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ABSTRACT 

Epigenetic modifications such as histone de- 
acetylation are commonly related to tumor de-
velopment and histone deacetylase (HDAC) in-
hibitors have been shown to be potential drugs 
for cancer treatment. In the present study, we 
investigated the effects of a novel HDAC in-
hibitor, Ky-2, on oral squamous carcinoma cells 
in vitro. Cell viability was significantly reduced 
by treatment with Ky-2 at 25 nM, while it also led 
to augmentation of the proportion of cells in the 
sub-G1 phase and DNA fragmentation. In addi-
tion, immunoblot analysis revealed that Ky-2 
enhanced the expression of apoptosis-related 
proteins. Our results showed that a low concen-
tration of Ky-2 induced apoptosis in oral squa- 
mous carcinoma cells via activation of apoptotic 
cascades. 
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1. INTRODUCTION 

Oral cancer, especially oral squamous cell carcinoma, 
is a major cause of cancer-related death that affects 
nearly 500,000 patients annually worldwide. Three ma-
jor modalities, surgery, irradiation, and chemotherapy, 
are widely applied as conventional treatment strategies 
for oral cancer. Of those, chemotherapy is beneficial for 
local tumor control and survival improvement, and also 
has advantages of avoiding esthetic and functional dis-

turbances associated with surgical treatments. However, 
therapeutic agents are needed to improve the results of 
conventional chemotherapies for oral cancer [1,2]. 

When histone deacetylase (HDAC) function is inhib-
ited, histones remain to be acetylated, resulting in more 
open chromatin conformation, which facilitates the tran-
scription of genes [3]. Histone deacetylase has recently 
attracted much attention as an epigenetic factor, and it 
has been shown that modulation of the acetylation status 
of histones and transcription factors is important for 
regulating gene expression [4]. HDAC inhibitor treat-
ment has been found to augment the expression of genes 
such as apoptotic factors related to both extrinsic and 
intrinsic pathways, cell cycle suppressors, and angio-
genic factors [5,6]. 

At the time of writing, the Unite States Food and Drug 
Administration has approved 2 HDAC inhibitors, vori-
nostat and romidepsin, for treatment of manifestations of 
cutaneous T-cell lymphoma [7]. However, validated 
HDAC inhibitors for the treatment of solid tumors re-
main to be developed. 

In the present study, we examined the cytotoxic ef-
fects of a novel HDAC inhibitor on cancer cells and 
clarified the mechanism by which it induces apoptosis in 
oral squamous carcinoma cells. 

2. MATERIALS AND METHODS 

2.1. Cell Culture 

Ca9-22, a human gingival squamous carcinoma cell 
line, was maintained in RPMI 1640 (GIBCO BRL, 
Grand Island, NY, USA) with 10% heat-inactivated fetal 
bovine serum, penicillin (100 U/ml), and streptomycin 
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(100 g/ml) at 37˚C in 5% CO2 and air. 
Cyclic hydroxamic acid-containing peptide (CHAP)15, 

renamed Ky-2, cyclo (Asu(NHOH)-Aib-Phe-D-Pro), and 
suberoylanilide hydroxamic acid (SAHA; Cayman 
Chemical, Ann Arbor, MI, USA) (Figure 1(a)) [8] were 
prepared as stock solutions at concentrations of 80 and 
75 mM, respectively. The caspase-9 inhibitor benzy-
loxycarbonyl-Leu-Glu(OMe)-His-Asp(OMe)-CH2F (Z- 
LEHD-fmk), was purchased from Calbiochem Co. (San 
Diego, CA, USA). 
 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Chemical structure and biological activity of Ky-2. 
(a) Chemical structures of Ky-2 and SAHA; (b) Effects of 
Ky-2 and SAHA on viability of Ca9-22 cells. Ca9-22 cells 
were treated with Ky-2 (0.2 - 200 nM) or SAHA (0.01-10 M) 
for 48 hours, and cell viability was assessed using a WST-1 
assay; (c) Morphological changes in Ca9-22 cells treated with 
Ky-2. Cells were treated with Ky-2 (100 nM) or SAHA (10 
M) for 48 hours, and examined with light microscopy (IX71; 
OLYMPUS, Tokyo, Japan). 

2.2. In Vitro Cell Proliferation Assay 

Cell proliferation was evaluated using a colorimetric 
WST-1 assay. Ca9-22 cells were seeded in flat-bottomed 
96-well plates at a concentration of 1 × 104 cells/ml. Af-
ter the cells were treated with Ky-2 for 44 hours, 10 l 
of WST-1 reagent (Dojindo, Kumamoto, Japan) was 
added to each well followed by incubation for 4 hours. 
Absorbance at 450 nm was measured using a Multiskan 
JX microplate reader (Thermo Fisher Scientific, Rock-
ford, IL, USA) 

2.3. Light Microscopy 

After treatment with Ky-2 or SAHA for 24 hours, 
Ca9-22 cells were examined under a light microscope 
(IX71; OLYMPUS, Tokyo, Japan) for changes in cell 
morphology and photographs were obtained using a 
DP71 (OLYMPUS, Tokyo, Japan). 

2.4. Immunofluorescence and Confocal  
Microscopic Analysis 

For immunofluorescence analysis, cells were cultured 
in 8-well Lab-TekTM chamber slides (Nagle Nunc In-
ternational, Rochester, NY, USA) at a density of 1 × 104 
cells/well. After Ky-2 (100 nM) treatment for 3 hours, 
cells were fixed with 4% formaldehyde, then permeabi-
lized with 0.2% Triton X-100 in phosphate buffered sa-
line (PBS, pH 7.2) for 15 minutes at room temperature. 
After blocking with 1% bovine serum albumin (BSA) in 
PBS, the slides were treated overnight at 4˚C with rabbit 
polyclonal antibodies against acetyl-histone H3 (Lys14) 
(1:1000; Cell Signaling Technology, Beverly, MA, USA), 
then washed and treated with goat anti-rabbit IgG anti-
body Alexa Fluor® 488 (1:200; Molecular Probe, Invi-
trogen, Carlsbad, CA, USA) for 2 hours at room tem-
perature, followed by the addition of an actin staining 
reagent, Alexa Fluor® 568 phalloidin (1:40; Molecular 
Probe, Invitrogen, Carlsbad, CA, USA). Cells were 
visualized with a Fluorescence Microscope BZ-9000 
(KEYENCE CORP., Osaka, Japan). Images were cap-
tured digitally in real time and processed using BZ-II 
imaging software (KEYENCE CORP., Osaka, Japan).  

2.5. Immunoblot Analysis 

The samples were lysed in SDS lysis buffer (50 mM 
Tris-HCl, 2% SDS; pH 6.8). The protein contents were 
determined using a protein assay reagent (Bio-Rad 
Laboratories, Hercules, CA, USA). Each protein sample 
(30 g) was subjected to electrophoresis on a 7.5% or 
15% SDS-polyacrylamide gel, and electro-blotted onto a 
PVDF membrane. After incubation with 5% non-fat 
skim milk in PBS containing 0.1% Tween-20 for 1 hour, 
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the membranes were treated with the primary antibody, 
as described below. Polyclonal antibodies against ace-
tyl-histone H3 (Lys14), lamin A/C, poly (ADP-ribose) 
polymerase (PARP), caspase-3, caspase-6, and caspase-7 
were purchased from Cell Signaling Technology (Bev-
erly, MA, USA), while a monoclonal antibody against 
caspase-9 was purchased from Medical & Biological 
Laboratories (Woburn, MA, USA) and a polyclonal an-
tibody against Actin (C-2) was purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). Immu-
nodetection was performed using an ECL-plus Western 
blotting detection system (Amersham Bioscience, Little 
Chalfont, Buckinghamshire, UK) according to the manu- 
facturer’s instructions. The band densities were meas-
ured with a Molecular Imager® ChemiDocTM XRS 
Plus system (Bio-Rad Laboratories, Hercules, CA, USA). 
Blots were stained with Coomassie Brilliant Blue and 
each lane was confirmed to contain a similar amount of 
protein extract.  

2.6. Detection of Apoptotic Cells 

Ca9-22 cells were suspended in a hypotonic solution 
(0.1% Triton X-100, 1 mM Tris-HCl; pH 8.0), 3.4 mM 
sodium citrate, 0.1 mM ethylenediaminetetraacetic acid) 
and stained with 5 g/ml of propidium iodide (PI), then 
analyzed with a FACScalibur flow cytometer (EPICS 
XL; Beckman Coulter, Fullerton, CA, USA). For An-
nexin V and PI staining, Ca9-22 cells were washed with 
PBS and resuspended in binding buffer (10 mM HEPES, 
140 mM NaCl, 2.5 mM CaCl2; pH 7.4). Fluorescein- 
conjugated Annexin V and PI solutions were added, and 
mixed gently according to the manufacturer’s instruc-
tions (Molecular Probe, Invitrogen, Carlsbad, CA, USA). 
Cells were incubated at room temperature and then ana-
lyzed with an EPICS XL. To detect apoptotic nuclei, 
Ca9-22 cells were fixed with 1% glutaraldehyde for 1 
hour, washed with PBS, and stained with 1 mM of 
Hoechst dye 33342 (Ana Spec, Fremont, CA, USA). Nu-
clei were visualized by fluorescence microscopy (BX51; 
OLYMPUS, Tokyo, Japan), with an excitation wave-
length of 355 nm and emission wavelength of 465 nm. 

2.7. Statistical Analysis 

All experiments were performed 3 times and the re-
sults are presented as the mean  standard deviation (S.D) 
of each. 

3. RESULTS 

3.1. Ky-2 Inhibits Growth of Ca9-22 Cells 

We investigated the effects of Ky-2 on the viability of 
Ca9-22 cells using a WST-1 assay. As shown in Figure 

1(b), Ky-2 dose-dependently inhibited cell proliferation 
with estimated half maximal inhibitory concentrations 
(IC50) ranging from 12.5 to 25.0 nM. In contrast, SAHA 
had a lower effect on the growth of Ca9-22 cells. Both 
Ky-2 and SAHA induced a significant decrease in the 
number of viable cells as compared with the control, and 
also caused dramatic changes to the cells to develop an 
elongated shape with filamentous protrusions (Figure 
1(b)). 

3.2. Acetylation of Histone H3 

To clarify whether Ky-2 is an effective inhibitor of 
HDAC enzymes in Ca9-22 cells, we examined the ace-
tylation of histone H3 by immunoblot analysis. Histone 
H3 acetylation was expressed in Ca9-22 cells treated 
with Ky-2, as shown by immunoblot analysis (Figure 
2(a)), while immunofluorescence analysis showed that 
Ky-2 treatment enhanced that acetylation (Figure 2(b)).  

3.3. Detection of Apoptosis Cells 

When Ca9-22 cells were treated with Ky-2 (100 nM) 
for 24 hours, the percentage of cells in the sub-G1 phase 
was 32.9% (Figure 3(a)). To investigate the nature of 
Ca9-22 cell death following Ky-2 treatment, we ana-
lyzed the cells after exposing them to a combination of  

 

 
(a) 

 

 
(b) 

Figure 2. Ky-2 induces acetylation of histone H3 in Ca9-22 
cells. (a) Ca9-22 cells were treated with Ky-2 (100 nM) for the 
indicated time periods. Expression of acetylated histone H3 
was detected using immunoblotting analysis; (b) Confocal 
immunofluorescent analysis of Ca9-22 cells treated with Ky-2. 
Ca9-22 cells were treated with acetyl-histone H3 (Lys14) anti-
body and goat anti-rabbit IgG secondary antibody Alexa 
Fluor® 488, followed by addition of actin stain Alexa Fluor® 

68 phalloidin.  5 
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Figure 3. Detection of apoptosis in Ca9-22 cells treated with Ky-2. (a) Ca9-22 cells were treated with 
Ky-2 (100 nM) for 6, 12, and 24 hours, and analyzed by flow cytometry; (b) Ca9-22 cells were treated 
with Ky-2 (100 nM) for 24 hours and stained with Annexin V/PI, and analysed by flow cytometry; (c) 
Ca9-22 cells were treated with Ky-2 (100 nM) for 24 hours and stained with Hoechst’s dye 33342. Apoptotic 
cells exhibiting characteristic chromatin condensation were observed by fluorescence microscopy (400). 
White arrows indicate apoptotic nuclei. 

 
Annexin V and PI. Flow cytometric analysis revealed 
that Ky-2 treatment enhanced the surface expression of 
phosphatidylserine after being cultured for 24 and 36 
hours, as shown by an increase of Annexin V binding 
(Figure 3(b)). We also examined apoptotic nuclei in 
Ky-2-treated Ca9-22 cells using Hoechst’s staining. As 
shown in Figure 3(c), apoptotic cells were indentified 
according to their characteristic cell morphology, such as 
condensation and degradation of the nuclei, after Ky-2 
treatment. Taken together, these results indicate that 
Ky-2 treatment induces apoptosis in Ca9-22 cells. 

Ky-2 (100 nM) on Ca9-22 cells, we investigated the 
involvement of caspases in apoptotic cell death. Ca9-22 
cells were treated with Ky-2, and the expression of pro-
caspase-9, -3, -6, and -7 were examined using im-
munoblot analysis. Procaspase-9, -3, -6, and -7 were 
detected in the cells as protein bands with a molecular 
mass of 45, 35, 35, and 35 kDa, respectively. Cleaved 
forms of caspase-9 (35 kDa), -3 (17 kDa), -6 (15 kDa) 
and -7 (20 kDa) were detected at 18 hours after Ky-2 
treatment (Figure 4). Furthermore, immunoblot analysis 
revealed that treatment with Ky-2 caused cleavage of 
PARP, an enzyme involved in DNA repair, and a sub-
strate for caspase-3 and -7, in a time-dependent manner 
as an 89-kDa fragment. Also, PARP-cleaved products 
appeared at 18 hours and their levels were increased  

3.4. Ky-2 Modulates Apoptosis-Regulatory 
Proteins 

To clarify the mechanism of the cytotoxic effects of  
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Figure 4. Expression of apoptosis-related 
proteins in Ca9-22 cells treated with Ky-2. 
Ca9-22 cells were treated with Ky-2 (100 
nM) for the indicated time periods. Expres-
sions of apoptosis-related proteins were de-
tected by immunoblotting analysis. 

 
after 24 hours (Figure 4). Proteolytic lamin A/C, a major 
structural protein of the nuclear envelope and substrate 
for caspase-6, was cleaved as a small (28 kDa) fragment 
at 18 hours after Ky-2 treatment.  

3.5. Effect of Caspase-9 Inhibitor on Ky-2 
Induced Apoptosis 

Next, we examined the effect of a caspase-9 inhibitor 
(Z-LEHD-fmk; 100 nM) on Ky-2-induced apoptosis in 
Ca9-22 cells. When Ca9-22 cells were treated with Ky-2 
(100 nM) for 24 hours, the percentage of cells in the 
sub-G1 phase was 32.9%. On the other hand, when those 
cells were cultured with caspase-9 inhibitor the percent-
age was 20.4%, as shown by flow cytometric analysis 
(Figure 5(a)). At 18 hours after beginning Ky-2 treat-
ment, the caspase-9 inhibitor blocked the expressions of 
cleaved caspase-9, -3, -6, and -7 (Figure 5(b)). In addi-
tion, cleavage of lamin A/C and PARP were not detected 
in Ky-2 treated-cells incubated with caspase-9 inhibitor 
(Figure 5(b)).  

4. DISCUSSION 

A variety of HDAC inhibitors have been extensively 
developed as promising targets for cancer therapy [9,10]. 
Among them, hydroxamic acids, such as SAHA, have 
been found to cause differentiation, growth arrest, and 

apoptosis in a series of tumor cells, while normal cells 
were observed to be relatively resistant [1,11,12]. Nota-
bly, SAHA, clinically used as an HDAC inhibitor, was 
found to reduce tumor volume by 78% in animals, with 
no detectable toxic side effects [13]. In the present study, 
we used SAHA and a chlamydocin-hydroxamic acid 
analog, Ky-2, as specific inhibitors of HDACs in order 
to investigate their antitumor effects on oral squamous 
carcinoma cells, Ca9-22 cells. Our results showed that 
Ky-2 and SAHA each induced cell death in Ca9-22 cells 
in a dose-dependent manner, as well as accumulation of 
acetylated histone H3. It has been reported that the IC50 
of SAHA ranges from 0.8 to 3.1 M with other head and 
neck squamous carcinoma cell lines [4,14]. Interesting, 
we found that Ky-2 inhibited the growth of Ca9-22 cells 
at nanomolar concentrations (Figures 1 and 2), suggest-
ing that Ky-2 is superior to SAHA as an antitumor agent.  

Ky-2 is synthesized by replacing the epoxyketone 
moiety of chlamydocin with hydroxamic acid [14]. The 
aliphatic chain of Ky-2 may become inserted into the 
tube-like active-site pocket of HDACs, thereby chelating 
the zinc ion by the hydroxamic acid group at the bottom 
of the pocket, while the cyclic tetrapeptide structure 
confers a high affinity with HDAC. This high affinity is 
consistent with results of a model that showed that the 
cyclic tetrapeptide with hydrophobic groups serves as a 
cap for packing the inhibitor at the rim of the tube-like 
active-site pocket [8,16,17]. Taken together, these find-
ings suggest that Ky-2 induces significant growth inhibi-
tion in Ca9-22 cells based on its characteristic structure 
(Figure 1(a)). 

HDAC inhibitors are well known to induce growth 
inhibition and apoptosis in cancer cells [18]. The induc-
tion of apoptosis was reported to be accompanied by the 
appearance of floating cells with sub-G1 DNA content, 
positive annexin V staining, negative propidium iodide 
staining, and activation caspase, indicating the charac-
teristics of apoptosis [19]. At 24 hours after Ky-2 treat-
ment, Ca9-22 cells were induced to undergo apoptosis, 
as shown by the appearance of a sub-G1 cell population 
peak, at which time the percentage of cells in the sub-G1 
phase was 32.9% (Figure 3(a)). Furthermore, Ky-2- 
induced apoptosis was accompanied by activation of 
caspase-9, -3, -6, and -7, and cleavage of lamin A/C and 
PARP. It has also been reported that proteolysis of 
lamins, major structural proteins of the nuclear envelope, 
causes cleaving of a small fragment during the induction 
of apoptosis. Furthermore, PARP is well known to be 
involved in DNA repair, predominantly in response to 
environmental stress. PARP is important for cells to 
maintain their viability, while its cleavage facilitates 
cellular disassembly and serves as a marker of cells un-
derg ng apoptosis [20,21].  oi  
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Figure 5. Caspase-9 inhibitor suppressed Ky-2-induced apoptosis in Ca9-22 cells. (a) Ca9-22 cells were treated 
with Ky-2 (100 nM) in the presence of the caspase-9 inhibitor (Z-LEHD-fmk; 100 nM) for 6, 12, and 24 hours, 
and analyzed by flow cytometry; (b) Ca9-22 cells were treated with Ky-2 (100 nM) in the presence of 
Z-LEHD-fmk (100 M) for 18 hours. Expressions of apoptosis-related proteins were detected by immunoblot-
ting analysis. 

 
In the present study, the activated cascade of cas-

pase-6 and -7 played a critical role in the degradation of 
lamin A/C and PARP in apoptotic Ca9-22 cells treated 
with Ky-2. Interestingly, the caspase-9 inhibitor de-
creased the percentage of Ca9-22 cells in the sub-G1 
phase after treatment with Ky-2 (Figures 3 and 5). Cas-
pase-9 activates the effectors caspase-3 and -7, which 
then trigger cell fragmentation by cleaving selected cell 
death substrates and also process different caspases [22]. 
These findings suggest that Ky-2 induces apoptosis in 
Ca9-22 cells through a typical caspase cascade. 

Openly accessible at  

In conclusion, our results show that the growth inhibi-
tion observed in oral squamous carcinoma cells in re-
sponse to Ky-2 treatment is a result of its marked struc-
tural diversity and induction of apoptosis via activation 
of a caspase cascade. In addition, they indicate that 
therapy with Ky-2 might be a promising approach for 
treatment of oral squamous cell carcinoma. 
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