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Alterations in the chromatin structure are preferentially involved in the regulation of
cell functions, including gene expression, in eukaryotes. Three types of mechanisms, by
which the alterations are caused have been reported: (i) variants of histone subtypes,
(ii) chromatin remodeling, and (iii) post-translational modification. This review focuses
mainly on the first and third mechanisms, especially on the acetylation of core histones,
one of the third mechanisms. Using the gene targeting technique for the DT40 chicken B
cell line, we systematically generated a number of mutants, respectively, devoid of par-
ticular genes encoding histones and histone deacetylase(s) (HDACs). Most of the HI and
core histone variants should be involved positively or negatively in the transcription
regulation of particular genes. Of the chicken HDACs (chHDACs), chHDAC-2 controls
the amount of the IgM H-chain at the steps of both transcription and alternative pre-
mRNA processing, and chHDAC-3 is essential for cell viability, whereas chHDAC-1
merely affects gene expression in DT40 cells. These results indicate that HDAC family
members should participate, in combination with one another, and/or histone acetyl-
transferase(s) (HATs), in the acetylation of core histones that regulates gene expression
through alterations in the chromatin structure.

Key words: chromatin structure, DT40 cells, histones, histone-modifying enzymes, tran-
scription regulation.

In eukaryotes genomic DNA is highly organized and pack-
aged into the nucleus (1). The organization and packaging
are achieved through the addition of proteins, including
histones, which form a complex structure, the chromatin,
together with DNA. A typical model for the stratum of the
chromatin structure is as follows. Approximately 146 base
pairs of DNA wrap around a histone octamer, comprising
two molecules each of core histones H2A, H2B, H3, and H4,
to form the basic structural unit of the chromatin, the
nucleosome. Upon the addition of a variable length of
linker DNA (0-80 base pairs) and linker histone HI (in
higher eukaryotes), the nucleosome constitutes the funda-
mental repeating unit of the chromatin, and then the nu-
cleosome arrays are assembled into a higher order chroma-
tin structure, with the assistance of a number of proteins.
DNA folds around nucleosomes to form 10 run fibers that
fold helically into 30 nm chromatin fibers. These 30 run
fibers form loops observed in the prophase chromosome
axis that coils to form the fully condensed metaphase chro-
mosome.

Because histones (H2A, H2B, H3, H4, HI, and/or H5) are
essential for maintenance of the chromatin structure, a
number of each histone subtype must be rapidly accumu-
lated in nuclei prior to the division of cells. To ensure a sup-

1 This work was supported in part by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports and Cul-
ture ofJapan.
2 To whom correspondence should be addressed. Tel: 81-985-85-
3127; Fax: 81-985-85-6503, E-mail: tnakayam@postl.miyazaki-
med.ac.jp.

© 2001 by The Japanese Biochemical Society.

ply of a large amount of every histone subtype, firstly, the
genes encoding them should be present in multiple copies
in most higher eukaryotes, ranging from several dozen to
hundreds, although yeast has two genes for each of the core
histones (2). Secondly, much of the control of the amounts
of histone mRNAs has been reported to be post-transcrip-
tional (3). Thirdly, there is an attractive mechanism, com-
pensatory regulation, by which the mRNA levels of the
histone subtypes are precisely maintained in a stoichiomet-
ric balance. In a Saccharomyces cerevisiae mutant devoid of
one of two H2A/H2B gene pairs, the levels of H2A and H2B
mRNAs derived from the remaining pair increase to com-
pensate for the mutation (4). In homozygous mutant mice
devoid of HI0, other HI genes appear to compensate for the
deficiency (5). Using the gene targeting technique for the
DT40 chicken B cell line, which incorporates foreign DNA
through targeted integration at frequencies similar to those
seen for random integration (6), we systematically gener-
ated a number of homozygous DT40 mutants. In the mu-
tant DT40 cell lines devoid of H3-IV7H3-V and H2B-V, re-
spectively, expression of the remaining nine H3 and seven
H2B genes increased to compensate for the mutations (7,
8). Moreover, in two DT40 mutants devoid of one allele of
the major histone gene cluster of 110 kb carrying 39 of the
44 histone genes and two alleles of an approximately 57 kb
segment of the cluster carrying 21 of the 39 genes (9),
respectively, the mRNA levels of each of gene families HI,
H2A, H2B, H3, and H4 remained constant. As a result, the
amounts of histones H2A, H2B, H3, and H4 (and also HI)
do not change in any of these yeast, mouse, and chicken
mutant cell lines.

In general, the chromatin structure has been thought to
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participate repressively in DNA-utilizing processes, such as
replication, recombination, repair, and gene expression. On
the other hand, alterations in the chromatin structure have
been thought to be preferentially involved in these DNA-
utilizing processes, especially in gene expression. Three
types of mechanisms for alterations in the chromatin struc-
ture have been reported: (i) variants of each histone sub-
type, (ii) chromatin remodeling, and (iii) post-translational
modification. In this review, we mainly give an outline of
each of these three mechanisms.

Histone variants
If the role of HI and core histones is restricted to the

maintenance of the chromatin structure, a unique amino
acid sequence should be sufficient for each histone subtype.
On the contrary, several different variants with amino acid
substitution(s) have been reported for most histone sub-
types (10). For instance, six HI, at least three H2A, four
H2B and at least two H3 variants exist in the chicken, for
which the nucleotide sequences of almost all histone genes
have been determined (11). These observations easily led
us to suppose that the histone variants are involved in reg-
ulation of gene expression, in addition to their vital role in
the chromatin organization. In fact, information coiiceniing
the nature of histone variants as to regulation of gene ex-
pression has accumulated, for example, in the cases of Sac-
charomyces cerevisiae and Drosophila melanogaster (12—
15). In addition, in Xenopus, the overexpression of HI dur-
ing early development selectively inhibits the expression of
the oocyte 5S rRNA gene, with no influence on that of
somatic 5S rRNA genes, but depletion of HI specifically
causes increased expression of the oocyte 5S rRNA gene
(16). Analysis of a macronuclear histone HI knockout Tet-
rahymena thermophila strain revealed not only that linker
HI does not have a major effect on global transcription, but
also that it is required for both the normal basal repression
of a gene (ngoA) in growing cells and the active expression
of another gene (CyP) in starved cells (17). Using the gene
targeting technique, we generated a number of homozygous
DT40 mutants devoid of particular histone genes. Our sys-
tematic analyses involving 2D-PAGE established not only
that the protein patterns remained unchanged in the mu-
tants with no changes in the compositions of any variants
of any histone subtypes, but also that they were definitely
altered in the mutants with changes in the quality of the
HI and/or H2B variants (8, 9,18,19). Thus, most of the HI
and core histone variants should participate positively or
negatively in transcription regulation of particular genes,
probably through alterations in the chromatin structure.

Chromatin remodeling
As mentioned above, the chromatin structure should act

as a transcriptional repressor in vivo because it inhibits the
binding of transactivator proteins to their binding sites. A
first step in gene activation possibly involves alterations in
the chromatin (nucleosome) structure, "remodeling" at ac-
tive promoters and/or enhancers of DNA, which allows
binding of transcription factors. In this chromatin remodel-
ing process, a particular enzymatic activity has been re-
ported to be necessary for transcription regulation. Many
different chromatin-remodeling complexes have been iden-
tified independently with different assays in various organ-
isms, i.e. nucleosome remodeling factor (NURF), chromatin

accessibility complex (CHRAC), and ATP-dependent chro-
matin assembly and remodeling factor (ACF) in Drosophila
melanogaster, SWI/SFF in yeast and mammals, RSC,
ISW1, and ISW2 in yeast, and RSF and WCRF in mam-
mals. They are functionally and biochemically distinct from
each other but ubiquitously exhibit ATPase activity that
disrupts DNA-histone interaction. Detailed insights con-
cerning the chromatin remodeling have been reviewed else-
where (20-22).

Post-translational modifications
Post-translational modifications, such as phosphoryla-

tion, methylation, and acetylation, occur at histone tails
(see later). Topics concerning the former two have been
reviewed elsewhere (23). Here we mainly discuss the poten-
tial functional impact of alterations in the chromatin struc-
ture, based on the acetylation of core histones. The mole-
cules of core histones have been grouped into three types of
motifs (24): (i) histone-fold regions, (ii) diversed extensions,
and (iii) histone tails, which extend outside the nucleosome
core particle. On the other hand, the chemical modification
of core histones with acetyl groups was first proposed more
than 30 years ago to be of fundamental importance as to
transcripticnal activation in eukaryotes (25). Acetylated
core histones were preferentially associated with transcrip-
tionally active chromatin (26). Subsequently, it was estab-
lished that acetylation occurs at conserved Lys residues in
the N-terminal tails of core histones, such as Lys-9 and
Lys-14 of histone H3, and Lys-5, Lys-8, Lys-12, and Lys-16
of histone H4 (23). The positions of acetylation at Lys resi-
dues, with some changes, have remained nearly invariant
throughout eukaryotic evolution.

In the recent few years, knowledge concerning the in-
volvement of acetylation of core histones in the regulation
of gene expression has rapidly accumulated (27, 28). The
chemical modification of core histones has been thought to
be of fundamental importance as to conformational
changes of the chromatin (29). The level of acetylation is
related to transcription activity, and then the acetylation
induces an open chromatin conformation that allows the
transcription machinery access to promoters. This modifica-
tion that reduces how tightly histones associate with DNA
in the chromatin should be precisely controlled with a coop-
erative function of histone acetyltransferase(s) (HATs) and
deacetylase(s) (HDACs).

Histone acetyltransferases (acetylases) (HATs)
A number of HATs, which are quite different in terms of

their enzymatic activity and regulation, have been identi-
fied in the past several years (Table I) (29, 30). The HAT
family is classified into two types, HAT-A and HAT-B, i.e.
the former should be localized in nuclei and involved in the
regulation of gene expression, and the latter should be
localized in the cytoplasm and involved in the acetylation of
newly synthesized core histones (31). As to the latter type,
we have revealed that chicken HAT-1, chHAT-1, binds to a
C-terminal region of approximately 30 amino acids of the
chicken p46 polypeptide (32). In addition, the interaction of
chHAT-1 with the p48 subunit of chicken chromatin assem-
bly factor-1, chCAF-lp48, does not require the proper pro-
peller structure of the latter, based on its WD repeat motifs,
but the leucine zipper motif of chHAT-1 is essential for the
interaction with chCAF-lp48 (33). Interestingly, both yeast
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TABLE I. Substrate specificities and functions of histone acetyltransferases.
Catalytic subunit

HAT1

PCAF

GCN5L
GCN5

ESA1

TIP60
SAS3

p300/CBP
SRC1/ACTR
TAF(II)250
TFIIIC (p90, pllO, p220)
ELP3

Complex
HATl/p46

PCAF complex

STAGA/TFTC
SAGA/ADA

NuA4

TIP60 complex

TFIID
TFIIIC
Elongator

Substrates
H2A/H4

H3/H4 (nucleosomal H3)

H3/H4 (nucleosomal H3)
H3/H4 (nucleosomal H3/H2B)

H2A/H4 (nucleosomal H2A/H4)

H2A/H3/H4
H2A/H3/H4

H2A/H2B/H3/H4
H3/H4
H3/H4
nucleosomal H2A/H3/H4
H2A/H2B/H3/H4

Functions
Acetylates newly synthesized histones

Interacts with CBP/p300 and SCR1/ACTR, and stimulates
transcription in vivo

Can substitute for TFIID in transcription
Interacts with acidic activation domains and TBP

Interacts with acidic activation domains
Essential for viability
Transcriptional regulator
Regulator of silencing in yeast

Global transcriptional regulator
Mediates nuclear receptor-dependent transcription
Subunit of general transcription complex TFIID
Essential for PolII transcription
Transcription elongation

HAT-1 and chHAT-1 are not essential for cell viability.
This review focuses on recent evidence concerning the

HAT-A type. First, Gcn5 was discovered in S. cerevisiae as a
general transcriptional coactivator or adaptor for regula-
tory proteins affecting DNA-binding activator activity (34).
Subsequently, it has been shown to be a component of a
complex containing Ada2 and Ada3 bridging activation do-
mains and the TATA-box binding protein (TBP) component
of the basal transcriptional machinery. Next, unexpectedly,
nuclear HAT enzyme activity in Tetrahymena was reported
to be very similar to that of yeast Gcn5p (35). This finding
was an epoch-making in the field of the regulation of gene
expression through alterations in the chromatin structure.
Many investigations revealed that they are members of the
GCN5-related N-acetyltransferase (GNAT) superfamily
found in all kingdoms of life, and share conserved motifs of
N-acetyltransferase(s) (NATs) in the HAT domain (36, 37).
Subsequently, GNAT-unrelated coactivators, such as a
large cellular protein (p300/CBP) that forms a complex
with certain transcription factors, a p300/CBP-associated
factor (PCAF), and a protein (TAF,,230/250) that is part of
a large transcription factor (TFIID) and ACTR/SRC-1 (acti-
vator of retinoid receptors), have been found to possess the
ability to acetylate core histones (38-41).

Moreover, SAS2 has been reported to be one of the SAS-
like genes known as the MYST family and to be involved in
the regulation of transcription silencing in yeast (42).
SAS3, a homolog of SAS2, has also been found to possess
HAT activity and to require a zinc finger motif for its activ-
ity (43). MOZ was isolated as a chimeric gene fused to CBP
through chromosomal translocation in an acute leukemia
case (44). MOF was identified as the gene necessary for
male-specific hypertranscription and X-linked dosage com-
pensation in Drosophila (45). TIP60 was isolated as a gene
encoding an HTV-1-Tat interactive protein (46).

These HATs exhibit somewhat different substrate speci-
ficities from assay to assay (Table I) (23, 47,48). When free
core histones are used as substrates, p300/CBP can acety-
late all core histones (H2A, H2B, H3, and H4), and TIP60
can acetylate H2A, H3, and H4, whereas all of Gcn5, PCAF,
TAFII250, and SRC-1/ACTR can only add acetyl groups to
core histones H3 and H4, and HAT-1 can acetylate histones
H2A and H4. In addition, Gcn5/ADA complexes show dis-
tinct specificities, i.e. they can acetylate histones H3 and
H2B. On the other hand, interestingly, when nucleosomal
core histones are used as acetylation targets, the substrate

specificities of the enzymes are slightly distinct. For in-
stance, SAGA and ADA complexes can acetylate histones
H3 and H2B, and PCAF can only add acetyl groups to his-
tone H3, although p300/CBP and SRC-1/ACRT cause no
changes, i.e. the former can add acetyl groups to all of core
histones H3, H4, H2A, and H2B, and the latter to histones
H3 and H4. Provocatively, recent observations indicate that
HATs are capable of acetylating non-histone substrates,
including several interesting transcription factors, such as
tumor suppressor and DNA-binding activator p53, and two
basal transcription factors, TFIIE and TFIIF. On reflection,
most members of the HAT family were originally found to
have distinct, particular functions. Almost all true connec-
tions between their physiological roles and HAT activities
are still open to question.

Histone deacetylase(s) (HDACs)
A number of HDAC family members have been identified

in the past several years (Fig. 1). Prior to a breakthrough in
the connection between deacetylation of acetylated histones
and transcription regulation (49), a number of reagents,
including trichostatin A (TSA), trapoxin and sodium buty-
rate, were known to cause hyperacetylation of histones for
about 20 years. The former two are effective as to hyper-
acetylation at a nanomolar concentration, indicating that
they are specific inhibitors of the HDAC activity, whereas
the effective concentration of the latter was of the millimo-
lar level (50). TSA or trapoxin appeared to reversibly or
irreversibly inhibit the HDAC activity. Also, it is known
that yeast transcriptional corepressors Sin3 and Rpd3 neg-
atively regulate the global expression of genes (51).

Using an affinity column of trapoxin, cDNA encoding
human HDAC-1 was cloned, and its deduced amino acid
sequence exhibited extensive similarity to that of yeast
Rpd3 (49). Following this epoch-making discovery, knowl-
edge concerning the participation of HDACs in the regula-
tion of gene expression has rapidly accumulated (27, 28,
52). Transcriptional repression by Mad-Max heterodimers
requires interaction of Mad with mSin3, the mammalian
homolog of Sin3 (53-55). Corepressor mSin3 exists in a
complex with HDAC-1 and 2 (56). Both the Mad repression
and HDAC activity of the mSin3 immunocomplexes are
abolished by TSA. Transcriptional corepressors SMRT and
N-CoR act as silencing mediators for retinoid and thyroid
hormone receptors (57-59). Transcriptional repression by
nuclear receptors is mediated by a complex containing
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SMRT or N-CoR, mSin3 and HDAC. Mammalian HDAC-1
and 2 have been reported to be recruited by the retinoblas-
toma protein (Rb) to repress transcription (60, 61). In par-
allel, methylation of CpG islands has long been thought to
be linked to gene silencing, and then Mecp2, a protein that

specifically binds to methylated CpG, was reported to par-
ticipate in CpG silencing. Recent findings revealed that
Mecp2 recruits HDACs and Sin3 to repress gene expres-
sion (62, 63). Thus, HDACs are involved in transcription
repression through methylation of CpG islands, and de-

Class I

Class II

HDAC1

HDAC2

HDAC3

HDAC8

HDAC4 (

_ HDAC6

Rb, YY1, Groucho, ATM, Topo II, etc.

Mi2 complex

•MDB2

MeCP1

Mi2
MTA1 MTA2

MDB3
RbAp48 RbAp46

Sin3 complex

SAP30 SAP18 ,

RbAp48 RbAp46j

i

MEF2

-MeCP2

Fig. 1. Classification of histone deacetylases. The HDAC family members are grouped into classes I and II. Arrows indicate their inter-
actions with proteins or their involvement in complexes that are discussed in the text.

Repress cleava
AAAAAAAAA

AAAAAAAAA

Repress
transcription

pre-mRNA

IgM H-chain gene

AAAAAAAAA

Release
transcriptional
repression pre-mRNA

IgM H-chain gene
Fig. 2. A model for a key role of chH-
DAC-2 in the control of the amount of
the IgM H-chain.
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acetylation of acetylated histones is a common mode of
repression.

Interestingly, most DNA sequences in which HDAC com-
plexes assemble should be involved in opposite functions in
the regulation of gene expression. For instance, E2F acti-
vates transcription in part by recruiting a p300/CBP com-
plex, when it binds to an E2F site (64). Conversely, when
Eb is activated, it binds to E2F and then recruits HDAC to
repress transcription. On the other hand, Rb does not ap-
pear to require the HDAC activity to inactivate E2F in the
in vitro transcription assay (65). Thus, these DNA se-
quences participate as enhancers or silencers, depending on
whether the HAT complex or HDAC complex is assembled
on them.

Another type of HDACs, which exhibits a low sequence
homology to Rpd3, has also been identified in a variety of
eukaryotes, and therefore multiple forms of HDACs exist,
there being at least eight HDACs (Fig. 1) (66). These
HDAC family members are divided into two classes, I and
II. Class I of the HDAC family comprises four members,
HDAC-1, 2, 3, and 8, each of which contains a deacetylase
domain exhibiting from 45 to 93% identity in amino acid
sequence. Interestingly, both the Rb-binding motif and the
basic region are present within the C-terminal regions of
HDAC-1 and 2, but not within those of HDAC-3 and 8.
Class II of the HDAC family comprises HDAC-4, 5, 6, and
7, the molecular weights of which are all about twofold
larger than those of the class I members, and the deacety-
lase domains are present within the C-terminal regions,
except that HDAC-6 contains two copies of the domain, one
within each of the N-terminal and C-terminal regions.
Compared with the deacetylase domain of HDAC-4, which
shows about 37% identity to HDAC-1 (class I), the domains
of HDAC-5, 7, and 6 exhibit 52 to 90% identity. In addition,
Glu-rich regions are present upstream of the deacetylase
domains of HDAC-4 and 5, and in the middle of the two
deacetylase domains of HDAC-6, but not in HDAC-7.

Although the deacetylase activity of the three human
HDACs has been examined with free histones and nucleo-
somes as substrates in vitro, no apparent difference in sub-
strate specificity has been reported among them, i.e. the
human HDACs deacetylated all four acetylated core his-
tone subtypes. Human HDAC-1, 2 and 3 were expressed in
various tissues, but the others (HDAC-4, 5, 6, and 7) show-
ed tissue-specific expression patterns (66). These results
suggested that each member of the HDAC family exhibits a
different, individual substrate specificity and function in
vivo, when core histones packaged into nucleosomes are
targeted as substrates. Also, this led us to expect that
HDAC family members play individual, particular roles in
vivo, and then participate, in combination with one another,
and/or with HAT family members, in the acetylation of core
histones. To understand the overall picture of transcription
regulation, through alterations in the chromatin structure
based on the acetylation of core histones, it is essential to
determine the role of each of the multiple HDACs, like
HATs, in vivo.

Characteristics of chicken HDACs
We have cloned cDNAs encoding the three chicken

HDACs, chHDAC-1, 2, and 3, respectively, which comprise
480, 488, and 428 amino acids, and exhibit 93.8, 97.1, and
97.0% identity to human HDAC-1, 2, and 3, respectively

(67, 68). The consensus sequence for the Rb-binding motif,
which is conserved in Xenopus to human HDACs, is located
in the C-terminal regions of chHDAC-1 and 2. A consider-
able difference was observed in the C-terminal sequences of
approximately 50 amino acids of these two enzymes. Com-
pared with chHDAC-1 and 2, chHDAC-3 lacks 6-7 amino
acids and approximately 50-60 amino acids at its N-termi-
nal and C-terminal ends, respectively. In addition, chH-
DAC-3 is noticeably different from the other two in the N-
terminal region of approximately 140 amino acids and the
C-terminal region of approximately 100 amino acids. Inter-
estingly, a typical nuclear export signal (NES) is present at
positions 29-41 of chHDAC-3, and is somewhat different in
the corresponding regions of chHDAC-1 and 2. Several
other polypeptides were co-precipitated with the anti-chH-
DAC-1 or 2 antiserum, but no other polypeptides were co-
precipitated with the anti-chHDAC-3 antiserum. chHDAC-
3 was localized in both nuclei and the cytoplasm, although
chHDAC-1 and 2 were preferentially localized in nuclei.
These results should agree with that a typical NES is local-
ized in chHDAC-3, but not in chHDAC-1 or 2.

Generation of homozygous chHDAC-1— and 2-defi-
cient mutants, and the conditional chHDAC-3-defi-
cient mutant

We sequentially transfected DT40 cells with the pchH-
DAC-1/neo and pchHDAC-1/hisD constructs, and generated
c/i#Z)AC-i-deficient mutants. To generate chHDAC-2-defi-
cient mutants, the pchHDAC-2/neo and pchHDAC-2/hisD
constructs were sequentially introduced into DT40 cells
(67). The levels of chHDAC-1 mRNAs in the heterozygous
l/2AchHDAC-l mutant were about 50% those in DT40
cells. In the homozygous AchHDAC-1 mutant, no chHDAC-
1 mRNAs were detected. On the other hand, the levels of
chHDAC-2 mRNAs in the heterozygous l/2AchHDAC-2
mutant were about 90%, indicating that the chHDAC-2
gene should have the ability to compensate for the disrup-
tion of one allele of the gene. No transcript of chHDAC-2
was detected in the homozygous AchHDAC-2 mutant.

We introduced the pAchHD-3/neo construct into DT40
cells, and could easily generate heterozygous chHDAC-3-
deficient mutants. However, all attempts to obtain a homo-
zygous c/i/TOAC-3-deficient mutant were unsuccessful,
suggesting that the disruption of both alleles of chHDAC-3
was lethal. The heterozygous mutant (l/2AchHDAC-3) was
transfected with the tet-responsive chHDAC-3 expression
vector, and then l/2AchHDAC-3/FHDAC3 clones carrying
the construct bearing the FLAG sequence integrated ran-
domly on the chromosomes were obtained. Finally, we
transfected the pAchHD-3/hisD construct into 1/2A-
chHDAC-3/FHDAC3 to generate the conditional homo-
zygous AchHDAC-3/FHDAC3 mutant (68).

chHDAC-2 controls the amount of the IgM H-chain
To clarify the difference in the roles of chHDAC-1 and 2,

we compared total cellular proteins of the two mutants,
AchHDAC-1 and 2, with those of the wild-type cell line (67).
The protein patterns on 2D-PAGE definitely changed for
AchHDAC-2, but the changes were insignificant for AchH-
DAC-1. Interestingly, the amounts of the IgM H and L-
chains increased in AchHDAC-2. Taken together, these
results revealed that chHDAC-1 and 2 are definitely dis-
tinct in their roles, i.e. the participation of the former in
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protein pattern changes is slight, but the latter predomi-
nantly participates in the accumulation of the IgM H and
L-chains. Both chHDAC-1 and 2 exhibit extensive homol-
ogy (-94%) in approximately 430 N-terminal amino acids,
but considerably low homology (-50%) in approximately 50
C-terminal amino acids. The difference in the involvement
of chHDAC-1 and 2 in the accumulation of the IgM H and
L-chains should be due to the difference in their C-terminal
sequences.

Gene expression in eukaryotes can be controlled through
multiple steps, including transcription and alternative pre-
mRNA processing. The regulation of IgM H-chain synthesis
during B cell development is known as an example of the
latter mechanism (69). There is a regulated switch from the
membrane-bound (|xm) to secreted (us) form of IgM H-chain
mRNA. Several factors, including CstF-64, participate
cooperatively in this alternative processing of IgM H-chain
pre-mRNA (70). The chHDAC-2 mutation influenced the
expression of the IgM H-chain gene, and predominated the
switch from urn to |xs mRNA. This participation of chH-
DAC-2 was confirmed by the findings that treatment with
TSA caused increases in both the level of total IgM H-chain
mRNA and the switch from ^m to pis mRNA in DT40 cells.
These influences of TSA should be related only to chHDAC
2, since chHDAC-1- and -3-deficiencies had no effects on
the amounts of the IgM H-chain and its mRNA (67, 68).

chHDAC-3 is essential for the viability of DT40 cells
Inhibition of the expression of the chHDAC-3 transgene

on the addition of tet caused the disappearance of FHDAC3
in less than 24 h, but AchHDAC-3/FHDAC3 grew normally
by day 2 (68). Thereafter, the growth was delayed. The
number of mutant cells in the S or Gj/M phase of the cell
cycle decreased, cells containing less than a diploid amount
of DNA appeared by 72 h, and then the number of dying
cells increased. Inspection of bulk chromosomal histone
preparations from DT40 cells in the absence of tet and Ach-
HDAC-3/FHDAC3 after treatment with the drug by West-
ern blotting (involving antibodies against particular Lys
residues, Lys-8 and Lys-12, of histone H4) revealed insig-
nificant changes in the deacetylation levels of chromosomal
core histones. Therefore, the chHDAC-3 mutation did not
cause alterations in the global deacetylation of chromo-
somal core histones, suggesting that the mutation should
only affect the deacetylation of core histones, in particular,
narrow regions of chromatin, if chHDAC-3 targets chromo-
somal core histones. In addition, the chHDAC-3 depletion
caused no alterations in the expression of a number of cell
cycle-related genes.

Both the 1-23 N-terminal amino acids and the 389-417
C-terminal amino acids of chHDAC-3 are essential for the
viability of DT40 cells. The essential C-terminal region of
chHDAC-3 may facilitate cell viability through its deacety-
lation activity, depending on the region of amino acids 323-
428. Moreover, a complementation experiment [involving
two single missense mutations (H135A) and (H193F)]
revealed that substitution of the essential His residues at
positions 135 and 193, respectively, with Ala and Tyr re-
sulted in a decrease or complete loss of the deacetylation
activity. In parallel, these two single missense mutations
caused a lack of the complementation ability, indicating
that the deacetylation activity of chHDAC-3 based on the
conserved active domain is also certainly necessary for its

viability function.
Interestingly, the double substitution (L29I and L31M) of

the conserved Leu residues at positions 29 and 31 within
the typical NES, even with lie and Met, respectively, which
are identical to the amino acids at the corresponding posi-
tions of both chHDAC-1 and 2, resulted in extensive loss of
the complementation ability but not the deacetylation ac-
tivity. In addition, over-expressed FHDAC3 was localized in
nuclei and the cytoplasm, but exhibited no influence on cell
growth, indicating that the reduced complementation abil-
ity of the double missense mutation should be due to de-
creased nuclear export rather than increased accumulation
in nuclei. Therefore, the proper NES of chHDAC-3 should
be required for both nuclear export and the viability func-
tion. Furthermore, the Leu residues at definite positions
could not be completely compensated for by even the amino
acids located at the corresponding positions of other
HDACs.

Possible function of the chHDAC family members
We propose a molecular basis for the differences in the

functional specificities of these multiple chHDACs in vivo.
The highly conserved internal domains of the chHDAC
family members should participate in their general roles,
i.e. all of them should catalyze universally the removal of
acetyl group(s) of Lys residue(s) of core histones, and then
interact with other proteins, for instance, the p48 subunit
of CAF-1 and the p46 polypeptide (see Fig. 1) (32, 71). Con-
versely, the variable N-terminal and C-terminal domains of
the enzymes should be involved in their individual, particu-
lar roles.

For instance, chHDAC-2 controls the amount of the IgM
H-chain at the steps of both transcription of its gene and
alternative processing of its pre-mRNA through alterations
in the chromatin structure (Fig. 2), although chHDAC-1
merely affects gene expression in DT40 cells (67). The tran-
scription regulation mediated by chHDAC-2 probably
occurs in conjunction with hypothetical signal(s), and the
chHDAC-2 activity is reduced or completely abolished by it.
The decreased activity should change the chromatin struc-
ture restricted to the narrow region surrounding the IgM
H-chain gene, resulting in increased transcription of this
target gene. In addition, the increased transcription of the
IgM H-chain gene is possibly accompanied by that of the
gene(s) encoding putative switch-related factor(s), including
CstF-64 (70). The putative factors) should promote the
switch from (im to us mRNA. Most or all of the specific
functions of chHDAC-2 can not be compensated for by any
remaining chHDAC enzymes, all of which should be differ-
ent from the former in substrate specificity, i.e. in core his-
tone subtypes, histone variants or deacetylatable Lys re-
sidues. Furthermore, chHDAC-2 should be predominantly
involved in the control of the transcription of genes encod-
ing a set of B cell-specific proteins (67). The difference in
the participation of these enzymes should be mainly due to
the differences in both the 50-60 C-terminal amino acids
and the complex formation with certain transcription fac-
tors.

On the other hand, chHDAC-3 is essentially involved in
cell viability (68). This particular participation is probably
mainly due to the N-terminal and C-terminal regions,
which are considerably distinct from those of the other two
members, chHDAC-1 and 2. As an example, the ability of
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only chHDAC-3, i.e. not chHDAC-1 and 2, to be exported
from nuclei to the cytoplasm should be due to the proper
NES in the variable N-terminal region. As a possible result,
chHDAC-3, as a scavenger in the cytoplasm but not in
nuclei, even if it acts differently in the two subcellular frac-
tions, probably deacetylates acetyl groups from the acety-
lated Lys residue(s) of core histones, before they assemble
to form the nucleosome. However, the disruption of yeast
Rpd3, which is homologous to mammalian HDAC-3, as
well as other types of yeast HDACs, resulted in no alter-
ations in cell viability (72). On the other hand, a strong
hypomorphic mutation in the Drosophila Rpd3 gene
(homologous to both mammalian HDAC-1 and 2, but not
HDAC-3) caused embryonic lethality and a specific pair-
rule segmentation phenotype (73). The discrepancy and/or
differences regarding yeast, Drosophila and DT40 cells
(and probably most higher eukaryotic cell types) are still
questionable.

Conclusions
Alterations in the chromatin structure are involved in

DNA-utilizing processes, including gene expression, in
eukaryotes. Acetylation of core histones preferentially par-
ticipates in these alterations. This chemical modification of
core histones with acetyl groups is precisely controlled by
HATs and HDACs through complex formation with certain
transcription factors. Each member of the HAT and HDAC
families should play an individual, particular role, and then
should act in combination with each other in the acetyla-
tion of core histones, the level of which is related to tran-
scription activity. For instance, chHDAC-2 controls the
amounts of the IgM H and L-chains, and chHDAC-3 is
essential for the viability of DT40 cells. Most or all of the
specific roles of particular members of the HAT and HDAC
families in cell functions are not compensated for by any
remaining enzymes, probably because they are distinct
from each other in substrate specificity, complex formation,
and location for assembly on the chromatin.
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