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Possible mechanism of action of the histone deacetylase inhibitors
for the induction of differentiation of HL-60 clone 15 cells

into eosinophils
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1 We have examined the effect of the histone deacetylase inhibitors apicidin, trichostatin A (TSA)
and n-butyrate on the histone acetylation and the differentiation of human eosinophilic leukemia
HL-60 clone 15 cells into eosinophils.

2 Viability of the cells incubated with apicidin (100 nM), TSA (30 nM) or n-butyrate (500 uM) did not
change significantly, but higher concentrations of apicidin (>300nM) or TSA (>100nM) decreased
the viability when examined at day 1.

3 Apicidin (100 nM) as well as n-butyrate (500 uM) induced continuous acetylations of histone H4
and lysine'* residue on histone H3, while TSA (30 nM) induced transient acetylations.

4 After 6 days incubation, eosinophilic cells stained by Luxol-fast-blue were generated by apicidin
(100nM) and n-butyrate (500 uM) but not by TSA (30nM). Other markers for differentiation into
eosinophils such as changes in intracellular structure, and expressions of integrin 7 and major basic

protein, and the inhibition of cell proliferation were also induced by apicidin and n-butyrate but not
by TSA.

5 Continuous acetylation of histone H4 achieved by repeated treatment with TSA (30nM) at an
interval of 12 h for more than three times induced such changes when examined on day 6. In addition,
the induction was impaired by shortening the period of incubation with apicidin (100 nM) or n-
butyrate (500 um).

6 CCAAT/enhancer binding protein was continuously activated by apicidin (100 nM) and n-butyrate
(500 um), but was transiently activated by TSA (30 nMm).

7 These findings suggest that the continuous acetylation of histones H3 and H4 is necessary for the

differentiation of HL-60 clone 15 cells into eosinophils.
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Introduction

Chronic allergic inflammation including bronchial asthma and
atopic dermatitis is difficult to treat and the number of patients
suffering from such diseases is increasing, probably reflecting
environmental changes to lifestyle. Eosinophils are one of the
cells that play a critical role in the pathogenesis of allergic
diseases (Corrigan & Kay, 1992). In bronchial asthma,
eosinophils increase in number in bone marrow and peripheral
blood, and accumulate at inflammatory sites in response to
various kinds of cytokines and chemical mediators (Corrigan
& Kay, 1992; Renauld, 2001). Studies have demonstrated the
mechanism by which eosinophils prolong their survival,
infiltrate inflammatory sites and release granule proteins
(Martin et al., 1996; van der Bruggen & Koenderman, 1996;
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Wardlaw, 1999). However, the mechanism behind the differ-
entiation of stem cells such as CD34% cells into mature
eosinophils has not been clarified. Clarification of this
mechanism is important if one is to understand the generation
and maturation of white blood cells, especially myeloid
lineages, and may contribute to the development of novel
medications for allergic inflammation. Inhibition of the
differentiation toward the eosinophil lineage might be useful
for the control of allergic inflammation as a preventive
measure.

Studies in the last two decades have established the
eosinophilic cell lines, HL-60 clone 15, EoL-1 and so on
(Fischkoff et al., 1984; Fischkoff & Condon, 1985; Saito et al.,
1985; Paul et al., 1993). These cell lines have contributed to the
understanding of the regulation and function of eosinophils.
n-Butyrate is the most powerful chemical inducer of the
differentiation of these cells into mature eosinophils (Fischkoff
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& Condon, 1985). However, the mechanism by which HL-60
clone 15 cells differentiate into eosinophils on exposure to
n-butyrate has remained to be elucidated.

Chromatin comprises repeating units of nucleosome core
particles and linker DNA (Klug et al., 1980). The particles
consist of an octamer of core histone, containing two
molecules each of the histones H2A, H2B, H3 and H4, around
which 145 base pairs of DNA are wrapped in 1.75 turns
(Csordas, 1990; Grunstein, 1997). Histones in the nucleosome
core particle are reversibly acetylated and deacetylated at the
g-amino group of the specific lysine residues of the histone
N-termini by histone acetyltransferase (HAT) and histone
deacetylase (HDAC), respectively (Grunstein, 1997). The
neutralization of positively charged histone by acetylation
reduces the affinity of histone to the genomic DNA, allowing
transcription factors to access target genes, and the balance
of acetylation by HATs and deacetylation by HDAC:s tightly
regulates a cell’s fate (McGhee & Felsenfeld, 1980; Norton
et al., 1990; Lee et al., 1993; Pazin & Kadonaga, 1997). In
many cells, n-butyrate inhibits the activity of HDAC and
induces the gene expression (Riggs et al., 1977, Cioe et al.,
1981; Marks et al., 2000). Therefore, we hypothesized that the
inhibition of HDAC induces differentiation of HL-60 clone 15
cells into eosinophils. To test our hypothesis, we have analyzed
the relationship between the inhibition of deacetylation and
differentiation into eosinophils using the histone deacetylase
inhibitors apicidin (Darkin-Rattray et al., 1996), trichostatin A
(TSA) (Yoshida er al., 1987) and n-butyrate (Riggs et al.,
1977).

Methods
Cell culture

HL-60 clone 15 cells (CRL-1964, American Type Culture
Collection, Rockville, MD, U.S.A.) were maintained in
RPMI-1640 medium (pH 7.8) (Sigma, St. Louis, MO,
U.S.A.) supplemented with 10% FBS (Sigma). For the
experiments, 1 x 10° cells were incubated in each well of a
24-well plate (Corning, Corning, NY, U.S.A.) at 37°C for
specified periods in 1 ml of medium containing 10% FBS and
various concentrations of drugs unless otherwise noted.

Proliferation assay

After incubation for specified periods, the cells were enumer-
ated using a hemocytometer.

Cell staining

Cells were smeared on a glass slide and stained with Luxol-
fast-blue (EM Science, Cherry Hill, NJ, U.S.A.) and hematox-
ylin (Merck, Darmstadt, Germany).

Immunoblotting

After incubation, the cells were washed three times with PBS,
suspended in 5 x 10°cellsml~! in sample buffer (62.5mMm Tris-
HCI, pH 6.8, 6M urea, 10% glycerol, 2% SDS, 0.00125%
bromophenol blue and 5% p-mercaptoethanol), sonicated for
15s using a Handy Sonic Disruptor (Tomy Seiko, Tokyo,

Japan) and incubated for 15min at 65°C. The cell lysate was
subjected to electrophoresis on a 17.5% acrylamide gel for 3h
at 125V and the proteins separated in the gels were transferred
onto a nitrocellulose membrane and blocked in blocking
solution (Block Ace, Dainippon Pharmaceutical, Osaka,
Japan) for 1h at room temperature. To detect acetylated
histone H4, acetylated lysine'* residue on histone H3, major
basic protein (MBP), pl15™K4® paWall/Cirl and p27¥iPl | the
nitrocellulose membrane was incubated for 12h at 4°C with
rabbit anti-acetylated histone H4 polyclonal antibody (ChiPs
grade, Upstate Biotechnology, Waltham, MA, U.S.A.), rabbit
anti-acetylated histone H3 (K14) polyclonal antibody (Upstate
Biotechnology), mouse anti-eosinophil MBP monoclonal anti-
body (AHE-2, Chemicon International, Temecula, CA,
U.S.A.), rabbit anti-p15™%*" polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, U.S.A.), goat anti-p21™Waf/cir!
polyclonal antibody (Santa Cruz Biotechnology) and rabbit
anti-p27%"' polyclonal antibody (Santa Cruz Biotechnology),
respectively. Thereafter, the membrane was incubated for 3h
at 4°C with biotinylated anti-rabbit IgG (Vector Laboratories,
Burlingame, CA, U.S.A.), biotinylated anti-mouse I1gG (Vec-
tor Laboratories) or biotinylated anti-goat IgG (Vector
Laboratories). The reaction products were incubated for
30min at room temperature with Vectastain ABC reagent
(Vector Laboratories) and visualized using the Chemilumines-
cence Detection System (Western Lightning Chemilumines-
cence Reagent Plus, PerkinElmer Life Sciences, Boston, MA,
U.S.A.). The membrane was exposed to Kodak X-Omat AR
film (Eastman Kodak, Rochester, NY, U.S.A.). In case of the
detection for actin as an internal control, the membrane was
incubated with goat anti-actin polyclonal antibody (Santa
Cruz Biotechnology) and phosphatase-labeled anti-goat IgG
(Vector Laboratories) as described above. The reaction
products were visualized with BCIP/NBT color substrate
(Promega, Madison, WI, U.S.A.).

Flowcytometry

HL-60 clone 15 cells cultured with HDAC inhibitors were
harvested, washed with PBS containing 0.25% BSA (Sigma)
and resuspended in the medium at 2 x 10°cellsml™'. For the
detection of integrin f7, 20 ul of R-phycoerythrin (R-PE)-
conjugated anti-integrin /7 monoclonal antibody solution
(FIB504, BD Pharmingen, San Diego, CA, U.S.A.) was added
to 50 ul of the cell suspension and incubated for 30 min at 4°C,
and then washed three times with 0.25% BSA-PBS. For the
analysis of viability, the cells were incubated for 30 min at
room temperature in 0.1 ml of PBS containing 2 pg of 7-amino-
actinomycin D (Sigma). The fluorescence of the cells stained
with R-PE or 7-amino-actinomycin D was analyzed with a
flowcytometer (FACScan, Beckton Dickinson, San Jose, CA,
U.S.A).

EMSA

After incubation, the cells were suspended in 400 ul of Tris-
buffered KCl solution (20 mM Tris-HCI, pH 7.8, S0 mM KCI,
10 ugml~" of leupeptin, 0.1mMm dithiothreitol, and 1mM
phenyl methylsulfonyl fluoride), and lysed by the addition
of the same volume of Tris-buffered KCI solution containing
1.2% Nonidet P-40 (Sigma) with vigorous mixing for 10s.
The homogenate was centrifuged at 4°C and 15,000 x g for
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30s, and the nuclear pellet was suspended in 30 ul of cold
Tris-buffered KCl solution (20 mM Tris-HCI, pH 7.8, 500 mM
KCl, 10 ugml™" of leupeptin, 0.1 mM dithiothreitol, and 1 mm
phenyl methylsulfonyl fluoride) by mixing at 4°C for 1 min.
The suspension was then centrifuged at 4°C and 15,000 x g
for 20 min, and the supernatant was stored at —80°C. EMSA
was carried out according to the protocol accompanying the
Gel Shift Assay System (Promega). The double-stranded
oligonucleotide probes (C/EBP consensus oligonucleotide:
5-TGCAGATTGCGCAATCTGCA-3' and C/EBP mutant
oligonucleotide: 5Y-TGCAGAGACTAGTCTCTGCA-3,
Santa Cruz Biotechnology) were end-labeled with 0.37 MBq
of [y-**P] ATP (111 TBgnmol~!, Du Pont New England
Nuclear, Boston, MA, U.S.A.) using T4 polynucleotide
kinase (Promega). For the competition and the super shift
assays, nuclear extract was incubated for 20min at room
temperature with unlabeled consensus oligonucleotide probe
at a 50-fold molar ratio against the labeled consensus
oligonucleotide probe, and with 2 pug of anti-C/EBPa poly-
clonal antibody (Santa Cruz Biotechnology), anti-C/EBPf
polyclonal antibody (Santa Cruz Biotechnology), or anti-C/
EBPe¢ polyclonal antibody (Santa Cruz Biotechnology),
respectively. The 3?P-labeled probes (1ul) were incubated
for 20min at room temperature with or without Sug of
nuclear extract in a gel-shift binding buffer (Promega). DNA/
nuclear protein complexes were separated from the DNA
probe by electrophoresis on a native 4% acrylamide gel, and
the gel was visualized with a GS-250 Molecular Imager (Bio-
Rad, Hercules, CA, U.S.A)).

Drugs

Drugs used were apicidin (Calbiochem, San Diego, CA,
U.S.A.), trichostatin A (TSA) (Wako, Osaka, Japan), n-butyrate
(Wako) and roscovitine (Calbiochem). They were dissolved in
dimethylsulfoxide and added to the medium. The concentration
of the vehicle in the medium was adjusted to 0.1%.

Statistical analysis

The statistical significance of the results was analyzed using
Dunnett’s test for multiple comparisons and Student’s #-test
for unpaired observations.

Results

Differentiation into eosinophils induced by apicidin,
n-butyrate and TSA

After 6 days incubation of HL-60 clone 15 cells (1 x 10° cells),
apicidin at 30 and 100 nM, and n-butyrate at 100 and 500 uM
increased the number (Figure 1a) and percentage (Figure 1b)
of eosinophilic cells (100nM apicidin: (2.540.1) x 10° cells,
(38.04+0.2)%; 500uM n-butyrate: (2.140.1) x 10° cells,
(66.0+2.4)%, the means +s.e.m. from four samples). TSA at
30nM generated no eosinophilic cells (Figure la and b).
Microscopic observation revealed that 100nM apicidin and
500 uM n-butyrate but not 30 nM TSA changed the shape of the
nucleus and increased the cytoplasmic area in which Luxol-
fast-blue-positive granules exist (Figure 1c). Measurement of
the side scatter of HL-60 clone 15 cells by flowcytometry after

6 days incubation revealed that 100 nM apicidin and 500 uM
n-butyrate induced changes in the intracellular structure of the
cells (Figure 1d). The expression of integrin 7 was also
induced by 100 nM apicidin and 500 uM n-butyrate (Figure le).
However, incubation of the cells with 30nM TSA neither
changed the intracellular structure nor induced the expression
of integrin 7 (Figure 1d and e). Furthermore, 100 nM apicidin
and 500 uM n-butyrate but not 30nM TSA induced the
expression of MBP in a time-dependent manner (Figure If).
MBP was expressed dependent on the concentration of
apicidin and n-butyrate after 6 days incubation (Figure 1g).
These findings indicate that apicidin and n-butyrate but not
TSA induce the differentiation of HL-60 clone 15 cells into
eosinophils.

Effects of apicidin, TSA and n-butyrate on cell
proliferation

The time-dependent increase in the number of HL-60 clone 15
cells was suppressed by 100 nM apicidin and 500 uM n-butyrate
(Figure 2a). Significant inhibition of the cell proliferation by
apicidin and n-butyrate was observed after 4 and 3 days
incubation, respectively (Figure 2a). However, 30 nM TSA did
not suppress the proliferation during 6 days incubation
(Figure 2a). After 6 days incubation, 10 and 30 nM apicidin,
and 100 uM n-butyrate did not suppress the cell proliferation
either (Figure 2b). The viability of the cells after 6 days
incubation with 100nM apicidin, 30nM TSA or 500 uM n-
butyrate did not change significantly compared with that of
the control (Figure 2¢). At higher concentrations of apicidin
(=300nM) or TSA (=100nM), the cell viability was signifi-
cantly decreased at 24 h incubation due to cytotoxic activity
(data not shown). The cyclin-dependent kinase (CDK)
inhibitor proteins pl15™K4  poWall/Ciel apgd p27XPL were
expressed in a time-dependent manner on treatment with
100nM apicidin and 500 uM n-butyrate (Figure 2d). TSA
at 30nM induced a transient expression of these proteins at
low levels (Figure 2d). Apicidin and n-butyrate induced the
expression of p15™Kab 2 Wafl/Cipl and p27%P! in a concentra-
tion-dependent manner at 6 days incubation (Figure 2¢). The
chemical CDK inhibitor roscovitine at 3 and 10 uM suppressed
the proliferation of the cells in a concentration-dependent
manner (Figure 2f), but did not induce the expression of MBP
(Figure 2g).

Effects of apicidin, TSA and n-butyrate on the acetylation
of histones H3 and H4

To clarify whether the difference in the action of apicidin, TSA
and n-butyrate on the differentiation and proliferation of HL-
60 clone 15 cells is due to the difference in histone acetylation,
effects of each HDAC inhibitor on the acetylation of histones
H3 K14 and H4 were examined. Histone H4 was acetylated by
100 nM apicidin and 500 uM n-butyrate at 2, 4 and 6 days, and
acetylation of histone H3 K14 was observed at 4 and 6 days
(Figure 3a). n-Butyrate at 500 uM acetylated histone H4, a
plateau being reached at 4 h, while apicidin at 100 nM increased
the acetylation with time, a maximum being reached at 24h
(Figure 3b). In contrast, acetylation of histone H4 by 30 nM
TSA was maximal at 4h and then declined time dependently
(Figure 3a and b), while acetylation of histone H3 K14 by
30nM TSA was only observed at day 4 (Figure 3b). After 6
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Figure 1 Differentiation of HL-60 clone 15 cells into eosinophils induced by apicidin, TSA and n-butyrate. HL-60 clone 15 cells
were incubated in the presence of apicidin, TSA or n-butyrate. (a, b) The number (a) and the percentage (b) of eosinophilic cells after
6 days incubation in the presence of the indicated concentrations of apicidin, TSA or n-butyrate. N.D., not detectable. (c)
Microscopic observation of HL-60 clone 15 cells incubated for 6 days in the presence of apicidin (100 nM), TSA (30nM) or
n-butyrate (500 uM). The bar indicates 10 um. (d, e) The intracellular structure (d) and the expression of integrin 7 (e) after 6 days
incubation in the presence of apicidin (100 nM), TSA (30 nM) or n-butyrate (500 uM). Dotted and solid lines represent the histogram
before and after incubation with the drug, respectively. (f, g) The expression of MBP in the cells incubated for the periods indicated
in the presence of apicidin (100 nM), TSA (30nM) or n-butyrate (500 uM) (f) or for 6 days in the presence of the indicated
concentrations of apicidin or n-butyrate (g). Actin in the cell lysate was detected by immunoblotting as an internal control.

days incubation, acetylation of histones H3 K14 and H4 by  Differentiation into eosinophils on repeated treatment
apicidin and n-butyrate was still detected in a concentration- with TSA

dependent manner (Figure 3c). These findings indicated that

the acetylation of histones H3 and H4 by apicidin and n- The acetylation of histone H4 was continued by repeated
butyrate was continuous, while the acetylation by TSA was treatment with 30nM TSA at an interval of 12h (Figure 4a).
transient. The repeated treatment with TSA decreased the number of
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Figure 2 Effects of apicidin, TSA and n-butyrate on the number of cells and the expression of p15™NK4® 2 Wall/Ciel |7 7Kipl and
MBP in HL-60 clone 15 cells. (a, b) The number of cells incubated for the periods indicated in the absence and presence of apicidin
(100nM), TSA (30nM) or n-butyrate (500 uM) (a), and for 6 days in the presence of the indicated concentrations of apicidin or
n-butyrate (b). Values are the means from four samples with s.e.m. Statistical significance: *P<0.05, **P<0.01, ***P<0.001 vs
corresponding control. (c) Viability of the cells after 6 days incubation in the presence of apicidin (100 nM), TSA (30nM) or
n-butyrate (500 uM). (d, e) The expression of pl15™K4®  p2Wall/Cipl apnd p27XiP! proteins in the cells incubated for the periods
indicated in the presence of apicidin (100 nM), TSA (30 nM) or n-butyrate (500 uM) (d) or for 6 days in the presence of the indicated
concentrations of apicidin or n-butyrate (e). (f, g) Roscovitine was added to the medium at an interval of 2 days, and the number of
cells (f) and the expression of MBP in the cells (g) were determined after 6 days incubation in the presence of the indicated
concentrations of roscovitine and n-butyrate. Actin in the cell lysate was detected by immunoblotting as an internal control.
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Figure 3 Acetylation of histones H3 K14 and H4 by apicidin, TSA and n-butyrate. Acetylated histone H3 K 14 and histone H4 in
the cells incubated for the periods indicated in the presence of apicidin (100 nM), TSA (30 nM) or n-butyrate (500 uM) (a, b) and for 6
days in the presence of the indicated concentrations of apicidin, TSA or n-butyrate (c). Actin in the cell lysate was detected by
immunoblotting as an internal control.
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Figure 4 Differentiation of HL-60 clone 15 cells into eosinophils on repeated treatment with TSA. TSA (30 nM) was added to HL-
60 clone 15 cells up to 5 times at an interval of 12h (a, arrowheads). (a) The acetylation of histone H4 in the cells at the indicated
periods of incubation. (b, c) Effects of the repeated treatment with TSA (30 nM) on the total number of cells (b) and the percentage
of eosinophilic cells (c) after 6 days incubation. N.D., not detectable. Values are the means from three samples with s.e.m. Statistical
significance: **P<0.01, ***P<0.001 vs control. (d) Effects of the repeated treatment with TSA (30nM) on the expression of
integrin 7 on the cells after 6 days incubation. Dotted and solid lines represent the histogram before and after 6 days incubation,
respectively. (e) Effects of the repeated treatment with TSA (30 nM) on the expression of pl15™NK4® p2Wall/Cipl )y 7Kiel 'MBP and
acetylated histone H3 K14 after 6 days incubation. Actin in the cell lysate was detected by immunoblotting as an internal control.

cells, but increased the percentage of eosinophilic cells (Figure
4b and c). The decrease in the number of cells and increase in
eosinophilic cells were induced by more than three treatments
with TSA (Figure 4b and c). Expression of integrin /7 on the
cell surface was also induced by more than three treatments
with TSA (Figure 4d). Furthermore, TSA induced the
expression of pl5™K#b  ppWall/Cipl = o 7Kipl and MBP, and
the acetylation of histone H3 K14 at 6 days on repeated
treatment (Figure 4e).

Impairment of differentiation into eosinophils
by shortening the period of incubation with apicidin
or n-butyrate

Effects of the period of incubation with apicidin or n-butyrate
on the deacetylation of histone H4 and the differentiation of
HL-60 clone 15 cells into eosinophils were examined. Acetyla-
tion of histone H4 continued throughout the culture in the
presence of 100nM apicidin or 500 uM n-butyrate, but short-

British Journal of Pharmacology vol 142 (6)



1026 K. Ishihara et a/

Acetylation and eosinophilic differentiation

Incubation Time (h)

048 24 a8 144 0 4 8 24 48

incubation Time with Apicidin (h)
0 4 8 24 48

Time with n-B {h

—_—

0 4 B 24 48 0 4 8B 24 48

L_ G-

(e | —————

—

R a——

Biot: Anti-Ac-histone H4  Biot: Anti-actin Blot: Anti-Ac-histone H3  Biot: Anti-actin

incubation Time with
n-Butyrate (h)

0 & 24 144

g
s 6 L —
i 4 Biot: Anti-p15Wi5
: [ -]
2 0 4 8 zu 0 4 8 Blot: Ant-p21
Incubstion Time with  Incubstion Time with —
» ol Blot: Anti-pZ7%e!
d Incubation Time with Apicidin (h) Biot: Ant-MBP Biot: Anti-MBP
120

W

144 - -_— - -

A

100 102 100 100 107 104 100 1R
Integrin p7 ———8=

10t 100

R [

Figure 5 Impairment of the differentiation of HL-60 clone 15 cells into eosinophils by shortening the period of incubation with
apicidin or n-butyrate. HL-60 clone 15 cells were incubated for 0, 4, 8, 24 or 144 h in the presence of 100 nM apicidin or 500 um
n-butyrate (a, bold lines), and further incubated for 144, 140, 136, 120 or O h in the absence of apicidin or n-butyrate till 6 days,
respectively (a, thin lines). (a) The acetylation of histone H4 in the cells at the indicated periods of incubation. (b, c) Effects of the
incubation period with apicidin (100 nM) or n-butyrate (500 uM) on the number of cells (b) and the percentage of eosinophilic cells
(c) after 6 days. N.D., not detectable. Values are the means from three samples with s.e.m. Statistical significance: **P <0.01,
***P<0.001 vs control. (d) Effects of the incubation period with apicidin (100 nM) or n-butyrate (500 uM) on the expression of
integrin 7 after 6 days. Dotted and solid lines represent the histogram before and after 6 days incubation, respectively. (e) Effects of
the incubation period with apicidin (100 nM) or n-butyrate (500 uM) on the expression of p15™NK4b 2 Wall/Ciel "y 7Kipl "MBP and
acetylated histone H3 K14 after 6 days. Actin in the cell lysate was detected by immunoblotting as an internal control.

ening the incubation period with apicidin or n-butyrate
decreased the acetylation time dependently (Figure 5a). In
parallel with the decrease in histone H4 acetylation, the
number of cells recovered and the percentage of eosinophilic
cells decreased at day 6 (Figure 5b and c). The expression of
integrin 7, p15MKab poWall/Cipl "o 7KiPl and MBP, and the
acetylation of histone H3 K14 were also decreased by
shortening the period of incubation with apicidin or n-butyrate
(Figure 5d and e).

Activation of C/EBP by apicidin, TSA and n-butyrate

On treatment with apicidin (100nM), TSA (30nM) or n-
butyrate (500 uM), the amount of the transcription factor C/
EBP bound to the DNA probe was increased (Figure 6a).
Apicidin and n-butyrate activated C/EBP until 72 h, while TSA
induced a transient activation, a maximum being reached at
4-8h followed by a time-dependent decline until 72h
(Figure 6a). The binding of C/EBP to DNA was inhibited
when the nuclear extracts were incubated with **P-labeled
mutant probe or excess unlabeled-consensus DNA (Figure 6b).
The addition of anti-C/EBP« antibody, anti-C/EBPf antibody
or anti-C/EBP¢ antibody to the nuclear extracts specifically
supershifted the C/EBP-DNA complex (Figure 6b). These
findings indicated that the activation of C/EBP«, C/EBPf and

C/EBP¢ by apicidin and n-butyrate was continuous, while the
activation by TSA was transient.

Discussion

Eosinophils are characterized by morphological features, basic
granule proteins such as MBP, and the cell-surface expression
of certain proteins (Gleich et al., 1973; Shoham et al., 1974;
Lundahl et al., 2000). n-Butyrate is the most powerful chemical
inducer of the differentiation of HL-60 clone 15 cells into
mature eosinophils (Fischkoff & Condon, 1985) and has
contributed to the understanding of the characterization,
regulation and function of eosinophils (Fischkoff et al., 1984;
Fischkoff & Condon, 1985; Tiffany et al., 1998; Lundahl et al.,
2000). In this study, we showed that apicidin generated
eosinophil-specific features including positive staining with
Luxol-fast-blue, changes in the intracellular structure, and the
expression of MBP and integrin f7, indicating that apicidin
induced the differentiation of HL-60 clone 15 cells into
eosinophils. However, TSA did not induce the differentiation
into eosinophils. We therefore analyzed the difference in the
acetylation pattern of histones H3 K14 and H4 among these
HDAC inhibitors, because they elevate HAT activity resulting
in the hyperacetylation of molecules including histones H3 and
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Figure 6 DNA binding activity of C/EBP in apicidin-, TSA- and n-butyrate-treated cells. (a) HL-60 clone 15 cells were incubated
for the periods indicated in the presence of apicidin (100 nM), TSA (30 nM) or n-butyrate (500 uM) and the nuclear proteins were
extracted. The amount of C/EBP in 5 ug of the nuclear proteins bound to the **P-labeled DNA probe containing the C/EBP binding
site was detected by EMSA. (b) The nuclear extracts were preincubated with unlabeled-consensus probe, anti-C/EBPu (z), anti-C/
EBPf () or anti-C/EBP¢ (¢). The arrowheads indicate the complex of C/EBP with DNA (C/EBP-DNA), and C/EBP-DNA

supershifted by the antibody (SS).

H4 in the cells (Riggs et al., 1977; Yoshida et al., 1987; Darkin-
Rattray et al., 1996; Grunstein, 1997; Hong et al., 2003). As
shown in Figure 3, apicidin and n-butyrate induced continuous
acetylation of histones H3 K14 and H4, whereas TSA induced
a transient acetylation. Furthermore, the repeated treatment
but not a single treatment with TSA induced the continuous
acetylation of histones H3 K14 and H4 and differentiation of
HL-60 clone 15 cells into eosinophils (Figures 1-4), and
shortening the period of incubation with apicidin and n-
butyrate reduced the extent of acetylation and differentiation
(Figure 5). These findings suggest that the continuous
acetylation of histones H3 K14 and H4 is necessary for HL-
60 clone 15 cells to differentiate into eosinophils. However, the
acetylation pattern of histones H3 K14 and H4 was different;
namely, the acetylation of histone H4 was followed by the
acetylation of histone H3 K14 (Figure 3). In the expression of
various genes, bindings of the activated transcription factors to
the promoter region of the target gene lead to the recruitment
of HATs such as GCNS5 and CBP/p300 coactivators, followed
by the recruitment of remodeling factors such as SWI/SNF,
and then basal transcription factors including TFIID (Agalioti
et al., 2000; Merika & Thanos, 2001; Agalioti et al., 2002).
Acetylation of histones needs to install each component of the
transcriptional factor complex to the promoter region, because
the factor selectively recognizes the acetylated lysine residue in
the histone by its bromodomain (Dhalluin et al., 1999;
Jacobson et al., 2000; Agalioti et al., 2002). Especially, the
acetylated histones H4 K8 and H3 K9 and K14 are critical for
the recruitment of the SWI/SNF complex and TFIID,
respectively (Agalioti et al., 2002). Our findings suggest that
the continuous acetylation of histones H3 K14 and H4 by

apicidin and n-butyrate contributes the continuous recruitment
and activation of transcriptional factor complex to express
various genes composing eosinophils. Again, one of the
mechanisms by which single treatment of TSA did not induce
the differentiation of HL-60 clone 15 cells into eosinophils
might be the pulse-activation of the transcriptional factor
complex by transient acetylation of histones H4 and H3 K14.
Although many reports (Cioe et al., 1981; Marks et al., 2000;
Witt et al., 2003) have described the difference in apoptosis-
or differentiation-inducing activity of HDAC inhibitors, the
mechanism responsible for the different activities has not been
clarified. Our findings might explain the mechanism for the
different biological activities among HDAC inhibitors.
Accompanying the inhibition of cell proliferation and the
induction of differentiation, the expression of pl5™Kb,
p21Vafl/CiPt and p27%iP! which negatively regulate the progres-
sion of the cell cycle by inhibiting the activity of cyclin/CDK
(Lee & Yang, 2001), increased (Figures 2, 4 and 5). These
findings suggest that such CDK inhibitor proteins are
implicated in the inhibition of proliferation of HL-60 clone
15 cells. However, lower concentrations of apicidin (30 nM)
and n-butyrate (100 uM) weakly induced the expression of
such CDK inhibitor proteins (Figure 2) and the differentiation
into eosinophils (Figure 1), but did not reduce the cell proli-
feration (Figure 2). Recently, it has been reported that levels of
p21WVar/Ciel and p27%P! increase during cell differentiation
and are implicated in the differentiation of the pro-B cell line
Ba/F3, myelomonocytic cell line U937 and so on (Liu et al., 1996;
Nosaka et al., 1999; Hisatake et al., 2001; McArthur et al.,
2002; Buitenhuis et al., 2003). The finding that roscovitine,
which inhibits CDK2 and cdc2 and arrests the cell cycle
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(Meijer et al., 1997; McArthur et al., 2002), did not induce
expression of MBP but inhibited the cell proliferation
(Figure 2), suggested that the inhibition of cell proliferation
mediated by CDK inhibitor proteins did not trigger the
cell differentiation. The CDK inhibitor proteins pl5™K4P,
p21WVall/Ciel and p27%iP! whose expression is induced by HDAC
inhibitors might contribute to the cell differentiation by some
mechanism other than the inhibition of cell proliferation.

In this study, we demonstrated the importance of the balance
of HAT/HDAC activity for the differentiation of HL-60 clone
15 cells into eosinophils. However, the mechanism behind the
cell differentiation induced by HDAC inhibitors might be
specific to the type of cell, because as we reported,
in HL-60 cells, apicidin and TSA induced the early stage
differentiation into CDI11b-expressing cells and not the com-
plete maturation to neutrophils or monocytes (Hong et al.,
2003). In erythroleukemia K562 cells, apicidin and
n-butyrate induce differentiation into fetal hemoglobin-
producing cells but not into CDIl1b-expressing cells (Cioe
et al., 1981; Hong et al., 2003; Witt et al., 2003), and
the differentiation of K562 cells stimulated by apicidin is
irreversible (Witt et al., 2003) whereas the differentiation of HL-
60 clone 15 cells was reversible (Figure 5). These findings
suggest that the mechanism behind the cell differentiation is
regulated by not only the acetylation of histone but also the
endogenous cell-specific ability to differentiate into each lineage.

C/EBP«, C/EBPp and C/EBP¢ are important transcription
factors for eosinophilic differentiation, because C/EBP in-
hibits the cell proliferation by associating with Rb (Gery et al.,
2004), E2F (Gery et al., 2004), CDK (Wang et al., 2001) or
p21WVafl/CiPl (Timchenko et al., 1997) and induces the expression
of eosinophilic-specific genes (Miiller et al., 1995; Zhang et al.,
1997; Yamaguchi et al., 1998; 1999; Du et al., 2002; McNagny
& Graf, 2002; Gombart et al., 2003). The expression of MBP is
controlled under the P2 promoter from —117 to + 1 bp region
(Yamaguchi et al., 1998; 1999; Du et al., 2002; Gombart et al.,
2003). In this region, two binding sites for each GATA, PU.1
and C/EBP are identified, and the bindings of GATAL, PU.1
C/EBPx, C/EBPS and C/EBP¢ synergistically regulate the
MBP expression (Yamaguchi et al., 1998; 1999; Du et al., 2002;
Gombart et al., 2003). Eosinophil-derived neurotoxin/RNS2,
one of the eosinophil granule proteins, is also induced by the
activation of C/EBPx«, C/EBPfS and C/EBP¢ (Baltus et al.,
1999). Therefore, the activation of C/EBP plays an important
role in the differentiation into mature eosinophils. We showed
that the DNA-binding activity of C/EBP was increased by
apicidin, TSA and n-butyrate, and the activation of C/EBP by
apicidin and n-butyrate was continuous, while the activation
by TSA was transient (Figure 6a). The continuous effect of
apicidin and n-butyrate and the transient effect of TSA were
also observed in histones H4 and H3 K14 acetylation
(Figure 3), and the differentiation of HL-60 clone 15 cells
into eosinophils was induced by apicidin and n-butyrate but
not TSA. These findings suggested that the C/EBP activation
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