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Abstract

This report is divided into two parts, namely,
biomechanics in the inner ear and that in the immune
system. In the inner ear, the motor protein prestin
densely embedded in the lateral membrane of outer
hair cells (OHCs) play in important roles. To date,
several researches aiming to clarify the structure of
prestin have been conducted by electron microscopy
(EM) and atomic force microscopy (AFM). However,
such structure has remained unclear. In this study, an
attempt was made to observe prestin in the plasma
membrane of prestin-expressing cells using an
experimental approach combining AFM with quantum
dots (Qdots), used as topographic surface makers. As a
result, ring-like structures, each with four peaks and
one valley at its center, were recognized in the vicinity
of Qdots, suggesting that there structures were prestin.

In the immune system, we analyzed the mechanism
by which eosinophilic leukemia EoL-1 cells
differentiate into mature eosinophils on exposure to n-
butyrate. It has remained to be elucidated for about 20
years. The results showed that the activity of n-
butyrate to inhibit histone deacetylase continuously
induces the differentiation into mature eosinophils.
This finding may contribute to the development of a
novel treatment of eosinophilic leukemia.

1. Observation of the Motor Protein Prestin by
AFM with Qdots

1.1. Introduction

Figure 1 shows a schematic of the human ear.
Sound entering an eternal ear canal vibrates tympanic
membrane. Such vibration is transmitted to cochlea via
ossicles, resulting in the vibration of the organ of Corti.
In the organ of Corti, there are two types of sensory
hair cells, namely, inner hair cell (IHC) and OHC. The
vibration of the organ of Corti changes the membrane
potential of both hair cells. Due to such change, IHCs
release the neurotransmitter. As a result, the signal is
transmitted to the brain. Owing to this mechanism, we
can finally hear the sound. On the other hand, the
OHCs show their elongation and contraction in
response to the change in membrane potential. This
electromotility amplify the amplitude of the vibration
of the organ of Corti, realizing the high sensitivity of
mammalian hearing [1-4].
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The OHC motility is considered to be driven by the
conformational change of the motor protein prestin in
the plasma membrane of OHCs [5]. Prestin-knockout
and prestin mutant-knockin mice were created and then
it was shown that these mutant mice showed significant
hearing loss [6,7]. These results suggest that prestin
play crucial role in high sensitivity of mammalian
hearing. To date, for clarification of the structure of
prestin, several researches have been carried out. EM
and AFM of the plasma membrane of OHCs found that
particles with diameter of 10 nm, probably indicating
prestin, existed in such membrane [8-12]. On the other
hand, in our laboratory, prestin stably-expressing
Chinese hamster ovary (CHO) cells were created and
then their plasma membranes were observed by AFM.
As a result, ring-like structure with diameter of §-12
nm possibly showing prestin could be found [13].
However, since there are many kinds of intrinsic
membrane proteins other than prestin in the plasma
membranes of OHCs and CHO cells, it was impossible
to clarify which structures observed in such membranes
were prestin. In this study, to overcome such a
problem, an experimental approach combining AFM
with Qdots, used as topographic surface markers, was
employed. The plasma membranes of both types of
CHO cells were subsequently observed by fluorescence
microscopy and then scanned by AFM.
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Fig. 1. Human auditory system. Sensory cells, such as
outer hair cells (OHCs), inner hair cells and various
kinds of the other cells, sit on the basilar membrane.
OHCs subject the membrane to force, leading to
cochlear amplification, resulting in the high sensitivity
of mammalian hearing. Prestin is thought to be the
origin of the motility of OHCs.



1.2. Materials and methods
1.2.1. Cell culture

Prestin-transfected and untransfected CHO cells
were used. The prestin-transfected CHO cells were
constructed by transfection of gerbil prestin cDNA into
CHO cells wusing pIRES-hrGFP-la mammalian
expression vectors (Stratagene, La Jolla, CA). Those
expression vectors contain humanized Renilla
reniformis green fluorescent protein (hrGFP) gene,
which is connected to the prestin gene. CHO cell lines
which stably express prestin were established using
transfected cells by limiting dilution cloning [14,15].
The prestin-transfected and untransfected CHO cells
were cultured in RPMI-1640 medium with 10% fetal
bovine serum, 100 U penicillin/ml and 100 pg
streptomycin/ml at 37°C with 5% CO,.

1.2.2. Isolation of plasma membrane

The inside-out plasma membranes, i.e., cytoplasmic
face is up, were isolated from the prestin-transfected
CHO cells. The culture medium was removed and the
cells were detached from a flask by incubation with
100 uM ethylenediamine tetraacetic acid (EDTA) in
PBS (EDTA-PBS) solution for 5 min at 37°C. The
EDTA-PBS solution containing the cells was put into a
tube and centrifuged at 250 x g for 5 min. The
supernatant was then removed and the culture medium
was put into the tube. The culture medium containing
the cells was agitated by pipetting in that tube and
deposited on glass-bottomed dishes (Asahi Techno
Glass, Chiba, Japan). After overnight culture, most of
the cells had become reattached and spindle-shaped on
the substrate. The culture medium was discarded and
the cells were washed twice with an external solution
(145 mM NaCl, 5.8 mM KCl, 1.3 mM CaCl,, 0.9 mM
MgCl,, 10 mM HEPES, 0.7 mM Na,HPO, and 5.6 mM
glucose; pH 7.3) warmed to 37°C for removal of
unwanted materials, such as cell fragments and
proteins contained in the culture medium attached to
the surfaces of the cells and substrate. The dish was
immersed for 3 min in a hypotonic buffer (10 mM
PIPES, 10 mM MgCl,, 0.5 mM EGTA; pH 7.2), which
had been cooled to 4°C. The cells were then sheared
open by gentle exposure to a stream of the hypotonic
buffer using a 1-ml pipette (Gilson, Villiers, France)
several times, resulting in the isolation of the inside-out
basal plasma membranes. After the isolated plasma
membranes had been washed with PBS three times,
they were incubated with a high-salt buffer (2 M NaCl,
2.7 mM KCI, 1.5 mM KH,PO,, I mM Na,HPO,; pH
7.2) for 30 min at room temperature to remove the
cytoskeletal materials and the peripheral proteins [25].
The isolated membranes were then incubated with
0.05% trypsin for 1 min at room temperature to remove
the remaining materials. Whether the plasma
membrane could be isolated was confirmed by Dil
staining.

1.2.3. Prestin labeling with Qdots

The isolated plasma membranes were fixed with 4%
paraformaldehyde in PBS for 30 min at room
temperature.  After fixation, the membranes were
rinsed three times with PBS and incubated with Block
Ace (Dainippon Pharmaceutical, Osaka, Japan) for 30
min at 37°C. After PBS washing, the membranes were
incubated with goat anti-prestin N-terminus primary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
at a dilution of 1:100 in PBS overnight at 4°C. The
membranes were then washed with PBS and incubated
with  Qdot®655-conjugated rabbit anti-goat IgG
secondary antibody (Invitrogen, Carlsbad, CA) at a
dilution of 1:200 in PBS for 60 min at 37°C. Finally,
the membranes were washed with Hanks’ balanced salt
solution (HBSS; 5.33 mM KCI, 0.44 mM KH,PO,,
137.93 mM NaCl, 0.34 mM Na,HPO,, 0.56 mM
glucose; pH 7.3) and immersed in this solution filtered
with a 0.22-um pore-size syringe filter (Millipore,
Billerica, MA).

1.2.4. Atomic force microscopy

An AFM (NVB100, Olympus), in which the AFM
unit is mounted on an inverted fluorescence
microscope (IX70, Olympus), was used. A V-shaped
silicon nitride cantilever (OMCL-TR400PSA-2,
Olympus) with a spring constant of 0.02 N/m was used.
To minimize sample damage during scanning, AFM
images were obtained using the oscillation imaging
mode (Tapping mode™, Digital Instruments, Santa
Barbara, CA). By scanning the sample with this mode,
height images of the sample surface were obtained.
For all AFM images, the samples were scanned from
left to right. Each scan line had 512 points of data, and
an image consisted of 512 scan lines.

In the present study, Qdots were used as topographic
surface markers. As the prestin molecules were labeled
with primary and secondary antibodies, the distance
between a Qdot and a prestin molecule was estimated
to be ~20 nm [16]. The primary antibody used in this

study reacts with the cytoplasmic N-terminus of prestin.

Since such terminus consists of ~100 a.a., its length
was estimated to be ~31 nm [17]. Assuming the
antibody binds to the tip of the N-terminus, the
estimated maximum distance between a Qdot and a
prestin molecule is ~50 nm. Therefore, all structures
observed within 66.5 nm apart from the center of a
Qdot (i.e., 133 nm-square scanning area) were
subjected to subsequent size analysis.

1.3. Results
1.3.1. Plasma membrane isolation and Qdots
staining

Figure 3 shows a fluorescence image of isolated
plasma membrane stained by Dil. Parts producing red
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Fig. 2. Immune AFM of the isolated inside-out plasma
membrane of the prestin-transfected CHO cell.

fluorescence are the plasma membrane. It could be
confirmed that the cells were ruptured and then the
plasma membranes were isolated.

Figure 4 shows the prestin labeling with Qdots of
the isolated plasma membranes of a prestin-
transfected CHO cell and those of an untransfected
CHO cell. Prestin labeling (red), which labels the N-
terminus of prestin, was observed in the isolated
plasma membrane of the prestin-transfected CHO cell,
by contrast, it was not observed in the isolated plasma
membrane of the untransfected CHO cell. These
results indicate the presence of prestin in the isolated
plasma membranes of the prestin-transfected CHO
cell even after the isolated plasma membranes were
sonicated and incubated with the high salt buffer and

trypsin.

1.3.2. Effects of scanning by AFM on Qdots

When the sample is scanned by AFM, the cantilever
contacts Qdots. Hence, it was possible that the position
of Qdots was changed during the scanning. Whether

Fig. 3. Fluorescence image of isolated plasma membrane
of CHO cells. The isolated plasma membranes were stain
by CM-Dil, which is a fluorescence lipophilic membrane
probe. It can be confirmed that the cells were sheared
open, thus becoming an isolated plasma membrane. Scale
bar shows 20 pm.

Fig. 4. Qdot labeling of isolated plasma membrane of
CHO cells. A. Isolated plasma membrane of prestin-
transfected CHO cell. B. Isolated plasma membrane of
prestin-untransfected CHO cell. Fluorescence of Qdot
was observed in the prestin-transfected CHO cell, but
not observed in the untransfected CHO cell. Scale bar
represents 20 pm.

the position of Qdot was changed or not before and
after the scanning was investigated. Figure 5 shows a
fluorescence image of Qdots labeled plasma membrane
before and after the scanning and low-magnification
AFM image. As the fluorescence image unchanged,
effects of the cantilever on the position of Qdots were
considered to be ignorable.

1.3.3. Observation of prestin by AFM

Figure 6 shows the high-magnification 3-D AFM
images of the boxed area shown in the low-
magnification AFM image of Fig. 5. Qdots 8 nm in
height were clearly observed on the cytoplasmic face
of the isolated plasma membrane of the prestin-
transfected CHO cell, as indicated by black arrowheads.
As shown in the magnification at the right of Fig. 6, a
ring-like structure with four peaks and one valley at its
center, possibly corresponding to a prestin molecule,
was observed in the vicinity of the Qdot (a, arrow). In
the vicinity of the other Qdots, similar structures were
observed at the location indicated by arrows (a-d), the
magnifications of which are shown in the bottom
panels.

1.4. Discussion
1.4.1. Sample preparation

In our previous study, the cytoplasmic surfaces of
the isolated plasma membranes of CHO cells were
found to be covered with protruding globular structures
~100 nm in diameter [13]. These protruding globular
structures were colocalized with the
immunofluorescence of prestin, indicating that prestin
was not uniformly distributed in the plasma membrane
of the prestin-transfected CHO cells. As these large
structures hinder efforts to obtain AFM images at high-
magnification, the images were obtained in the
membrane areas without such structures in that study.
In the present study, to observe the membrane topology
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Fig. 5. Isolated Inside-out plasma membrane of the
prestin-transfected CHO cell. A. Fluorescence image
of Qdots labeling prestin. Fluorescence of Qdots was
observed before and after scanning with the AFM,
indicating that the existence of Qdots on the scanned

area. B. Low magnification AFM image. Scale bars
are 10 um.

After scanning

Fig. 6. High-magnification 3-D AFM images of prestin
on the plasma membrane of the prestin-transfected CHO
cells. Qdots were indicated by black arrowheads. A
squarish ring-like structure with four peaks and one
valley at its center, possibly corresponding to a prestin
molecule, was observed in the vicinity of the Qdot
(white arrow). Similar structures were observed at the
location indicated by arrows (a-d). Scale bars at the
right and bottom are 20 and 10 nm, respectively.
Reprinted from [18] with the kind permission of
Springer Science+Business Media.

of prestin at the nano-scale level, a flatter surface of the
isolated plasma membrane was required. To obtain
such flat plasma membrane sheets, therefore, the
sample preparation method was modified. That is, the
CHO cells were cultured in the culture medium
overnight, rather than 5-min incubation in the external
solution just before the sonication as in the previous
method. Due to this, the cell shape became flatter and
more spindly, compared with the cells grown by the
previous method. As shown in Fig. 5B, this procedure
significantly reduced the number of the protruding
globular structures 100 nm in diameter on the
cytoplasmic faces of the isolated plasma membranes of
the CHO cell. CHO cells attached to the extracellular

matrix are flattened into a spindle shape by using a
membrane glycoprotein fibronectin receptor, a member
of the integrin superfamily. This membrane protein
forms focal adhesions that link the extracellular matrix
to actin microfilaments and a number of cytoskeleton
proteins.  Flattening is then achieved by dynamic
formation of adhesion sites at the cell periphery in
equilibrium with free fibronectin receptors subjected to
the endocytic cycle and internalized into the cytoplasm.
After overnight culture of CHO cells, in the present
study, the cells have become spindle-shaped and the
formation of the vesicles required for assembly and/or
disassembly of the focal adhesions had possibly ceased.
Consequently, the number of vesicles was reduced,
thus leading to a significant reduction of the protruding
globular structures on the cytoplasmic sides of the
isolated plasma membranes of the CHO cells.

The existence of prestin in the plasma membrane
isolated from such spindle-shaped CHO cells after
incubation with high-salt buffer and trypsin was
confirmed by immunostaining (Fig. 4). Fluorescence
labeling of the prestin-transfected CHO cells but not of
the untransfected CHO cells was confirmed, suggesting
that prestin existed in the isolated plasma membranes
of the spindle-shaped CHO cells even after treatment
with high-salt buffer and trypsin, and thus these
isolated plasma membranes were applicable as samples
for AFM observation.

1.4.2. The structure of prestin

In the present study, Qdots were used as topographic
surface markers. Assuming the primary antibody binds
at the tip of the N-terminus and the secondary antibody
conjugated with Qdot connects to the primary antibody,
the maximum distance between a Qdot and a prestin
molecule is estimated to be ~50 nm. As shown in Fig.
6, Qdots 8 nm in height were clearly observed on the
cytoplasmic face of the isolated plasma membrane of
the prestin-transfected CHO cell (black arrowheads).
The magnification shown on the right revealed that a
ring-like structure about 10 nm in diameter with four
peaks and one valley at its center, possibly
corresponding to a prestin molecule, existed in the
vicinity of the Qdot. Such structures were also
observed in the vicinity of Qdots indicated by arrow (a-
d, Fig. 6). Similarly-shaped structures were also
observed in the vicinity of Qdots on the cytoplasmic
faces of the plasma membranes isolated from other
prestin-transfected CHO cells.

This study attempted to clarify the structure of
presitn by AFM, while Mio et al. tried to do by EM
[19]. According to their report, prestin is a bullet-
shaped particle with a small protrusion at its center
which extends into the cytoplasm. In the present study,
we isolated the inside-out plasma membranes of the
prestin-transfected CHO cells and then imaged the
cytoplasmic faces of such membranes. On this side,
we observed ring-like structures, each with a
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depression at its center and four surrounding peaks, as
shown in Fig. 6. The difference may be due to the
difference in observation techniques, the main
difference being the force applied to prestin molecules.
In the present study, the sample was scanned by the
cantilever, the spring constant of which was 0.02 N/m.
During the scanning, as the distance between the tip of
the cantilever and the sample was controlled so as to
reduce the amplitude of the cantilever oscillation by
~2-5 nm during scanning, the force applied to the
sample could be roughly estimated to be ~40—-100 pN
based on Hooke’s law if the load applied to the sample
is assumed to be static. In reality, however, since the
cantilever was oscillated during scanning, this load was
more like dynamic, suggesting that the force applied to
the sample was at least twice larger than such
estimation. On the other hand, transmission electron
microscopy does not load such force on the sample.
According to the report by Mio et al., protein density
seemed to be high in the outermost region of the
prestin molecule and low inside. They therefore
proposed the possibility of the existence of a protein-
sparse cavity inside the prestin molecule. Such a
configuration of the prestin molecule implies the
flexibility of its small cytoplasmic protrusion.
Recently, single molecule force spectroscopic studies
using AFM have demonstrated that a higher-order
structure of protein is unfolded when a monomeric unit
of protein is stretched at a force of ~100 pN [20].
Assuming the flexibility of the cytoplasmic protrusion
of prestin and considering the ~40—100-pN or more
force applied to the sample by the AFM cantilever, the
possibility of deformation of this protrusion into its
interior during AFM imaging cannot be ruled out. Due
to this, the cytoplasmic part of prestin was presumably
imaged to be the ring-like structures, each with a
depression at its center surrounded by four peaks
instead of with a small protrusion at its center.

1.5. Conclusions

Prestin  molecules expressed in the plasma
membranes of prestin-transfected CHO cells were
labeled with Qdots, and those dots about 8 nm in height
were clearly imaged by AFM. Ring-like structures,
each with four peaks and one valley at its center, were
observed in the vicinity of the Qdots, suggesting that
prestin forms a tetramer in the plasma membranes of
the prestin-transfected CHO cells.

2. Differentiation of Eosinophilic Leukemia
EoL-1 Cells into Eosinophils Induced by
Histone Deacetylase Inhibitors

2.1. Introduction

Chromatin comprises repeating units of nucleosome
core particles and linker DNA [21]. The particles consist
of an octamer of core histone containing two molecules of
each histone, H2A, H2B, H3 and H4, around which 145
bp of DNA are wrapped in 1.75 turns [22,23]. In gene

expression, histones in the nucleosome core particles are
acetylated at the e-amino group of specific lysine residues
of the N-terminus by histone acetyltransferases (HAT)
[23]. The acetylated lysine residues are deacetylated by
histone deacetylases (HDAC) [24].  Therefore, the
acetylation by HAT and the deacetylation by HDAC play
important roles in cellular function by controlling the level
of gene expression.

Recently, natural and synthetic compounds with the
ability to inhibit HDAC activity have been reported [25,
26]. These HDAC inhibitors used in this experiment is
the short-chain fatty acids n-butyrate [27], the
hydroxamic acid trichostatin A (TSA) [28], the cyclic
tetrapeptide apicidin [29] (Fig. 7). The acetylation by
HAT is sustained while HDAC are inhibited by HDAC
inhibitors, resulting in an accumulation of acetylated
histones that induces various biological activities
including differentiation, proliferation, and apoptosis
via gene expression [25].
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Fig. 7. Chemical structures of sodium n-butyrate,
apicidin and TSA.

The development and function of eosinophils under
conditions of allergic inflammation such as bronchial
asthma have also been studied using eosinophilic
leukemia cell lines such as HL-60 clone 15 cells and
EoL-1 cells [30-32]. It has been reported that n-
butyrate induces the differentiation of EoL-1 cells [33].
However, the mechanism by which these cells
differentiate into mature eosinophils on exposure to n-
butyrate has remained to be elucidated for about 20
years. Therefore, in this study, we analyzed the
mechanism behind the differentiation of EoL-1 cells
into mature eosinophils using the HDAC inhibitors
apicidin, TSA and n-butyrate.



2.2. Materials and methods
2.2.1. Cell culture

Eosinophilic leukemia EoL-1 cells (5 x 10* /ml)
were incubated at 37°C for different time points as
indicated in RPMI-1640 medium (pH 7.8) containing
various concentrations of apicidin, TSA or n-butyrate .

2.2.2. Proliferation assay

EoL-1 cells were incubated at 37°C for different
time points as indicated in medium containing various
concentrations of each drug. After the incubation, the
viable cells were enumerated using a hemocytometer.

2.2.3. Western blotting

The cell lysate was subjected to electrophoresis on a
15% acrylamide gel for 2 h at 125 V and the proteins
separated in the gels were transferred onto a
nitrocellulose membrane and blocked in a blocking
solution for 1 h at room temperature. The membrane
was incubated for 12 h at 4°C with 1st antibody. After
4 washes with T-TBS, the membrane was incubated at
4°C for 3 h with biotinylated 2nd antibody. The
reaction products were incubated for 30 min at room
temperature with Vectastain ABC reagent and
visualized using the Chemiluminescence Detection
System. The membrane was exposed to Kodak X-
Omat AR film.

2.2.4. Flowcytometry

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 (7-AAD,
Sigma). For the detection of CCR3, the cells were
incubated with phycoerythrin (PE)-labeled anti-human
CCR3 for 30 min at 4°C. The fluorescence of the cells
(1 x 10*) was analyzed with a flowcytometer.

2.2.5. Statistical analysis

The statistical significance of the results was

analyzed using Dunnett’s test for multiple comparisons.

2.3. Results
2.3.1 Effects of HDAC inhibitors on the
proliferation of EoL-1 cells

To clarify whether apicidin, TSA, and n-butyrate
inhibit the proliferation of EoL-1 cells, the number of
cells after the incubation with these HDAC inhibitors
was counted. As shown in Fig. 8, EoL-1 cells
proliferated in a time-dependent manner during 8 days
of incubation in the absence of HDAC inhibitors.
Apicidin at 100 nM and n-butyrate at 500 uM
significantly inhibited the proliferation of EoL-1 cells
until day 8. On treatment with TSA at 30 nM,
significant inhibition of the proliferation of EoL-1 cells

was observed on days 2 and 4 but not on days 6 and 8
(Fig. 8).
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Fig. 8. Effects of apicidin, TSA, and n-butyrate on the
growth of EoL-1 cells. EoL-1 cells were incubated for
the periods indicated at 37°C in the absence (open
circles) or presence of 100 nM apicidin (closed circles),
30 nM TSA (closed triangles), or 500 uM n-butyrate
(closed squares). Values are the means from three
samples with the S.E.M. Statistical significance: **p <
0.01 vs. the corresponding control.

2.3.2. Effects of HDAC inhibitors on the
viability of EoL-1 cells

On treatment with apicidin at 10-100 nM, TSA at 10
and 30 nM, or n-butyrate at 500 uM, no significant
change in the viability of EoL-1 cells was observed
(Fig. 9). At higher concentrations of apicidin (300 and
1000 nM) and TSA (100 nM), the viability was
significantly decreased (Fig. 9).
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Fig. 9. Effects of apicidin, TSA, and n-butyrate on the
viability of EoL-1 cells. EoL-1 cells were incubated for
1 day at 37°C in medium containing the indicated
concentration of apicidin, TSA, or n-butyrate. The
viability of the cells was determined by flowcytometry
using 7-AAD. Values are the means from three samples
with the S.E.M. Statistical significance: **p < 0.01 vs.
the control.
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2.3.3. Effects of HDAC inhibitors on the
acetylation of histone H4 in EoL-1 cells

To clarify whether apicidin, TSA, and n-butyrate
inhibit HDAC in EoL-1 cells, we determined the levels
of acetylated-histone H4 by Western blotting. As shown
in Fig. 9, treatment of EoL-1 cells with 100 nM of
apicidin or 500 uM of n-butyrate dramatically induced
the acetylation of histone H4. However, the acetylation
of histone H4 by TSA at 30 nM reached a peak at 4 h
and then declined until 48 h (Fig. 9A and B).
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Fig. 10. Effects of apicidin, TSA, and n-butyrate on the
acetylation of the histone H4. EoL-1 cells were
incubated for the periods indicated at 37°C in the
presence or absence of apicidin (100 nM), TSA (30 nM),
or n-butyrate (500 uM). The experiment shown is a
representative of 3 independent experiments.

2.3.4. Effects of HDAC inhibitors on the
expression of p27**' in EoL-1 cells

We next examined the effects of apicidin, TSA, and
n-butyrate on the expression of the cyclin-dependent
kinase inhibitor p27"""' by Western blotting. Apicidin
at 100 nM and »-butyrate at 500 uM continuously
induced the expression of p27""*" until day 8 (Fig. 11).
In contrast, the expression of p27°"" induced by TSA
at 30 nM reached a maximum at 24 h and decreased at
48 h (Fig. 11).

2.3.5. Effects of HDAC inhibitors on the
expression of CCR3 on EoL-1 cells

After 8 days of incubation, apicidin at 100 nM and
n-butyrate at 500 uM induced the expression of the
markers of eosinophils CCR3 on EoL-1 cells (Fig. 12).

2.4. Discussion

EoL-1 cells, which were established from a patient
with eosinophilic leukemia in 1985, have been utilized
for studies on eosinophilic leukemia [33]. The
development and function of eosinophils under
conditions of allergic inflammation such as bronchial
asthma have also been studied using EoL-1 cells [30,
31], because the cells differentiate into mature
eosinophils when exposed to n-butyrate [33].
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Fig. 11. Effects of apicidin, TSA, and »n-butyrate on the
expression of p27°"! in EoL-1 cells. EoL-1 cells were
incubated at 37°C for the periods indicated in the
presence or absence of apicidin (100 nM), TSA (30 nM),
or n-butyrate (500 uM). The experiment shown is a
representative of 3 independent experiments.
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Fig. 12. Effects of apicidin, TSA, and n-butyrate on the
differentiation of EoL-1 cells into eosinophils. EoL-1
cells were incubated for 8 days at 37°C in medium
containing the indicated concentration of apicidin, TSA,
or n-butyrate. The expression of CCR3 was determined
by flowcytometry. Dotted and solid lines represent the
histogram before and after incubation with the drug,
respectively. The experiment shown is a representative
of 3 independent experiments.



Clarification of the mechanism behind this
differentiation may contribute to the development of a
novel treatment for eosinophilic leukemia and for
inhibition of the differentiation of stem cells into

mature eosinophils in individuals with allergic diseases.

It is reported that the half-life of TSA in cell cultures
is 14.7 h [34], and the differentiation of HL-60 clone 15
cells into eosinophils was induced by repeated treatment
(more than 3 times at an interval for 12 h) with TSA at
30 nM [32], suggesting that TSA has no activity to
induce EoL-1 cells to differentiate into eosinophils due
to its short half-life. In this study, we found that (1) n-
butyrate and apicidin induces the continuous acetylation
of histone H4 and has activity to induce the
differentiation of EoL-1 cells into eosinophils, (2)
apicidin at 100 nM is as effective as n-butyrate at 500
puM, and (3) TSA has no influence on the differentiation
of EoL-1 cells into eosinophils due to its transient effect
on the acetylation of histone H4. Therefore, we suggest
that the continuous acetylation of histone H4 induces the
differentiation of EoL-1 cells into eosinophils. These
findings indicate that the continuous inhibition of HDAC
activity induces the differentiation of EoL-1 cells into
eosinophils, and suggest that the induction of EoL-1
cells into eosinophils on exposure to n-butyrate is due to
the continuous inhibition of HDAC activity by n-
butyrate.

Enhanced acetylation of histones and transcription
factors in EoL-1 cells exposed to apicidin or n-butyrate
leaded to the differentiation of these cells into
eosinophils. It is thought that HDAC inhibitors have an
ability to induce the differentiation of precursor cells
into mature cells, and the maturation could be promoted
by changes in the endogenous balance of HATs and
HDACs in leukemia cells [26]. Furthermore, 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 CD11b-
expressing cells and not the complete maturation to
neutrophils or monocytes [35]. In erythroleukemia
K562 cells, apicidin and #-butyrate induce
differentiation into fetal hemoglobin-producing cells but
not into CDIlb-expressing cells [35-37], and the
differentiation of K562 cells stimulated by apicidin is
irreversible [37] whereas the differentiation of HL-60
clone 15 cells was reversible [32]. 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. As described above, our
studies also suggest a difference in the ability of
differentiation of the EoL-1 cells and HL-60 clone 15
cells [32] by using HDAC inhibitors. Therefore, we also
suggest that HDAC inhibitors are applicable to the
diagnosis of leukemia, for example, in the detailed
identification of the type of leukemia cell. Therefore,
clarification of the mechanism regulating the balance
between HAT and HDAC activities would contribute to
the development of a novel treatment of eosinophilic
leukemia and allergic inflammation.

2.5. Conclusion

In conclusion, we have demonstrated that apicidin
and n-butyrate inhibit proliferation and induce the
differentiation of EoL-1 cells into eosinophils. These
effects may be related to continuous acetylation of
histone H4 induced by apicidin and n-butyrate as
shown here. HDAC inhibitor therapy would have an
effect on people suffering from eosinophilic leukemia
since proliferation is inhibited and differentiation is
induced, but it has not been tested thus far
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