
Biochemical and Biophysical Research Communications 434 (2013) 413–420
Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Mechanisms of G1 cell cycle arrest and apoptosis in myeloma cells induced
by hybrid-compound histone deacetylase inhibitor

Seiko Fujii a,b, Toshinori Okinaga a,c, Wataru Ariyoshi a,c, Osamu Takahashi b, Kenjiro Iwanaga b,
Norikazu Nishino c, Kazuhiro Tominaga b, Tatsuji Nishihara a,c,⇑
a Division of Infections and Molecular Biology, Kyushu Dental University, Japan
b Division of Maxillofacial Surgery, Kyushu Dental University, Japan
c Oral Biology Research Center, Kyushu Dental University, Japan

a r t i c l e i n f o
Article history:
Received 9 March 2013
Available online 26 March 2013

Keywords:
Histone deacetylase inhibitor
Myeloma cell
Cell cycle
Apoptosis
0006-291X/$ - see front matter � 2013 Elsevier Inc. A
http://dx.doi.org/10.1016/j.bbrc.2013.03.043

⇑ Corresponding author. Address: Department of H
Infections and Molecular Biology, Kyushu Dental U
Kokurakita-ku, Kitakyushu 803-8580, Japan. Fax: +81

E-mail address: tatsujin@kyu-dent.ac.jp (T. Nishih
a b s t r a c t

Objectives: Histone deacetylase (HDAC) inhibitors are new therapeutic agents, used to treat various types
of malignant cancers. In the present study, we investigated the effects of Ky-2, a hybrid-compound HDAC
inhibitor, on the growth of mouse myeloma cells.
Materials and methods: Myeloma cells, HS-72, P3U1, and mouse normal cells were used in this study.
Effect of HDAC inhibitors on cell viability was determined by WST-assay and trypan blue assay. Cell cycle
was analyzed using flow cytometer. The expression of cell cycle regulatory and the apoptosis associated
proteins were examined by Western blot analysis. Hoechst’s staining was used to detect apoptotic cells.
Results: Our findings showed that Ky-2 decreased the levels of HDACs, while it enhanced acetylation of
histone H3. Myeloma cell proliferation was inhibited by Ky-2 treatment. Interestingly, Ky-2 had no cyto-
toxic effects on mouse normal cells. Ky-2 treatment induced G1-phase cell cycle arrest and accumulation
of a sub-G1 phase population, while Western blotting analysis revealed that expressions of the cell cycle-
associated proteins were up-regulated. Also, Ky-2 enhanced the cleavage of caspase-9 and -3 in myeloma
cells, followed by DNA fragmentation. In addition, Ky-2 was not found to induce apoptosis in bcl-2 over-
expressing myeloma cells.
Conclusion: These findings suggest that Ky-2 induces apoptosis via a caspase-dependent cascade and Bcl-
2-inhibitable mechanism in myeloma cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Multiple myeloma is a hematological disorder characterized by
unregulated proliferation of terminally differentiated mature B
lymphoid cells. Despite several recent advances in understanding
of its pathogenesis and therapeutic effects of new agents, such as
thalidomide [1], proteasome inhibitors [2], and arsenic trioxide
[3], multiple myeloma remains an incurable disease with a median
survival period of 3–4 years [4]. Therefore, novel effective drugs
and therapeutic strategies for multiple myeloma needed for af-
fected patients.

Recently, a number of studies have concentrated on epigenetic
dysregulation of DNA methylation or histone acetylation to clarify
the mechanism of cancer prognosis. It is known that a variety of
target genes, such as tumor suppressor, cell cycle, differentiation,
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and DNA repair genes, are silenced by epigenetic transcriptional
repression [5–8]. The expression of several genes that regulate cell
differentiation and proliferation can be controlled by changes in
histone status through acetylation and deacetylation [9], which
are catalyzed by histone acetyltransferases and histone deacety-
lases (HDACs) [10]. Notably, inhibition of HDACs has been reported
to introduce cell differentiation, apoptosis, and cell cycle arrest in
several cancer cell lines [11–13].

Ky-2, a cyclo(Asu(NAOH)-Aib-Phe-D-Pro) and a chlamydocin–
hydroxamic acid analog, is a novel class I HDAC inhibitor produced
by a combination of the HDAC inhibitors TSA and TPX [14,15]. In a
previous report, TPX was shown to introduce selective changes in
genes that control the cell cycle, followed by regulation of that cy-
cle in lung carcinoma [16]. Although inhibition of oncogenic
growth and apoptosis in multiple myeloma cells by HDAC inhibi-
tors such as sodium butyrate and TSA have been reported
[15,16], little is known regarding the mechanism by which hybrid
HDAC inhibitors induce cell cycle arrest and apoptosis.

In the present study, we investigated the effectiveness of a low
concentration of Ky-2 to induce cell cycle arrest in the G1-phase
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and apoptosis in myeloma cells. In addition, we examined the
signaling pathway related to the cell cycle and apoptosis in
Ky-2-treated myeloma cells.
2. Materials and methods

2.1. Cell cultures

HS-72 and P3U1, mouse myeloma cell lines, were cultured in Is-
cove’s modified Dulbecco’s medium (IMDM, GIBCO-BRL, Gaithers-
burg, MD, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), streptomycin (100 lg/ml), and penicillin
(100 U/ml) at 37 �C in an atmosphere of 5% CO2 [17,18]. HS-72 cells
were transfected by electroporation with a human bcl-2 expression
plasmid (pCDJ-SV2). HS-72 transfectants (HS-72 B-16) were se-
lected by culturing with Geneticin� Selective Antibiotic (G418 Sul-
fate; GIBCO-BRL) at 450 lg/ml, then maintained in IMDM
supplemented with 10% FBS and G418 (450 lg/ml) at 37 �C in an
atmosphere of 5% CO2 [18].
2.2. Reagents and antibodies

Ky-2 [cyclo(Asu(NAOH)-Aib-Phe-D-Pro)], a hybrid-compound
consisting of the cyclic tetrapeptide of TPX B and hydroxamic acid
of TSA, and a class I HDAC inhibitor was synthesized for the present
study (Fig. 1A) [14]. TSA was purchased from Sigma Chemical Co.
(St. Louis, MOS, USA) and stock solutions were prepared in di-
methyl sulfoxide (DMSO) at a concentration of 1 lM. Antibodies
against the following proteins were used; acetyl-histone H3
(Lys14), HDAC1, HDAC2, and HDAC3 (Cell Signaling Technology,
Beverly, MA, USA), p21, cyclin-dependent kinase 4 (CDK4), and
CDK6 (Santa Cruz Biotechnology, CA, USA), retinoblastoma protein
(Rb) (BD Biosciences, San Jose, CA, USA), caspase-3 and -9 (Medical
& Biological Laboratories, Woburn, MA, USA), and b-actin (Sigma).
In some experiments, the caspase-3 inhibitor Z-Asp-Glu-Val-Asp-
FMK (Z-DEVD-FMK; MBL, Nagoya, Japan) and caspase-9 inhibitor
Z-Leu-Glu-His-Asp-FMK (Z-LEHD-FMK; Medical & Biological Labo-
ratories) were utilized.
2.3. HDAC inhibitor treatment and assessment of cell proliferation

Cell proliferation was analyzed using colorimetric 4-[3-(4-iodo-
phenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfo-
nate (WST-1) assay (Dojindo, Kumamoto, Japan). Mouse
myeloma cells (1 � 104 cells/ml) were seeded in 96-well plates,
then incubated with HDAC inhibitors. After treatment with an
HDAC inhibitor, WST-1 reagent was added to each well followed
by incubation for 4 h at 37 �C. Absorbance at 450 nm against a ref-
erence wavelength of 650 nm was measured using a Multiskan JX
microplate reader (Thermo Scientific, Rockford, IL, USA).
2.4. Flow cytometric analysis

To analyze the cell cycle, mouse myeloma cells (1 � 106 cells/
well) were suspended in hypotonic solution [0.1% Triton X-100,
1 mM Tris–HCl (pH 8.0), 3.4 mM sodium citrate, 0.1 mM EDTA]
and stained with 5 lg/ml of propidium iodide. DNA contents were
analyzed using an EPICS XL (Beckman Coulter, Fullerton, CA, USA).
The percentage of cells in each cell cycle phase was determined
with MultiCycle for Windows (Phoenix Flow Systems, San Diego,
CA, USA).
2.5. Cell morphology

Apoptotic cells were analyzed by morphological change after
nuclear DNA staining with Hoechst 33342 (Dojindo). Cells were
fixed in 1% glutaraldehyde in phosphate buffered saline (PBS; pH
7.2) for 30 min, then washed with PBS and stained with Hoechst
33342 (1 mM). Nucleus morphology was observed with a fluores-
cent microscope (Olympus, Melville, NY, USA).
2.6. Western blotting

Ky-2-treated cells were lysed in SDS lysis buffer (50 mM Tris–
HCl, 2% SDS; pH 6.8), then protein in the samples was determined
using a protein assay reagent (Bio-Rad Laboratories, Hercules, CA,
USA). Next, the samples (20 lg of protein) were electrophoresed
on 7.5% or 15% SDS–polyacrylamide gels and transferred to PVDF
membranes (Millipore Corp., Billerica, MA, USA). After incubation
with 5% non-fat skim milk in PBS for 1 h, the membranes were re-
acted with primary antibodies overnight at 4 �C. Following reaction
with secondary antibodies, immunodetection was performed using
a Chemi Lumi One Superwestern blotting detection system (Naca-
lai tesque, Kyoto, Japan) and band densities were measured with a
Molecular Imager� Chemi Doc TM XRS Plus system (Bio-Rad Labo-
ratories, Hercules, CA, USA).
2.7. Measurement of cell viability by trypan blue dye exclusion

Cell viability was examined using a trypan blue dye exclusion
test. Ky-2-treated cells were suspended in PBS and mixed with
an equal amount of 0.5% trypan blue stain (Nacalai). The number
of cells excluding trypan blue, representing viable cells, was
counted using an Eosinophil counter (SLGC, Tokyo, Japan).
2.8. Isolation of spleen, B, and T cells from mice

Female BALB/c mice (6–7 weeks old, Kyudo, Saga, Japan) were
used, and handled according to guidelines of the institutional ani-
mal care and use committee of Kyushu Dental University under an
approved protocol. Spleen cells were isolated from the mice and
red blood cells were removed using RBC lysis Buffer (BioLegend
Inc., San Diego, USA), then B and T cell populations were depleted
using Dynabeads� Mouse pan T (Thy 1.2) and B (B220) (Dynal Bio-
tech, Oslo, Norway) enriched according to the manufacturer’s
instructions. Cells were cultured in Roswell Park Memorial Insti-
tute 1640 (RPMI1640, GIBCO-BRL) supplemented with 10% heat-
inactivated FBS, streptomycin (100 lg/ml), and penicillin (100 U/
ml) at 37 �C in an atmosphere of 5% CO2. Isolated cells were then
incubated for 3 h, after which adherent cells, such as macrophages
and NK cells were removed from the cell suspension.
2.9. Statistical analysis

Quantitative data are presented as the mean ± standard devia-
tion (S.D.) from triplicate experiments. Statistical analyses of apop-
totic nuclei and trypan blue stained cells were conducted using the
JMP� 9.0.1 software package (SAS Institute Inc., Cary, NC, USA). Sta-
tistical differences were determined using an unpaired Student’s t-
test. P values less than 0.05 were considered to be significant.



Fig. 1. Chemical structures and biological activities of HDAC inhibitors. (A) Chemical structures of Ky-2 and TSA. (B) Myeloma cells were treated with Ky-2 (1 lM) for the
indicated times, then whole lysates were analyzed by SDS–PAGE and Western blotting analyses as described in Section 2. (C) Cells were treated with Ky-2 (j) and TSA (N) (0–
10 lM) for 48 h, and then cell proliferation was assessed using a WST-1 assay. Data are shown as the percentage of cell growth of triplicate samples. (D) Mouse spleen cells
were isolated from female BALB/c mice. B and T cells were separated using Dynabeads� Mouse pan B or Dynabeads� Mouse pan T as described in Section 2. Cells were treated
with Ky-2 (1 lM) for the indicated times, then live cells were counted after staining with trypan blue dye. Data are shown as the percentage of viable cells of triplicate
samples.
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3. Results

3.1. Ky-2, a novel HDAC inhibitor, remarkably inhibited myeloma cell
proliferation

In order to verify that Ky-2 functions as an HDAC inhibitor,
mouse myeloma cells were treated with Ky-2 (1 lM) for various
times, and the expressions of histone H3 and HDACs were exam-
ined using Western blotting analysis. The expression of histone
H3 acetylation was increased in Ky-2-treated mouse myeloma cells
after 6 h (Fig. 1B). In addition, Ky-2 inhibited the expressions of
HDAC1 and HDAC2 proteins after 24 h. Inhibition of HDAC3 pro-
tein was not detected among the Ky-2-treated cells (Fig. 1B). On
the other hand, we did not detect a clear expression of histone
H3 acetylation or HDACs in normal cells (data not shown). As
shown in Fig. 1C, cell proliferation was inhibited by Ky-2 and
TSA in a dose-dependent manner, indicating that Ky-2 effectively
inhibited cell proliferation compared with TSA treatment. We
examined the cytotoxic effects of Ky-2 on primary isolated cells
using a trypan blue assay. After 48 h, 45% and 50% of the HS-72
and P3U1 cells, showed cytotoxicity respectively, whereas no cyto-
toxicity was seen among mouse spleen cells, B and T cells (Fig. 1D).
Fig. 2. Effects of Ky-2 on cell cycle arrest in myeloma cells. (A) Myeloma cells were treat
determine distribution during each phase of the cell cycle. Data shown are representativ
were treated with Ky-2 (1 lM) for the indicated times, then whole lysates were analyze
3.2. Cell cycle arrest in myeloma cells induced by Ky-2

In Ky-2-treated HS-72 cells, the percentage of cells in the G1-
phase population increased from 44.9% to 66.9% after 24 h, while
that of the sub G1-phase population increased from 6.7% to
21.5% after 36 h. As for P3U1 cells, the G1-phase population in-
creased from 36.8% to 49.1% after 24 h and the sub G1-phase pop-
ulation from 2.1% to 17.5% after 36 h (Fig. 2A). Fig. 2B shows that
the expressions of p21 and pRb (hypophosphorylated form of Rb)
were up-regulated. The expression of CDK6 protein was down-reg-
ulated in HS-72 cells at 24 h after Ky-2 treatment, but not in CDK4.
In Ky-2-treated P3U1 cells, the expression levels of p21 and pRb
proteins were similar to the levels in HS-72 cells, while the expres-
sion level of CDK6 protein was not changed after Ky-2-treatment
(Fig. 2B).

3.3. Apoptosis in myeloma cells induced by Ky-2

Hoechst staining revealed that Ky-2 treatment for 24 h caused
apoptotic cell morphology, such as characteristic chromatin con-
densation and degradation of nuclei in myeloma cells (Fig. 3A,
red arrowheads). To clarify the molecules involved in apoptosis,
ed with Ky-2 (1 lM) for the indicated times, then stained with propidium iodine to
e of three independent experiments, with similar results obtained in each. (B) Cells
d by SDS–PAGE and Western blotting analyses as described in Section 2.



Fig. 3. Effects of Ky-2 on apoptosis in myeloma cells. (A) Apoptosis induction by Ky-2 was analyzed by fluorescence microscopy (400�). Myeloma cells were incubated with
Ky-2 (1 lM) for 24 h, then stained with Hoechst 33242. Cells exhibiting chromatin condensation and nuclear fragmentation are indicated by red arrowheads. Data shown are
representative of three independent experiments, with similar results obtained in each. (B) Cells were treated with Ky-2 (1 lM) for the indicated times. Each sample (20 lg of
protein) was separated on a 15% polyacrylamide gel and was electro-blotted onto PVDF membranes and analyzed by immunoblotting, as described in Section 2. (C) Cells were
treated with Ky-2 in the presence of a caspase-9 (Z-LEHD-FMK; 100 lM) or -3 (Z-DEVD-FMK; 100 lM) inhibitor for 24 h, then whole lysates were analyzed by SDS–PAGE and
Western blotting analyses. Data shown are representative of three independent experiments, with similar results obtained in each. (D) HS-72 and P3U1 cells were treated
with Ky-2 (1 lM) in the presence of Z-LEHD-FMK (100 lM) or Z-DEVD-FMK (100 lM) for 24 h, then stained with Hoechst 33342. Cells exhibiting chromatin condensation and
nuclear fragmentation are indicated by red arrowheads. ⁄P < 0.05 as compared with control group.
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we investigated the induction of apoptosis-associated proteins on
Ky-2 treatment. Ky-2 induced cleavage of caspase-9 and -3 in
HS-72 cells after 12 h of treatment, while cleavage of those was
seen after 24 h in P3U1 cells (Fig. 3B). We confirmed that the Ky-
2-induced apoptotic pathway is dependent on the caspase cascade
using caspase-9 and -3 inhibitors. As shown in Fig. 3C, those inhib-
itors completely blocked the expressions of cleaved caspase-9 and
-3 in myeloma cells at 24 h after Ky-2 treatment. Furthermore,
Hoechst staining revealed that both inhibitors significantly pre-
vented about 80% of Ky-2-induced apoptosis (Fig. 3D).
3.4. Overexpression of Bcl-2 protected against Ky-2-mediated
cytotoxicity in HS-72 cells

FACS analysis revealed that there was no increase in the sub-
G1-phase population when HS-72 B-16 cells were treated with
Ky-2 (Fig. 4A). Furthermore, no expression of the cleaved forms
of caspase-9 and -3 was detected in HS-72 B-16 cells after 24 h
(data not shown). Hoechst staining revealed that approximately
41% and 9.3% of nuclei in Ky-2-treated HS-72 and HS-72 B-16 cells,
were apoptotic after respectively for 24 h (Fig. 4B).
Fig. 4. Bcl-2 overexpression suppressed apoptosis induced by Ky-2 (A) HS-72 B-16 ce
examined during each phase of the cell cycle. Data shown are representative of 3 indepen
Ky-2 was analyzed by fluorescence microscopy (400�). HS-72 and HS-72 B-16 cells w
exhibiting chromatin condensation and nuclear fragmentation are indicated by red a
references to color in this figure legend, the reader is referred to the web version of thi
4. Discussion

Mutations and chromosomal translocation are promoted in sev-
eral cancers, resulting in repression of transcription through abnor-
mal recruitment and activation of HDACs. Among of the four
HDACs groups, class I HDACs have been found to be overexpressed
in various types of malignant cancers [19–22]. It is generally ac-
cepted that class I HDACs are involved in cell growth and differen-
tiation, and are up-regulated in malignant cancer cells including
myeloma cells [23–25]. Ky-2 is a class I HDAC inhibitor, and de-
scribed as a hybrid compound consisting of TSA and TPX, which
are known potent inhibitors of HDACs that do not show sufficient
antitumor activity, probably because of their instability in vivo
[26]. First, we verified the function of Ky-2 as HDAC inhibitor in
mouse myeloma cells (Fig. 1B). These results suggest that Ky-2
has activity to inhibit HDACs in myeloma cells, resulting in acety-
lation of histone H3. In WST-1 assay, Ky-2 prevented myeloma cell
proliferation at lower level of exposure as compared with TSA
(Fig. 1C). Fig. 1D also found that Ky-2 had no effect on the cytotox-
icity of B and T cells isolated from mouse spleen cells, suggesting
that Ky-2 has a cytotoxic effect on myeloma cells, but not normal
cells. To explain this novel phenomenon, we examined the molec-
ular mechanisms used by Ky-2 in mouse myeloma cells.
lls were treated with Ky-2 (1 lM) for the indicated times, then distribution was
dent experiments, with similar results obtained in each. (B) Apoptosis induction by
ere incubated with Ky-2 (1 lM) for 24 h, then stained with Hoechst 33242. Cells
rrowheads. ⁄P < 0.05 as compared with control group. (For interpretation of the

s article.)
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HDAC inhibitors reactivate epigenetically silenced genes in
malignant cells through the control of growth arrest [27]. We
found that Ky-2 treatment remarkably inhibited G1 cell cycle ar-
rest, as well as the expressions of p21 and pRb (Fig. 2). Rb controls
cell cycle progression during the G1 to S transition in response to
extracellular signals for growth inhibition [28], while its phosphor-
ylation is induced by catalytic subunits of CDKs [29]. These results
are in agreement with previous findings of up-regulation of p21 as
well as dephosphorylation of Rb by HDAC inhibitors, TSA, and
suberoylanilide hydroxamic acid (SAHA) [16,30,31].

Ky-2 treatment of mouse myeloma cells induced caspase-3 and
-9 cleavage after 24 h (Fig 3B), not caspase-8 (data not shown).
There are two classical pathways for functionally separate molecu-
larly linked apoptosis, caspase-3 processing mediated by caspase-9
(the mitochondrial intrinsic pathway) and that by caspase-8 (the
death receptor extrinsic pathway) [32]. The present results clari-
fied that specific caspase inhibitor, Z-DEVD-FMK and Z-LEHD-
FMK remarkably abolish nuclear fragmentation in Ky-2-treated
myeloma cells (Fig. 3D), clearly indicating Ky-2 induced apoptosis
via a caspase-3 and -9 mediated pathway. In addition, they suggest
involvement of the mitochondrial intrinsic pathway in induction of
apoptosis in myeloma cells treated with this agent.

Anti-apoptotic Bcl-2 family members, such as Bcl-2 and Bcl-XL,
may act directly to prevent the release of cytochrome c, a molecule
that binds Apaf-1 [33–35]. In the present study, we produced bcl-2
overexpressing HS-72 cells (HS-72 B-16), and used them to analyze
apoptotic morphological changes and caspase cleavage following
Ky-2 treatment. Bcl-2 overexpression protected the cells from
Ky-2-induced apoptosis, resulting in no increase in the sub-G1-
phase population, and cleavage of caspase-9 and -3 (data not
shown), as well as inhibition of nuclei fragmentation in HS-72 B-
16 cells induced by Ky-2 treatment (Fig. 4A, B). These findings indi-
cated that Ky-2-induced apoptosis was completely blocked by
overexpression of Bcl-2, suggesting the importance of mitochon-
drial-dependent apoptosis signaling in Ky-2 treated myeloma cells.

In summary, our results showed that novel HDAC inhibitor Ky-2
significantly inhibited myeloma cell proliferation, while it demon-
strated no cytotoxicity against normal cells. Furthermore, Ky-2 in-
duced cell cycle arrest, resulting in regulation of cell cycle-
associated proteins, p21, and hypophosphorylation of Rb proteins.
Interestingly, we also found that Ky-2 induced apoptosis in myelo-
ma cells via a caspase-mediated mitochondrial pathway, which
promoted cleavage of caspase-9 and -3. We think that the most
important finding would be the lack of cytotoxic effects on normal
lymphocytes by Ky-2. At present, we have no ready precise expla-
nation for this phenomenon, but we speculate that the reason for
this difference in viability may be due to the function of Bcl-2 fam-
ily. Further research is planned to these points. Together, these
findings suggest that Ky-2, a novel class I HDAC inhibitor, may be
an effective therapeutic agent against multiple myeloma in view
of its target specificity and antitumor activities.
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