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Gastric cancer is the second most common cause of cancer-related deaths in the world. In this study,
a bioactive derivative of chitooligosaccharide, named gallic acid-grafted-chitooligosaccharide (G-COS),
was evaluated for its capabilities against the proliferation of AGS human gastric cancer cells. It was found
that G-COS treatment caused significant inhibition of gastric cancer cell growth at concentrations of
200 and 400 pg mL™Y The anti-growth effect of G-COS in AGS cells was characterized using flow

. 4 28th Feb 017 cytometry, fluorescence microscopy, DNA fragmentation and evaluation of protein expression. Notably,
eceive th February . . . . .
Accepted 19th April 2017 G-COS-induced apoptosis was related to the increase in the expression of p53, p21, Bax, and caspases

(-9 and -3) and the decrease in the activation of Bcl-2, p-IkB-a and NF-kB (p50 and p65). These findings

DOI: 10.1039/c7ra02487h indicate that G-COS has potential to be applied in the treatment of gastric cancer as a cancer
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Introduction

Gastric cancer is the second leading cause of cancer-related
death as one of the most common malignancies with poor
prognosis.> The geographic and ethnic differences in gastric
cancer incidence and mortality suggest that gastric cancer is
closely related to diet such as ingestion of salt-preserved food,
nitrates, and smoked or pickled food.”> Despite the advanced
targeted therapy and improved understanding of the biology
and development of the malignancy, progress in the treatment
of gastric cancer has been limited.? The most efficacious remedy
for gastric cancer is surgery, however many patients have
inoperable cancers. Therefore, chemotherapy regimens have
remained an integral part of primary treatment until now.*
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Most cancer cells block apoptosis via anti-apoptotic signal-
ling pathways in order to survive despite undergoing genetic
and morphologic transformations. Therefore, drugs promoting
apoptosis may be effective against many cancers and are an
important strategy to counteract cancer.> Apoptotic cells are
characterized by certain morphological features, including
condensation of the cytoplasm and nucleus, cell surface
expression of phosphatidylserine, and internucleosomal
cleavage of DNA.® Further, the translocation of phosphati-
dylserine to the exterior surfaces of the plasma membrane is
a distinguishing feature of early apoptosis.” The tumor
suppressor gene p53 whose product can act as a suppressor of
transformation inhibits cell growth through activation of cell
cycle arrest and apoptosis in more than half of human cancers.?
The important component of apoptosis occurs primarily
through a p53-dependent pathway and involves its target
proteins of the Bel-2 family (i.e., Bax, Bcl-2) and activation of
caspase family.

Phenolic acids, especially hydroxycinnamic acids such as
gallic acid, caffeic, and sinapinic acids, and benzoic acids
derivatives such as p-hydroxybenzoic, protocatechuic, vanillic
and syringic acids are natural plant hydrophilic antioxidants.®
The antioxidant activity of these compounds is due to the ability
to quench the free radicals, terminate the chain reactions in
lipid oxidation and chelate metal ions.>'® Hydroxyl groups,
present on their structure are believed to be associated with
their antioxidant activity. However, those derivatives metabolize
in the body within short time and exhibit relatively low
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solubility in aprotic media. The hydrophilic nature of these
compounds reduces their effectiveness in stabilizing lipophilic
systems, such as fats and oil and become a serious disadvan-
tage. The hydrophilicity of phenolic acids can be reduced up to
some extent by reacting them with slow digestible compounds
such as chitooligosaccharides (COSs) to enhance their slow
releasing ability while increasing the antioxidant effect of
COSs.>"*1* A COS conjugated with gallic acid (G-COS) showed
no significance effect in viability up to 200 pg mL~" in macro-
phage and mast cells,'*"* and a substitute of G-COS, gallic acid
showed toxicity in AGS cells at IC5o of 170.12 ug mL ™~ *.%¢

The objective of this study was to characterize the anti-tumor
activity of G-COS and the related mechanistic pathway following
treatment with G-COS in AGS gastric cancer cells.

Results and discussion
Structural characterization of G-COS

In the synthesis mechanism of G-COS (Fig. 1A), dicyclohexyl
carbodiimide (DCC) is used as a dehydration agent and for
retaining of the amine group, and initiated the reaction of
carboxyl groups with gallic acid. The reaction includes formation
of the intermediate active ester that further reacts with the amine
function to yield the amide bond. The FT-IR spectra of G-COS
and COS are shown in Fig. 1B to identify their molecular inter-
actions. Several typical peaks of amide bonds were observed in
the COS spectrum, i.e., the absorbance bands at 2188, 1972, and
1633 cm™ ", corresponding to C=O0 stretching (amide I), N-H
bending (amide II), and C-N stretching (amide III), respec-
tively.'” In comparison, G-COS, G-COS showed the characteristic
peaks at 2320 cm™ ! (ester) or 1955 cm ™' (amide), suggesting the
nucleophilic reaction of covalent linkage of gallic acid with COS
occurs at either C-6 (via the formation of ester linkage) or C-2 (via
the formation of amide linkage).*® In addition, a new peak at
1731 cm™ " was observed in G-COS due to the C=C stretching in
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esters, representing the formation of ester bond between the
carboxyl groups of gallic acid and hydroxyl groups of COS.

Further characterization of GCOS was performed by
"H NMR. As shown in Fig. 1C, gallic acid showed only one peak
at 7.1 ppm (H-a of benzene ring). Chemical shift at 3.1 ppm
(quartet, H-2), 3.3-4.1 ppm (multiplet, H-3 to H-6), 5.3 ppm
(doublet, H-1) and a single peak at 2.0 ppm were representing
the protons on amino and the hydroxyl groups of COS."* In
detail, splitting of H-1 is observed as doublet with a weak
coupling constant (J = 0.14 Hz) due to the spin-spin coupling of
H-2. And, doublet of doublet observed for H-2 is due to spin-
spin coupling of nearby H-1 and H-3 which are at different
chemical environment. The spectrum of G-COS contained all
the peaks of COS, and a new peak at around 7.1 ppm originated
from gallic acid, confirming the successful grafting of gallic acid
onto COS. This result corresponded to *C NMR spectra
(Fig. 1D) that the aromatic carbon of gallyl group for G-COS
observed at 109.2, 127.8, 136.7, and 145.2 ppm (C=C) and
173.6 ppm (C=0).

Evaluation of the antitumor activity of G-COS using
cytotoxicity assays

We evaluated the anti-growth effect of G-COS in comparison
with COS on AGS human gastric adenocarcinoma cells. In order
to evaluate the effect of G-COS and COS on AGS cells, cells were
treated with the different concentrations of G-COS or COS for
24 h and viability was then measured by MTT assay (Fig. 24A).
G-COS showed significantly higher growth inhibitory effects in
a dose-dependent manner (p < 0.001), compared to the COS. In
addition, the fold change of cell viability upon treatment with
200 and 400 pg mL ™" of G-COS were 0.68 and 0.43 compared to
the blank, respectively. Direct observation by inverted micros-
copy revealed that numerous morphological changes occurred
in cells treated with G-COS or COS (Fig. 2B, upper panel).
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Transmittance (%)

4000 3000 2000 1000
Wavenumber (cm™)
OH C D
5
)
4 3
6
O  o-- l,,ul‘J/‘A:’“J A o cos |
H-2 1
H, a , I
\ | |
, F—————
j AL ecos |
| 70 60 50 40 30 20 180 140 100 60 20

Chemical shift (ppm)

Fig. 1 Synthetic pathway of G-COS (A). FT-IR spectra (B) and *H NMR (C) for COS and G-COS and **C NMR (D) for G-COS.
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Fig.2 Effect of G-COS and COS on the viability of AGS cells. AGS cells were incubated with the indicated concentrations of G-COS and COS for
24 h. Cell viability was determined by an MTT assay (A). Morphological changes were determined by phase contrast microscopy (viewed at
magnification of x100) (upper panel) or fixed and stained with Hoechst 33258 (lower panel) (B). Arrows indicate apoptotic cells. The data are
shown as means + SD of three independent experiments. ®p < 0.05, Pp < 0.01, °p < 0.005, %p < 0.001 compared with the Blank (B).

Additional experiments were conducted to determine if the
inhibitory effect of G-COS on cell growth was the result of
apoptotic cell death. Hoechst staining (Fig. 2, lower panel)
revealed that nuclei with chromatin condensation and
apoptotic bodies with significant loss of cell volume and
widespread membrane bleeding were formed in cells that were
cultured with G-COS (as indicated by yellow arrows in Fig. 2),
and that this phenomenon occurred in a concentration-
dependent manner; however, these features were present in
only a few cells in the 400 ug mL ™" treatment of COS (Fig. 2B,
bottom panel).

Despite the cytotoxic effect of gallic acid and COS in various
cancer cells,’®'**® its conjugations with COS (G-COS) did not
show any significant effect on the viability against leukemia
mast cell or macrophages cells in tested concentrations (up to
200 pg mL~").** However, interestingly, we observed that G-
COS treatment induced strong anti-growth effect in AGS cells
compared to COS.

0 pg/ml, Blank

Quantification of apoptotic cell death using flow cytometry

The agarose gel electrophoresis showed that G-COS treatment
induced the progressive accumulation of fragmented DNA,
which appeared as a typical ladder pattern of DNA fragmenta-
tion due to internucleosomal cleavage associated with
apoptosis, and that this accumulation occurred in a concentra-
tion-dependent manner (Fig. 3A).

Apoptosis and cell cycle dysfunction are closely associated
biochemical processes and any disturbance in cell cycle
progression may lead to apoptotic cell death.” The degree of
apoptosis was determined by analyzing the amount of sub-G1
DNA and apoptotic cells in AGS cells that were treated with G-
COS or COS using flow cytometry. As shown in Fig. 3B, the
treatment of AGS cells with G-COS resulted in an increased
accumulation of cells in the sub-G1 phase at concentrations of
200 and 400 pg mL™" to 55.64% and 66.64%, respectively. Also,
fragmented and damaged DNA was detected by annexin V-FITC
and in the cells with 200 and 400 pg mL™* of G-COS, a 51.86 and
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Induction of apoptosis by G-COS and COS treatment of AGS cells. Total DNA was extracted from the AGS cells and the DNA frag-

mentation assay was analysed (A). Sub-G1 DNA content and apoptotic AGS cells were measured by flow cytometry analysis. The percentages of
gates (apoptosis) are represented in each panel (B). The data are shown as means + SD of three independent experiments.
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57.39% of annexin V-positive cells were detected, however, COS
treatment showed only 1.46% (inner panel of Fig. 3B). This
result suggest that cells can undergo early apoptosis after being
exposed to G-COS.

Effects of G-COS on the levels of genes associated with
apoptosis

To investigate the apoptotic pathways activated by G-COS, we
used Western blotting to measure the expression of the tumor
suppressor p53 and its downstream p21 and pro-apoptotic
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proteins like Bcl-2 family members (Bax/Bcl-2) as well as the
expression of the caspases (caspase-9 and caspase-3).

Tumor suppressor genes p53 is involved in the control of
apoptosis, cell cycle and maintenance of genomic stability to
repair the damaged DNA, in relation with regulation of
downstream effectors p21.>> We monitored the response of
p53 and its downstream p21 in AGS cells in the presence
G-COS to understand whether G-COS has any effect on the
expression of this apoptosis related signaling pathway in AGS
cells. Result in Fig. 4A showed that upon G-COS treatment
(100, 200 and 400 pg mL "), p53 was significantly increased
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Fig. 4 The effect of G-COS and COS on the levels of the apoptosis related genes. After incubation with G-COS and COS for 24 h, the protein
level for p53 and 21 (A) and Bax, Bcl-2, caspase 9 and caspase 3 (B, upper panel) were analysed by Western blot. mRNA levels for Bax, Bcl-2,
caspase 9 and caspase 3 were analysed by RT-PCR (C, bottom panel). 400 ug mL™! of COS were used to compare with G-COS in this
experiments. Quantitative results of the band intensity were estimated using AlphaEase® gel image analysis software program and normalized to
the B-actin group. Similar results were obtained from three independent experiments, and representative blots or gels are shown. ?p < 0.05, °p <

0.01, °p < 0.005, %p < 0.001 compared with the Blank.
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nuclear cell extract from AGS with cells were analysed by Western blot.

400 pg mL™* of COS were used to compare with G-COS in this experiments. Quantitative results of the band intensity were estimated using
AlphaEase® gel image analysis software program. B-Actin and lamin B were used as loading controls for the whole cell and nuclear fractions,
respectively. Similar results were obtained from three independent experiments, and representative blots are shown. 2p < 0.05, °p < 0.01, °p <

0.005, %p < 0.001 compared with the Blank.

(p < 0.001) while COS (400 pg mL™') although showed
a slight increase in p53, did not significantly increase its levels.
Meanwhile, its downstream activator p21 showed a significant
expression at 400 pg mL ™' of G-COS treatment, whereas
COS did not affect the expression of p21 compared to the
blank.

We further examined the effect of G-COS on the apoptosis
related proteins. As shown in Fig. 4B, the protein levels of both
Bax and Bcl-2 were significantly altered at 200 and 400 pg mL ™"
of G-COS treatment whereas COS treatment resulted in
a significant difference on only Bax (p < 0.05) and not Bcl-2. This
change at protein level corresponded to the result from mRNA
level change (Fig. 4C). Furthermore, addition of G-COS resulted
in an increase in caspase-9, and -3 at both protein and mRNA
levels compared to the blank (Fig. 4B and C). The pro-apoptotic
protein Bax and anti-apoptotic gene Bcl-2 which is related to
p53 dependent apoptosis then causes proteolytic activation of
the caspases, leading to the characteristic morphological and
biochemical features of apoptosis.>

Our results suggested that G-COS treatment led to the acti-
vation of caspases-9 and -3 and resulted in DNA fragmentation
of AGS cells, as well as in a significant increase in the expression
of pro-apoptotic proteins Bax and p21 and tumor suppressor
p53.

Effects of G-COS on the levels of NF-kB dependent responsive
genes

NF-kB is a transcription factor that can modulate the apoptotic
response, known an unexpected pro-apoptotic activity of NF-xB
in the p53-induced apoptotic response.>*** Following stimula-
tion with carcinogens, IkB is phosphorylated and degraded, and
free NF-kB (p50 and p65) is translocated into the nucleus.**?
Treatment with G-COS substantially reduced the protein
level of phospho-IkB-a. (p-IkB-o) at 200 and 400 pg mL™*
compared to the blank, meanwhile COS of 400 pg mL™"

This journal is © The Royal Society of Chemistry 2017

exhibited similar expression of p-IkB-o. with 200 pg mL™" of
G-COS (p < 0.05, Fig. 5). Also, the increased expression of
p50 and p65 at protein levels were both decreased follows by
addition of G-COS and COS. The result suggests that both
G-COS and COS has modulated NF-kB signalling pathway in
AGS cells.

Conclusion

This study identified that conjugation of gallic acid with COS (G-
COS), enhances the apoptosis properties of COS in human
gastric cancer AGS cells. Inhibition of growth and progression
via apoptosis were successfully induced in AGS cells by treat-
ment with G-COS. The possible mechanisms of action and
involved metabolic pathways were characterised in Fig. 6.

G-COS treatment was resulted in increased expression of p53
level as follows: the expression of Bax increased whereas the
expression of Bcl-2 decreased at the protein level, and reduced
the protein levels of NF-kB family (p-IkB-a, p65/p50) associated
with apoptosis mechanistic pathway. These results contribute
to the understanding of the anti-cancer activity of G-COS by
proposing the role of G-COS in regulating the balance between
apoptotic factors, and provide insight for G-COS as a potential
chemotherapeutic agent for gastric cancer.

Materials and methods
Material

Chitooligosaccharides (3-5.0 kDa) was provided by Kitto Life
Co. (Seoul, Korea). Gallic acid (98%), triethylamine (99%), and
dicyclohexylcarbodiimide (99%) were purchased from the Acros
Organics (New Jersey, USA). Human gastric adenocarcinoma
(AGS) cells were obtained by American Type Culture Collection
(ATCC, Manassas, VA, USA). Cell culture media (DMEM),
Trypsin-EDTA, penicillin/streptomycin were purchased from
Lonza Co. (Walkersville, MD, USA). Dimethyl sulfoxide (DMSO),

RSC Adv., 2017, 7, 24561-24568 | 24565
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Fig. 6 The proposed signaling pathways of G-COS-induced apoptosis of AGS cells.

3-(4,5-dimethyl-2yl)-2,5-diphenyltetrazolium bromide (MTT)
and paraformaldehyde, PBS, bisbenzimide Hoechst 33342,
propidium iodide (PI) and RIPA buffer were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Annexin V-FITC
apoptosis detection kit was purchased from Becton Dickinson
(San Diego, CA). Primary and secondary antibodies used for
Western blot analysis were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). All other chemicals
and reagents used in this study were of analytical grade.

Preparation of gallic acid-grafted-chitooligosaccharides (G-
COoS)

The gallic acid-grafted-chitooligosaccharides (G-COS) were ob-
tained as per a procedure described in the literature with some
modifications." Briefly, chitooligosaccharides (COS, 2.5 g) with
the degree of polymerization in the range of 3-5, were sus-
pended in 60 mL of 66.7% methanol (v/v) and pH adjusted to 6.8
with triethylamine. The resulting slurry was stirred in a 500 mL
flask at room temperature. Gallic acid (0.55 M) in methanol was
reacted with dicyclohexylcarbodiimide (DCC, 0.5 M in meth-
anol) and was then added dropwise into the COS solution under
constant stirring for 5 h at room temperature. The formed
dicyclohexyl urea was filtered over and the filtrate was kept at
4 °C overnight. After being dissolved in 90 mL of diethyl ether
and precipitated again, the precipitate was added into 20 mL of
distilled water. The solution was thoroughly dialyzed (cut off
below 1 kDa) against distilled water with changes of water every
8 h to remove unreacted gallic acid (GA). Finally, the resulting
solution was lyophilized to obtain water-soluble G-COS (1.5 g).

FT-IR and NMR analyses

Fourier transformed infrared spectroscopy (FT-IR) and proton
nuclear magnetic resonance spectroscopy (‘H NMR) were

24566 | RSC Adv., 2017, 7, 24561-24568

respectively used to confirm the synthesis of COS and G-COS
conjugates. The obtained G-COS conjugates or COS used for
the FT-IR analysis was first dried and ground into a powder
form. The IR spectrum was recorded as power dispersions in
KBr in a frequency range of 4000-400 cm ' using the FT-IR
spectrometer (Perkin Elmer Spectrum GX, Beaconsfield Bucks,
England). '"H NMR and ">C NMR spectra were recorded on
a JEOL JNM-ECP-400 spectrometer (JEOL, Tokyo, Japan) under
a static magnetic field of 400 MHz and 100 MHz. Deuterium
oxide (D,O, 4.8 ppm) used as internal standard for "H.

Cell culture and viability assay

AGS cells were cultured in DMEM supplemented with heat-
inactivated 5% fetal bovine serum and 100 pg mL™*
penicillin/streptomycin in a humidified atmosphere with 5%
CO, at 37 °C. The viability levels of AGS cells were measured by
the ability of mitochondria to convert MTT to insoluble for-
mazan product.”” The cells were seeded in 96-well plates at
a density of 5 x 10 cells per well for 24 h, and subjected to
different concentration of G-COS (50, 100, 200, 400 ug mL ") or
COS for another 24 h. Subsequently, MTT solution (1 mg mL ™,
final concentration) was added and incubated for 4 h. After
removing the staining solution, the resulting purple formazan
was dissolved with DMSO and the absorbance at 540 nm was
read on a GENios microplate reader (Tecan Austria GmbH,
Grodig, Austria). Viability of the cells was normalized to the cells
with no-treatment (Blank).

Cell morphology and Hoechst staining

To study the morphological changes of the cells following GCOS
or COS treatments, the cells were incubated with different
concentrations of GCOS (100, 200, 400 pg mL ") or 400 pg mL ™"
of COS for 24 h. After being washed with PBS, cells were fixed

This journal is © The Royal Society of Chemistry 2017
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with 4% paraformaldehyde (pH 7.4) solution for 1 h at room
temperature and stained with 1 pg mL™" of Hoechst 33258 for
another 1 h at room temperature in the dark. Morphological
changes were observed by using a fluorescence microscope. The
fluorescence intensity of Hoechst 33258 was analysed by a Leica
CTR 6000 microscope (Wetzlar, Germany).

DNA fragmentation assay

The cells were incubated with GCOS or COS and lysed in a buffer
containing 10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM
EDTA and 0.5% Triton X-100 for 20 min. The lysates were vor-
texed and cleared by centrifugation at 10000g for 10 min. The
fragmented DNA in the supernatant was extracted using an
equal volume of neutral phenol : chloroform : isoamylalcohol
(25:24:1, v/v/v) and analysed electrophoretically on 1.0%
agarose gel containing ethidium bromide (EtBr, Sigma).

Cell cycle assay

The cells were harvested and washed once with PBS, fixed in ice-
cold 70% ethanol and stored at 4 °C. Prior to analysis, the cells
were washed once again with PBS, suspended in 1 mL of a cold
PI solution containing 100 ug mL~' RNase A, 50 pg mL ™" PI,
0.1% (w/v) sodium citrate, and 0.1% (v/v) NP-40, and further
incubated on ice for 30 min in the dark. Flow cytometric anal-
yses were carried out using a flow cytometer (BD Biosciences,
CA, USA), and CellQuest software was used to determine the
relative DNA content based on the presence of a fluorescence.

Annexin V-FITC and propidium iodide staining

Annexin V-FITC apoptosis detection kit was used for the
detection of apoptotic cells as per manufacturer's protocol.
Briefly, cells were harvested by trypsinization and washed with
PBS, centrifuged at 1500 rpm for 5 min at 4 °C and re-suspended
in 1x binding buffer (10 mM HEPES/NaOH (pH 7.4), 140 mM
NaCl, and 2.5 mM CacCl,). Then AnnexinV FITC and PI were
added for 15 min in the dark and finally 400 pL of 1x binding
buffer was added. Fluorescence of the cells was determined
immediately using flow cytometry (Cell Quest software; BD
Biosciences, CA, USA). Acquisition gates of the cells and
a minimum of 10 000 events were collected for each sample.

Western blot analysis

After 24 h incubation with G-COS or COS, the cells were har-
vested and lysed in RIPA buffer. Lysates were centrifuged at
14000g for 20 min at 4 °C. Protein concentrations were deter-
mined by BCA protein assay (Thermo Fisher Scientific, Grand
Island, NY, USA). Twelve micrograms of protein from each
sample was applied to 10% SDS-PAGE gels and was electro-
phoretically transferred to nitrocellulose membrane. The
nonspecific binding sites on the membranes were blocked at
4 °C overnight with TBS-T buffer (20 mM Tris, pH 7.6, 0.1%
Tween 20) containing 5% (w/v) bovine serum albumin. The
blots were then incubated with primary antibodies for 1 h at
room temperature and were subsequently incubated with
a secondary antibody conjugated to horseradish peroxidase
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which was used to detect the respective proteins. The bands
were detected by using an enhanced chemiluminescent ECL
assay kit (Amersham Pharmacia Biosciences) and quantified by
a LAS3000® Luminescent image analyzer (Fujifilm Life Science,
Tokyo, Japan). The relative amounts of proteins associated with
each specific antibody were normalized to the respective B-actin
and lamin B bands.

Reverse transcriptase (RT) PCR detection

Cells were treated with G-COS and COS for 24 h, then, harvested
and total cellular RNA was isolated using TRIzol reagent (Invi-
trogen Co., CA, USA). The RNA was reverse transcribed into
c¢DNA using oligo-(dT) primer and amplified to target gene
using each primers; Bax, Bcl-2, caspase-3,-8,-9. The PCR reac-
tion was performed as follow: 95 °C for 45 min, then 30 cycles at
60 °C, 50 s; 72 °C, 60 s; and 72 °C, 5 min. PCR products were
visualized on gel and analyzed by UV illumination using
AlphaEase® gel image analysis software (Alpha Innotech., San
Leandro, CA, USA). Each mRNA expression level was normalized
to the mRNA expression level of housekeeping gene, B-actin.

Statistical analysis

Data were displayed as mean + SD from three independent
experiments. Statistical analyses were calculated by Microsoft
Excel or GraphPad Prism. Data were analyzed statistically using
two-way ANOVA and significant differences between treatment
means were determined using Dunnett's multiple range tests at
the P < 0.05 levels.
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