG GAA ATA CAG CTT GTT CAT TCT GAA CAT CAC TCA CTG TTG TAT
L D P R I L 4,828 bp G D D S Q K F F S S L P C G G

L
CTG GAC CCC AGG ATA CTC CTA G ..Intron 14.. GT GAT GAC TCT CAA AAG TTT TTT TCC TCA TTA CCT TGT GGT GGA CTT GGG

D T I W N E L H S S G A A R M A v G C v I E L A S

D
GAC
G
GGG
G
GGC

L

K

GAC ACC ATT TGG AAT GAG CTA CAC TCG TCC GGT GCT GCA CGC ATG GCT GTT GGC TGT GTC ATC GAG CTG GCT TCC AAA

K 35,708 bp N G F A v v R P P G H H A E E S T A M 244 bp
AAG ..Intron 16.. AAT GGG TTT GCT GTT GTG AGG CCC CCT GGC CAT CAC GCT GAA GAA TCC ACA GCC AT ..Intron 17.. G

v A
GTT GCA
Q Q
CAG CAG

\4

..Intron 19.. GTT
38,480 bp T I v K P \ A K E F D P D M v L v S A G F D A
.Intron 20.. G ACC ATC GTG AAG CCT GTG GCC AAA GAG TTT GAT CCA GAC ATG GTC TTA GTA TCT GCT GGA TTT GAT GCA

F
TTC
P

R
AG
P

L G

I T A K Y L R D Q L N I S K I L I v D L 5,918 bp D
ATT ACC GCC AAA TAC TTG AGA GAC CAA CTA AAT ATA AGC AAG ATA TTG ATT GTA GAT CTG ..Intron 18.. GAT
A F Y A D P S I L Y I S L H R Y D E G N F F P G S
GCC TTT TAT GCT GAC CCC AGC ATC CTG TAC ATT TCA CTC CAT CGC TAT GAT GAA GGG AAC TTT TTC CCT GGC AGT
G T G L G E G Y N I N I A w T G G L D P P M G D v
GGA ACA GGC CTT GGA GAA GGG TAC AAT ATA AAT ATT GCC TGG ACA GGT GGC CTT GAT CCT CCC ATG GGA GAT GTT

G Y K v T A K 61,212 bp C F G H L T K Q L M T L A D

CCT CCT CTA GGA GGG TAC AAA GTG ACG GCA AARA T .Intron 21.. GT TTT GGT CAT TTG ACG AAG CAA TTG ATG ACA TTG GCT GAT
G H D L T A I C D A S E A C v N A L L G N E 18,203 bp
GCT CTA GAA GGA GGA CAT GAT CTC ACA GCC ATC TGT GAT GCA TCA GAA GCC TGT GTA AAT GCC CTT CTA GGA AAT GAG ..Intron 22

A

A

L

E

E G

D I

L H Q S P N M N A v I S L Q K I I E I Q S M S L K

GCA GAA GAT ATT CTC CAC CAA AGC CCG AAT ATG AAT GCT GTT ATT TCT TTA CAG AAG ATC ATT GAA ATT CAA AGT ATG TCT TTA AAG

Fig. 1. The complete sequence of HDAC9 cDNA together with the predicted amino acid sequence is shown with the location of each intron with
respect to the cDNA sequence. The HDAC9 cDNA has an open reading frame of 3036 bp, which yields a 1011 aa protein. Approximately 2 kb of the
5" upstream promoter region is indicated in small letters. Putative transcription factor binding sites are underlined. The translational start (ATG) and

stop codons (TGA) are bold and underlined.

percent divergence figures between two pairs of sequences, which are
used by the Neighbor-Joining Method to graphically display the
phylogenetic tree [27] (Fig. 5).
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G ..Intron 9..

N
AAC
Q
CAG
D
GAC
K

cce

R
AGG

ATA

CAA

GAA
S
TCC
L
CTG
K
ARA
L
CTG

26,189 bp
..Intron

A
GCC
C
TGC
H
CAT
P
CCA
L
CTT
G
GGC
v
GTG
E
GAG

*

TAA

S
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F
TTT
G
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N
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T
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Chromosomal localization of clone BAC clones 541010 and 551L10
by fluorescence in situ hybridization (FISH). FISH analysis with BAC
clones 541010 and 551L10 was performed according to previously
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published protocols [28]. For chromosome identification the procedure
was repeated with the same hybridization mix containing an additional
pl of a chromosome 7 centromeric probe (CEP7, Vysis, Bergisch
Gladbach, Germany).

Results

Identification and cloning of ¢cDNAs encoding human
HDAC9

Homology searches of the dbEST at NCBI (National
Center for Biotechnology Information) [22] using the
4238 bp human HDAC9 cDNA sequence (GenBank
NM_014707) yielded four positive IMAGE consortium
cDNA clones (GenBank AW382651, AW382677,
AA701346, and AA488817), of which two clones (Gen-
Bank AW382651 and AW382677) were obtained from the
Reference Center of the German Human Genome Project
(RZPD, Berlin, Germany). The authenticity of their in-
sert was confirmed by DNA cycle sequencing (Fig. 1).
Amino acid sequence alignments of human class II

HDACSs, which were calculated with the CLUSTAL W
Multiple Alignment algorithm, identified several trun-
cated isoforms of human HDAC9, which have been de-
posited at GenBank XP_004963, NP_055522, XP_0569
45, XP_056946, and AAF04254 and which have been
misleadingly named HDAC7B (Fig. 2), and which are
clearly distinct from the sequences, which have been de-
posited at GenBank for HDAC7A (GenBank XP_0172
02, XP_027199, AAF63491, XP_27205, NP_056216,
XP_027198, XP_007047, XP_027206, and NP_057680)
both at the DNA and the protein levels.

Identification of BAC genomic clones BAC clones 541010
and 551L10

An arrayed BAC genomic library (Genome Systems)
was screened with an [0->?P]JdCTP-radiolabeled ~1000
bp fragment of the 3’ human HDACY9 cDNA sequence
(GenBank NM_014707) by hybridization at high strin-
gency [19]. Two clones with an average insert size of 120
kb were found to be positive, identified as BAC clones
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Fig. 2. Genomic organization of the human HDAC9 gene. The genomic organization of the HDAC9 gene, which includes the relative position of
exons and introns, is shown. The relative positions of overlapping STS markers and the histone deacetylase family domain are also indicated.
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541010 and 551L10, and confirmed to contain the
HDAC9 genomic clone both by Southern blot hybrid-
ization and cycle sequencing. BAC clones 541010 and
551L10 were then used as a probe for fluorescence in situ
hybridization studies and for the determination of the
genomic organization of HDACY (Fig. 4).

HDACY is a single-copy gene

Hybridization screening of an arrayed human ge-
nomic DNA library using a HDAC9 cDNA fragment
as the probe yielded two positive clones (BAC clones
541010 and 551L10) with an insert size of approxi-
mately 120 kb in the 7.4 kb vector pBeloBAC 11. Both
partial sequencing and results obtained by electronic
PCR of these two clones identified a series of STS
markers (STS-N24887, SHGC-133016, SHGC-60164,
AFM218ZB2, ps701055, sWSS1911, N31605, D7S638,
SHGC-1886, SHGC-82969, D7S2532, sWSS2954,
SHGC-102869, SHGC-102884, SHGC-87084) (Fig. 4)
to overlap with the genomic sequence of human
HDACY9, which allowed the orientation of the tran-
scriptional unit with its 5 extremity being telomeric
with regard to its 3’ extremity. These data, together
with the results obtained from fluorescence in situ hy-
bridization studies, which revealed one single site of
hybridization on human metaphase chromosomes, in-
dicate that HDAC9 is present in the genome as a sin-
gle-copy gene (Fig. 4).

Table 1
Exon/intron splice-junctions of the human HDACY gene

Characterization of the structure of the human HDAC9
genomic locus

Partial sequencing of BAC clones 541010 and 551L10
helped us to identify clone RP11-273F8 (GenBank
NT_007918) with the BLAST algorithm. This clone was
fully sequenced by the Washington University, Genome
Sequencing Center and contained the complete HDAC9
genomic sequence, which we have then used for the
determination of HDACY9 introns and exon/intron
boundaries (Table 1). Human HDACY spans a region of
~458 kb. Determination of the exon-intron splice-
junctions established that the gene is encoded by 23
exons ranging in size from 22 bp (exon 1) to 264 bp
(exon 11). A series of STS markers has been identified,
of which D7S1990 is located ~7 kb upstream of the 5’
extremity of the HDAC9 ATG start codon. STS-marker
N24887 is located within intron 1, upstream of the
overlapping markers SHGC-133016 and SHGC-60164,
which are also situated within intron 1. AFM218ZB2
has been found within exon 4 and ps701055 has been
identified within intron 5, sSWSS1911 has also been tar-
geted to intron 5, but a little more distally. Marker
N31605 was mapped to intron 11 and the overlapping
markers D7S638 and SHGC-1886 were localized within
intron 12. SHGC-82969 is also located within intron 12,
but more distally than the other two markers. D7S2532
has been identified within intron 15 and sWSS2954
within intron 20. SHGC-102869 and SHGC-102884

Exon no. Exon size 5" Splice donor Intron no. Intron size 3’ Splice acceptor
1 22 ATCAGCTCAGgtaagatcctct 1 88.956 ctggttctttagTGGATGTGAA
2 242 GCATATCAAGgtagcaaatgct 2 4.822 aagttgcaacagGAACTTCTAG
3 142 GGACGAGAAAgtaagaggcacc 3 1.029 tgtgtatttcagGGGCAGTGGC
4 127 TCTGGTACACgtatgttcagtg 4 2.265 tgtcttttctagGGCTGCCCAC
5 122 CGAAAAACTGgtaagttggttt 5 35.320 ctcaatccccagCCTCTGAGCC
6 132 GAGGTGACAGgtaattgaggac 6 5.145 aatatttttcagAATCCTCAGT
7 116 TCATGCCGAGgtaagaccctta 7 9.928 tttttttaacagCAAATGGTTT
8 123 CCAGCTCAATgtaagtcattge 8 2.991 ttctcaacacagGCTTCGAATT
9 214 CTTGTAGCTGgtaattcattat 9 467 tttttttttcagGTGGAGTTCC
10 218 CATGAACAAAGgtaagcctccaa 10 17.529 actctcttctagCTGCTTTCGA
11 264 TATGCAACAGgtaataggcaaa 11 61.103 tettggeaacagCCTTTCCTGG
12 178 TCTGCAACTGgtaggaatccct 12 21.247 cttgtcttaaagGAATTGCCTA
13 134 TAAATGTGAGgtaatccagaat 13 13.018 attttcttgcagCGAATTCAAG
14 121 ATACTCCTAGgtctgtacggge 14 4.828 cttactgtatagGTGATGACTC
15 50 TGGACTTGGGgtaagtacaagt 15 26.189 ctgtttgctcagGTGGACAGTG
16 108 AGAGCTGAAGgtgaggtccggg 16 35.708 ttgttttcacagAATGGGTTTG
17 56 CCACAGCCATgtaagtaccagg 17 244 tctattccgcagGGGGTTCTGC
18 88 TGTAGATCTGgtatgtattcct 18 5918 atttcectgtagGATGTTCACC
19 120 CCCAAATGAGgttcggtttatt 19 313 ttctcttcccagGTTGGAACAG
20 98 AAGCATTCAGgttggtacttct 20 38.480 tttactgtgcagGACCATCGTG
21 119 ACGGCAAAATgtaagtacctct 21 61.212 gtattatggtagGTTTTGGTCA
22 134 AGGAAATGAGgtaaaaaagtaa 22 18.203 ctattcttgcagCTGGAGCCAC
23 108

Exon sequences are given in uppercase letters and intron sequences are given in lowercase letters. The sizes of the single exons and introns are
indicated. Consensus splice donor and splice acceptor sequences are given in bold and are underlined.
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have also been found to overlap within intron 21 and
finally SHGC-87084 has been found within exon 23, the
last exon of human HDACY (Fig. 2). Characterization
of ~2 kb of the 5 upstream promoter region failed to
identify any CpG elements. Additionally, the human
HDAC9 promoter lacks both the canonical TATA and
CCAAT boxes, which could be an indication that
HDAC9 may be a housekeeping gene. Several putative
optimal transcription factor binding sites have been
identified, however, their biological relevance awaits still
to be investigated experimentally (Fig. 1). Translational
stop codons in all reading frames precede the human
HDAC9 open reading frame. The human HDACY
mRNA encodes a 1011 aa protein with a predictive
molecular weight of 111.3 kDa and an isoelectric point
of 6.41. The predictive HDACY histone deacetylase
domain is encoded by exons 12-22 and is highly con-

1
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187

served within the category of mammalian class II
HDACGC:s (Fig. 2 and 3).

HDACY is localized in the 7p21 region

The chromosomal localization of human HDAC9
was determined by FISH using BAC clones 541010 and
551L10 as a probe. Hybridization signals were visualized
on the short arm of chromosome 7 in the p21 region
with no secondary sites of hybridization. Human
HDACY is located within the chromosomal interval
D7S1990 and SHGC-87084 (position of interval: 29.6
cM from the top of chromosome 7—this position has
been determined for marker N31605 with the genemap
software at NCBI [http://www.ncbi.nlm.nih.gov/gene-
map/]) (Fig. 4).
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Fig. 3. Amino acid sequence alignment of human class Il HDACs. Accession numbers of the sequences used in this alignment: HDAC4 (GenBank
AAD29046), HDACS (GenBank AAD29047), HDACG6 (GenBank AAD29048), HDAC7 (GenBank AAF04254), HDAC9 (GenBank AAK66821),
and HDACI10 (GenBank AAL30513). ClustalW Colors mark similarities in Protein sequences. Bright grey/black letters: All amino acids of a column
are identical. Dark grey/black letters: More than half of the amino acids of a column are identical or belong to one of the strong groups (amino acids
with strong similarities). Black/white letters: More than half of the amino acids of a column belong to one of the weak groups (amino acids with weak
similarities).
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Fig. 3. (continued)

Phylogenetic analysis

We have screened the expressed sequence tag da-
tabase (NCBI) with the human HDAC9 protein sequence
(GenBank AAK66821) and identified a number of re-
lated human HDACs, which may be divided into three
classes of proteins depending on their similarity to the
corresponding yeast ancestor proteins RPD3, HDAI,
and SIR2. A consensus evolutionary tree was con-
structed after bootstrapping on the basis of an align-
ment of human HDACY related proteins as outlined
under Materials and methods (Fig. 5, Table 2). Class |
HDACs are homologs of the yeast RPD3 (GenBank
P32561) protein and include the human histone deacet-
ylase enzymes HDACI (GenBank Q13547), HDAC2
(GenBank Q92769), HDAC3 (GenBank O15379), and
HDACS8 (GenBank AAF73428). Class II HDACs are
descendants of yeast HDA1 (GenBank P53073) and
comprise HDAC4 (GenBank AAD29046), HDACS
(GenBank AAD29047), HDAC6 (GenBank AAD29048),
HDAC7 (GenBank AAF04254), HDACY9 (GenBank
AAK66821), and HDAC10 (GenBank AAL30513). Fi-

nally, class III HDACs, which consist of the human
proteins SIRT1 (GenBank AADA40849), SIRT2 (Gen-
Bank AAD40850), SIRT3 (GenBank AAD40851),SIRT4
(GenBank AAD40852), SIRTS (GenBank AAD40853),
SIRT6 (GenBank AAF43432), and SIRT7 (GenBank
AAF43431) are orthologs of the yeast protein SIR2
(GenBank CAA25667) (Fig. 5).

Discussion

Modifiers of chromatin structure are gaining in-
creasing attention as potential targets in the treatment of
cancer. HAT and HDAC enzymatic activities are known
to be involved both in the pathogenesis as well as in the
suppression of cancer. Some of the genes encoding these
enzymes have been shown to be rearranged in the con-
text of chromosomal translocations in human acute
leukemias and solid tumors, where fusions of regulatory
and coding regions of a variety of transcription factor
genes result in completely new gene products, which
may interfere with regulatory cascades that control cell
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Fig. 4. Chromosomal mapping of the human HDACY gene. Lower
right panel: Fluorescence in situ hybridization of BAC clone 551L10
(labeled with Texas Red) to human chromosome 7p21. Centromeric
region of chromosome 7 labeled in green. Left panel: Chromosome 7
idiogram according to the International System for Cytogenetic No-
menclature (ISCN 1995), which illustrates the chromosomal position
of BAC clone 551L10 within the interval D7S1990 to SHGC-87084
(position of interval: 29.6 cM from the top of chromosome 7).
Neighboring markers are also indicated. The chromosomal orientation
of HDACY is shown (arrow, upper right panel).

growth and differentiation [29-31]. On the other hand,
some histone acetylation modifying enzymes have been
located within chromosomal regions that are particu-
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Fig. 5. HDAC phylogenetic tree. This tree is based on the human
HDACD9 protein sequence and includes human orthologs of the yeast
RPD3, HDAI1, and SIR2 families of HDACsS.

larly prone to chromosomal breaks. In these cases gains
and losses of chromosomal material may affect the
availability of functionally active HATs and HDAC:S,
which in turn disturbs the tightly controlled equilibrium
of histone acetylation [32].

In the present study, we report the identification,
cloning, and mapping of HDACY9 on the genomic level.
Human HDACY is a single-copy gene that spans a re-
gion of approximately 458 kb. It is composed of 23
exons ranging in size from 22 (exon 1) to 264 bp (exon
11). Characterization of the 5 flanking genomic region
revealed that the human HDAC9 promoter lacks both
the canonical TATA and CCAAT boxes; CpG elements
are missing. The human HDAC9 mRNA encodes a 1011

Table 2
Sequence comparison between human class II HDAC protein sequences
Identity
Similarity Yeast Human Human Human Human Human Human
HDAL HDAC4 HDACS HDAC6 HDAC7 HDAC9 HDACI10
Yeast HDA1 37 36 32 36 34 38
Human HDAC4 46 63 36 54 58 37
Human HDACS 47 69 34 54 58 34
Human HDAC6 41 45 42 25 41 52
Human HDAC7 36 60 59 31 44 51
Human HDAC9 51 71 71 56 55 36
Human HDACI10 61 53 53 68 37 53

Numbers to the upper right represent percentages of sequence identity, while numbers to the lower left stand for the percentage of similarity

between two protein sequences.
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aa protein with a predictive molecular weight of 111
kDa and an isoelectric point of 6.41. Fluorescence in situ
hybridization analysis localized the human HDAC9
gene to chromosome 7p2l, a region which has been
associated particularly with the pathogenesis of gyne-
cological tumors. According to promoter analyses the
human HDACY is unlikely to be a housekeeping gene,
since it lacks CpG-rich elements in the promoter and
characteristic binding sites for the zinc-finger transcrip-
tion factor Spl about 300 bp upstream of the 5’ end of
the HDAC9 transcriptional start site [33], even though it
lacks the canonical TATA and CCAAT boxes [34]. The
predictive HDACY histone deacetylase domain is en-
coded by exons 12-22 and is highly conserved within the
category of mammalian class I HDACs. Human
HDACY is located on chromosome 7p21 in a region,
which is characterized by frequent gains and losses of
chromosomal material. While chromosomal gains in the
7p21 region have been observed particularly in primary
colorectal cancer [35], in biliary tract carcinomas [36],
hepatocellular carcinoma [37], non-small cell lung car-
cinoma [38], and sarcomatoid renal cell carcinomas [39],
loss of heterozygosity has been observed in thymic epi-
thelial tumors [40], in sporadic Wilms’ tumor [41], and
ovarian cancer [42], while rearrangements of 7p21 have
been associated with low-grade endometrial stromal
sarcomas [43]. In view of the fact that the steady states
of histone acetylation and deacetylation play a key role
in the regulation of transcription, deletion of HDAC9
would most probably shift the steady state toward
acetylation at the level of specific genes targeted by
HDACY and either upregulate or downregulate tran-
scriptional events [20,31]. Such a dysregulation might
represent a critical event in the multistep pathway
leading to full cellular transformation and malignancy.
Accordingly, the HDACY gene and its product could
play a key role in the pathogenesis of solid tumors.
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