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Abstract

Phospholipase D (PLD) catalyzes the hydrolysis of phosphatidylcholine to generate phosphatidic acid (PA) and choline. There are at least two
PLD isozymes, PLD1 and PLD2. Genetic and pharmacological approaches implicate both PLD isozymes in a diverse range of cellular processes,
including receptor signaling, membrane transport control, and actin cytoskeleton reorganization. Several recent studies reported that PLD has a
role in signaling pathways that oppose apoptosis and promote cell survival in cancer. In this study, we examined the role of PLD in taxotere-
induced apoptosis in stomach cell lines; normal stomach (NSC) and stomach cancer cells (SNU 484). Taxotere treatment resulted in increase of
PLD activity. To confirm the role of PLD in taxotere-induced apoptosis, PLDs were transfected into SNU 484 cells. Overexpression of PLD
isozymes resulted in inhibition of taxotere-induced apoptotic cell death, evidenced by decreased degradation of chromosomal DNA, and increased
cell viability. Concurrently, Bcl-2 expression was upregulated, and taxotere-induced activation of procaspase 3 was inhibited after PLD's
transfection. However, when PLD was selectively inhibited by specific siRNA-PLD1 or -PLD2, taxotere-induced apoptosis was exacerbated in
SNU 484 cells. On top of this, PA—the product of PLDs, also resulted in upregulation of Bcl-2 in SNU 484. Although PA-induced Bcl-2
expression was blocked by mepacrine, an inhibitor of phospholipase A2 (PLA2), increased Bcl-2 expression by PA was not abrogated by
propranolol, an inhibitor of PA phospholyhydrolase (PAP). Taken together, PLD1 and PLD2 are closely related with Bcl-2 expression together
with PLA2, but not with PAP, during taxotere-induced apoptosis in SNU 484 cells.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Stomach cancer is the second most common cancer in the
world [1]. More than 50% of patients develop metastatic cancer,
which for the majority is beyond cure and, despite many
advances that have been achieved in the management of gastric
cancer over the past 15 years, patient prognosis remains very
poor. The need for the development of more effective therapies
that are likely to further improve survival time cannot be
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overemphasized. Recently, a number of newer compounds in
this tumor type have been intensively studied. These mainly
include taxotere (taxanes), topoisomerase I inhibitors and oral
fluoropyrimidines. The therapeutic value of taxotere-based
chemotherapy of gastric cancer is currently being widely
investigated in several randomized trials as a single agent and in
combination with other active agents [2].

In the present study, normal stomach cell lines (NSC), and
poorly differentiated stomach cancer cell lines (SNU 484 [3])
were used for investigation of taxotere-induced apoptosis in
vitro. Taxotere induces a number of other molecular events.
For example, taxotere can induce apoptosis by disorganization
of microtubule structure. The effect of this antimicrotubule
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action is believed to result in the inactivation of Bcl-2, one of
the most potent inhibitors of apoptosis, induced by a wide
variety of stimuli [4], through phosphorylation [5]. However
the critical mechanism has not been well characterized yet. In
addition to this signaling, Maestre and colleagues reported that
phosphatidylcholine (PC)-derived phosphatidic acid (PA) by
phospholipase D (PLD) and diacylglycerol (DAG) by phos-
pholipase C (PLC) were involved in the signaling pathways
activated by taxotere [6]. However, in the absence of a PLD-
specific inhibitor, they could not well define whether PLD was
involved in taxotere-induced apoptosis in human myeloblastic
cell line U937. Recently, we also demonstrated that over-
expressed PLD2 possibly enables the cells to survive against
Fas-induced apoptosis by increasing Bcl-2 and Bcl-xL
expression in A20 murine B lymphoma cells [7].

PLD is a ubiquitous enzyme which catalyzes the hydrolysis
of PC to PA and choline. PLD has two isoforms, PLD1 and
PLD2, and they differ in the mechanism of activation and
subcellular localization [8,9]. PLD metabolism is implicated in
various physiological processes [10–12], including membrane
trafficking, cytoskeletal reorganization, cell proliferation [13],
differentiation, survival, and apoptosis [14]. In numerous
human cancers, both expression and activity of PLD are
aberrantly increased [15,16]. PA can be generated by two
pathways; first, the hydrolysis of PC by PLD [17], and second,
from diacylglycerol (DAG) by the action of diacylglycerol
kinase (DGK) [17]. Recently, it has been reported that PLD
plays an anti-apoptotic role in many cells and tissues, such as
PC 12 cells, human neutrophils, v-Src-transformed rat fibro-
blasts, and MDA-MB-231 breast cancer cells [15,18–21].
Furthermore, PLD activity is important to gastric cancer
promotion in vivo [22].

Collectively, these observations suggest that PLD plays a
critical role in taxotere-induced apoptosis in gastric cancer cells,
and they also indicate that PLD or molecules involved in PLD
signaling could possibly be valuable targets for therapeutic
intervention in cancers, where a substantial fraction of tumor
cells apparently have elevated PLD activity. Here, we show that
PLD and its product PA have anti-apoptotic activity through
elevation and retention of Bcl-2 expression against taxotere-
induced apoptosis.

2. Materials and methods

2.1. Materials

Taxotere® (taxane; docetaxel) was obtained from Aventis Pharmaceuticals
(Collegeville, PA, USA) and was prepared as 100 mM stock solution in
absolute ethanol. The monoclonal anti-caspase 3 antibody, monoclonal anti-
Bcl-2 and polyclonal anti-cleaved-PARP were obtained from Cell Signaling
Technology (Beverly, MA, USA). Polyclonal anti-PLDs were kindly donated
by Dr. Do-Sik Min (Pusan National University, Korea), and HRP-labeled anti-
mouse IgG, HRP-labeled anti-rabbit IgG and PVDF membrane were
purchased from Bio-Rad Laboratories (Hercules, CA, USA). MTT was
purchased from Duchefa (Haarlem, The Netherlands). Acridine orange,
propranolol, and mepacrine were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Phosphatidylethanol (Pet) standard and PA obtained from Avanti
Polar Lipids (Alabaster, AL, USA) were dissolved in chloroform. [3H]
palmitic acid was from Amersham Pharmacia Biotech (Buckinghamshire,
England).
2.2. Cell culture

Poorly differentiated stomach cancer cells, SNU 484 cells, obtained from
Seoul National Cell Bank were cultured at 37 °C in RPMI 1640 medium
supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin and
100 μg/ml streptomycin. Normal stomach cells (NSC; originated from an
autoimmune deficient fetus; ATCC CRL7407) were cultured at 37 °C in DMEM
supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml
streptomycin. Cells grown at 37 °C in 5% CO2 atmosphere were then washed
with RPMI 1640 or DMEM containing 0.1% (w/v) bovine serum albumin
(BSA), 100 U/ml penicillin and 100 μg/ml streptomycin (serum-free medium)
and incubated in the serum-free medium for 18 h at 37 °C before stimulation
with agonists.

2.3. PLD's retroviral vector construction and virus production

To construct retroviral vectors, the rat PLD1 cDNA (rPLD1) and human
PLD2 cDNA (hPLD2) were amplified with the following primers; rPLD1, 5′-
CGGTGGCGTTTGTGGGTGGG-3′ (forward) and 5′-GTCCTTGAAGA-
CAAAGTTGC-3′ (reverse); hPLD2, 5′-ATGACGGCGACCCCTG-3′ (for-
ward) and 5′-CTATGTCCACACTTCTA-3′ (reverse). High fidelity taq
polymerase (Gibco/BRL, USA) was used with 30 cycles of amplification,
including denaturation for 30 s at 94 °C, annealing for 1 min at 55 °C, and
extension for 3 min at 68 °C. The PLD PCR products were cloned into the
pGEM T-Easy TA cloning vector, digested with NotI restriction enzymes and
cloned into corresponding sites in the IRES-BsdEGFP-CL retroviral vector
(PLDs-BsdEGFP-CLBC3). PLDs-BsdEGFP-CLB3 plasmids were then intro-
duced into 293GPG retrovirus packaging cells [23] by transient transfection with
Lipofectamine (Gibco/BRL, USA). After 72 h, the supernatants were harvested
and stored at −70 °C until use.

2.4. Stable transfection of PLDs

Stomach cells were plated on 6-well plates, and the filtered retroviral
supernatants of high-titer cloned packaging cell lines were added to the plates for
4 h in the presence of polybrene (1 μg/ml), and the plate was incubated for
2 days. Successful transfection was confirmed by fluorescence microscopy, and
transfected cells were selected by adding 10 μg of blasticidin into the culture
medium to make stable cell lines. After forming single colonies in the presence
of blasticidin, all the cells were pooled to make a stable cell mixture, and they
were then maintained in the presence of 3 μg/ml blasticidin, which was
withdrawn 1 week before experiments. The expression of PLDs in stably
transfected cells was confirmed by both western blot/RT-PCR and PLD activity
assay.

2.5. RT-PCR

Total RNAwas isolated from SNU 484 cells, which were stably transfected
with PLDs, using the Trizol reagent (Life Technologies, Inc., Rockville, MD,
USA) according to the manufacturer's instructions. For the reverse transcriptase
reaction, 5 μg of total RNAwere mixed with oligo (dT)16 primer and Moloney
murine leukemia virus (M-MLV) reverse transcriptase (Promega, USA), and the
mixture was incubated for 60 min at 42 °C. The transcribed products were mixed
with each primer set and Taq DNA polymerase (Takara Shuzo, Japan), and then
amplified according to the following amplification profiles: for rPLD1, 25
cycles including denaturation for 30 s at 94 °C, annealing for 1 min at 62 °C, and
extension for 1 min at 72 °C ; for hPLD2, 30 cycles including denaturation for
30 s at 94 °C, annealing for 1 min at 60 °C, and extension for 1 min at 72 °C; for
β-actin, 30 cycles including denaturation for 1 min at 95 °C, annealing for 1 min
at 62 °C, and extension for 1.5 min at 72 °C. The primers used to amplify rPLD1
were 5′-ACTCTGTCCAAAGTTAACATGTCACTG-3′ (forward) and 5′-
GGCTTTGTACTTGAGCAGCTCTCT-3′ (reverse). For hPLD2, the primers
were 5′-TCCATCCAGGCCATTCTGCAC-3′ (forward) and 5′-CGTTGC-
TCTCAGCCATGTCAAG-3′ (reverse). The primers for β-actin were 5′-
AACACCCCAGCCATGTACG-3′ and 5′-ATGTCACGCACGATTTCCC-3′
(reverse). The PCR products were analyzed by 1% agarose-gel electrophoresis
and ethidium bromide staining. The products of constitutively expressed β-actin
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mRNA served as a control. All of the products were assayed in the linear range
of the RT-PCR amplification process.

2.6. DNA fragmentation assay

After treatment with 10 μM taxotere for 24 h and 48 h, cells were
collected and solubilized by vigorous vortexing in TE9S buffer (0.5 M EDTA,
10 mM NaCl, 10 mM Tris–HCl, pH 9, 1% (w/v) SDS) containing proteinase
K (1 mg/ml). This was followed by 3 h of incubation at 50 °C and DNA
extraction with phenol-chloroform. After incubation with RNase A (1 mg/ml)
for 1 h at 20∼22 °C, DNA samples were analyzed with conventional
electrophoresis in 1.2% (w/v) agarose gels. The gels were visualized by a gel
documentation system (Bio-Rad, USA).

2.7. PLD activity assay

PLD activity was determined as previously described, by measuring [3H]
phosphatidyl ethanol (PEt) produced via PLD-catalyzed transphosphatidylation
in [3H] palmitic acid-labeled cells [24]. Briefly, stomach cells (0.4×106 cells/
well) cultured on 6-well plates were metabolically labeled with 1 μCi/ml of [3H]
palmitic acid in the serum-free medium for 18 h. The cells were then treated with
1% (v/v) ethanol for 15 min before stimulation with taxotere. After stimulation,
the cells were quickly washed with ice-cold phosphate-buffered saline (PBS)
and suspended in 0.5 ml of ice-cold methanol. Lipids were extracted according
to the method of Bligh and Dyer [25], and PEt was separated from other
phospholipids by TLC on silica gel 60 Å plates, using a solvent system of ethyl
acetate/isooctane/acetic acid/water (110/50/20/100, v/v). The regions corre-
sponding to the authentic PEt bands were identified with 0.02% (w/v) primulin
in 80% (v/v) acetone and then scraped. Radioactivity was counted by a
scintillation counter.

2.8. Western blot analysis

Serum-starved cells on 100-mm dishes (0.4×106 cells/ml) were incubated
with 10 μM taxotere for indicated times, scraped in PBS, and harvested by
microcentrifugation. The cells were then resuspended in 0.5 ml of lysis buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
NAF, 1 mM Na3Vo4, 1 mM PMSF, 1% Triton X-100, 0.5% NP-40, 10 μg/ml
aprotinin, 10 μg/ml leupeptin) on ice and disrupted by sonication. Cell lysates
were centrifuged for 10 min at 10,000 ×g at 4 °C. Proteins (40 μg of protein/
lane) from control or treated cells were resolved by SDS-PAGE and transferred
to nitrocellulose membranes using a Bio-Rad semi-dry transfer system. The
membranes were blocked for 1 h with 5% (v/v) non-fat milk in TTBS (tris-
buffered saline containing 0.1% Tween 20) and then incubated with diluted
specific antibody (1 μg/ml) for an another hour. Unbound primary antibodies
were removed by three washes (5 min each) with TTBS. The membranes were
then incubated with horseradish peroxidase-coupled goat anti-rabbit or anti-
mouse IgG (diluted 1:1000 with TTBS; KPL, Gaithersburg, MD, USA) for 1 h,
followed by three washes (5 min each) in TTBS. Visualization of signals was
achieved by using chemiluminescence (ECL reagent, Amersham Biosciences)
according to the manufacturer's protocol. Protein concentrations were routinely
determined by the Bradford procedure [26] with Bio-Rad dye reagent and BSA
as a standard.

2.9. Detection of apoptosis nuclei

Stomach cells treated with 1 μM taxotere for 24 h and 48 h were stained with
100 ng/ml acridine orange (Sigma, USA) [27] and were immediately observed
with a fluorescence microscope using filters for green fluorescence (Diaphot 300
attached with epifluoresecence: Nikon, Japan).

2.10. Measurement of phosphatidylserine (PS) exposure

PS exposure was measured by the binding of annexin V-fluorescein
isothiocyanate (FITC) using a protocol outlined in the TACS apoptosis detection
kit (Trevigen, The Netherlands). Cells (1×106) were first harvested and washed
with PBS. They were then incubated for 15 min with annexin V-FITC and
propidium iodide (PI). The cells (1×104) were subsequently analyzed with a
flow cytometer (Becton Dickinson, NJ, USA). The combination of annexin V-
FITC and PI allows differentiation between early apoptotic cells (annexin V-
FITC-positive), late apoptotic and/or necrotic cells (annexin V-FITC- and PI-
positive), and viable cells (unstained).

2.11. Cell viability

The viability assay was performed as previously described [28]. MTT was
dissolved in PBS at 5 mg/ml. The stock solution was filtered through a Millipore
filter (pore size, 0.22 μm) and added to the culture medium at a dilution of 1:10.
The plates were incubated at 37 °C for 4 h. The dark brown formazan crystals
formed after reduction of tetrazolium by the mitochondria of living cells were
dissolved in dimethyl sulfoxide, and the optical densities of the samples were
read at 570 nM.

2.12. Small interference RNA (siRNA) synthesis and transfection

A human PLD1 sequence (from 1454 to 1474; AAGGUGGGACGA-
CAAUGAGCA) and a human PLD2 sequence that is completely conserved in
mouse, rat and human species (from 434 to 452; GACACAAAGUCUUGAU-
GAG) were chosen for PLD1 and PLD2 RNAi targeting, respectively. This
siRNA for PLD1 and PLD2 were purchased from Ambion (Austin, TX, USA).
A BLAST search of all siRNA sequences revealed no significant homology to
any other sequences in the database. The siRNA duplex were transiently
transfected into SNU 484 cells (5×104 cells/well; 6-well plate) using the
Lipofectin reagent. Forty-eight hours after transfection, the cells were harvested
for RT-PCR or western blotting. A negative control was carried out with Neg-
siRNA#2 (from Ambion), which is a 19-bp scrambled sequence with 3′ dT
overhangs (sequence not disclosed by Ambion) certified not to have significant
homology to any known gene sequences from mouse, rat, or human species and
causing no significant changes in gene expression of transfected cells after 48 h
at the same concentration as in the siRNA experiment.

2.13. Statistical analysis

All experiments were performed in triplicate, and results are expressed as
mean value±SD. The significance of differences was assessed by an unpaired
t-test.
3. Results

3.1. Apoptosis of stomach cancer cells (SNU 484 cells) induced
by taxotere

We observed significant death of SNU 484 cells after
treatment with taxotere (1 μM) for 24 h. Thus, after treatment of
the cells with 1 μM taxotere for 12 h, 24 h, and 48 h, apoptotic
nuclei were analyzed with fluorescence staining by acridine
orange, and cell viability by the MTT assay. Our results showed
that 1 μM taxotere induced significant apoptotic condensation
of apoptotic nuclei, which are pyknotic fragmented, and those
apoptotic nuclei were more prominent in SNU 484 cells than in
NSC (Fig. 1A). As shown in Fig. 1B, taxotere induced
apoptosis in SNU 484 cells more than NSC, showing that less
than 40% of SNU 484 cells were viable after treatment with
1 μM taxotere for 48 h, whereas over 70% of NSC were alive.
We also analyzed stomach cell apoptosis with flow cytometry
and the recordings of the fluorescence histograms obtained by
annexin Vand PI. The fluorescence distribution of stomach cells
indicated a single cell population before taxotere stimulation.
After 24 h or 48 h of culture in the presence of 1 μM taxotere,



Fig. 1. Apoptosis induced by taxotere in SNU 484 stomach cancer cells. Panel A, fluorescence staining of apoptotic nuclei using acridine orange. Serum-starved cells
were incubated with 1 μM taxotere for 24 h. Cells were stained with acridine orange to check the fluorescence staining of apoptotic nuclei in stomach cells. White solid
arrows indicate apoptotic cells. Panel B, cell viability by MTT assay. Serum-starved cells on 96-well plates (1×104 cells/well) were incubated with 1 μM taxotere
(IC50) for the indicated times. After treatment, cell viability was checked by MTT assay as described under Materials and methods. Each point represents the mean of
triplicate analyses with SD. ⁎Differences between NSC and SNU 484 (pb0.05) were evaluated by the Student's t-test. Panel C, double staining of cells with FITC-
labeled annexin Vand PI. Stomach cells were treated with 1 μM taxotere for 24 h or 48 h. The cells were stained with PI and FITC-conjugated annexin V. Stained cells
were analyzed by FACScan flow cytometry. A minimum of 10,000 events for each sample was collected in list mode.
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however, two fluorescent populations were observed in SNU
484 cells, but not in NSC (Fig. 1C). These results indicate that
normal and cancer cells have different signal pathways against
taxotere treatment.

3.2. Effect of taxotere on Bcl-2 and PLD expression level in
stomach cells

Expression levels of Bcl-2 and PLD's two isoforms (PLD1
and PLD2) with or without taxotere treatment were investi-
gated in cultured stomach cells. As shown in Fig. 2, Bcl-2
protein concomitantly decreased over time when SNU 484
were treated with taxotere, but slightly decreased in NSC.
Additionally, PLD1 expression level in NSC was much higher
than that of SNU 484 cells. Moreover, while taxotere treatment
could not suppress PLD1 expression in NSC, PLD1 expression
in SNU 484 cells was slightly decreased by taxotere treatment.
Apoptosis indicating proteins, such as caspase 3 and cleaved-
PARP, were also investigated. It is known that taxotere induces
apoptosis in several types of cells via caspase 3 activation, and
that caspase 3 is synthesized as a 32-kDa inactive precursor that
has to be proteolytically cleaved to become a mature enzyme
which is composed of 17 and 12 kDa subunits [29,30].
Cleavage and activation of caspase 3 were observed by the
disappearance of the 32 kDa procaspase protein band upon
induction of apoptosis with taxotere in SNU 484 cells. The
cleaved-PARP increased over time after taxotere treatment in
SNU 484 cells, indicating an increasing rate of apoptotic cell
death (Fig. 2). From these results, it seems that a low
expression level of PLDs should exacerbate the taxotere-
induced apoptosis signal pathway in SNU 484 cells relative to
NSC; moreover, elevated PLD activity confers a survival signal
in MCF7 cells [31].

3.3. Effect of PLD on taxotere-induced cell death in stomach
cells

To elucidate the involvement of PLDs in taxotere-induced
apoptosis, we examined whether taxotere activated PLD. We
labeled the lipid pool with [3H] palmitic acid and used
ethanol for transphosphatidylation to measure PLD activities
in cells in the presence or absence of taxotere. As shown in
Fig. 3A (a and b), treatment of stomach cells with 1 μM
taxotere resulted in a time-dependent increase of PLD activity



Fig. 2. Expression patterns of molecules involved in taxotere signaling. Stomach
cells were cultured for 24 h or 48 h in the presence of 1 μM taxotere after
starvation for 18 h. Cells after the treatment were analyzed with 8∼15% SDS-
PAGE and subsequently by western blotting as described in the Materials and
methods. Figures show protein expression levels of PLD, Bcl-2, caspase 3, and
cleaved-PARP before and after taxotere treatment in NSC and SNU 484 for 24 h
and 48 h, respectively. All experiments were repeated three times with consistent
results.

916 J.H. Cho et al. / Biochimica et Biophysica Acta 1783 (2008) 912–923
up to 30 min and also taxotere treatment showed dose-
dependent activation of PLD up to 1 μM, respectively. It is
noteworthy that basal PLD activity of NSC was about 2-fold
higher than that of SNU 484 cells. However, the PLD activity
of NSC was not much higher relative to PLD1 protein
expression in NSC relatively. It can be explained that unlike
PLD2, PLD1 has a lower basal activity [9]. In this
experiment, PLD activity was blocked by primary alcohol
in NSC and SNU 484 to elucidate the role of PLD in
taxotere-induced cell death; this assay has widely been used
to both demonstrate PLD activity and ascertain the PLD
requirement by blocking the production of PA, the product of
PLD, by preferential utilization of primary alcohols over H2O
in the hydrolysis of phosphatidylcholine [32]. As negative
controls to eliminate alcohol cytotoxicity, secondary and
tertiary alcohols can also be used, because they have a bulky
structure that prevents their residue from being utilized in the
reaction. As shown in Fig. 3B, the primary alcohol, 1-butanol,
inhibited taxotere-induced PLD activity, but 2-butanol did not
show any inhibition. When SNU 484 cells were treated with
1 μM taxotere in the absence of alcohols, about 50% of the
cells died within 24 h. However, over 80% of the SNU 484
cells died when PLD activity was blocked by pretreating the
cells with 1-butanol, but not with 2-butanol (Fig. 3C).
Although not as exacerbated as SNU 484, the apoptosis rate
of NSC had the same pattern as SNU 484 when PLD activity
was blocked by 1-butanol, but not 2-butanol. This result
indicated that not only was PLD activity successfully
inhibited by 1-butanol without alcohol toxicity, but also
PLD is strongly involved in the taxotere-induced apoptosis in
that it potentially acts as an apoptosis suppressor.
3.4. Overexpression of either PLD1 or PLD2 inhibits
taxotere-induced apoptosis in cultured SNU 484 cells

We hypothesized that PLD may confer an anti-apoptotic
effect on signal transduction of taxotere-induced cell death.
Therefore, to examine this possibility, we established SNU 484
cells stably transfected with PLD1 or PLD2, and the
expression of PLD-GFP fusion proteins was first confirmed
by observing bright fluorescence in the transfected cells under
a fluorescence microscope (data not shown). The cells were
then selected with blasticidin (10 μg/ml) for 2 weeks, and the
expression and activation of PLD-GFP fusion proteins were
further confirmed by using RT-PCR, western blot and PLD
activity (Figs. 4A, B, and C). While the control cells,
harboring only GFP, underwent significant apoptosis after
treatment with 1 μM taxotere for 48 h, the apoptosis rate was
significantly decreased in the cells that overexpressed either
PLD1 or PLD2, which was detected under a microscope (Fig.
4D), by MTT assay (Fig. 4E) and by DNA fragmentation
assay (Fig. 4F). As shown in Fig. 4G, taxotere significantly
reduced the PLD activity in the GFP control cells below the
basal activity; however, the cells that were stably transfected
with PLD1 or PLD2 displayed significantly high activity than
the control cells in the presence of taxotere. These results
suggested that the attenuation of taxotere-induced apoptosis
was clearly PLD activity-dependent. Several studies have
suggested that antimicrotubule agents, such as taxotere or
paclitaxel, are known to promote apoptosis in cancer cells and
to be involved in the regulation of apoptosis by Bcl-2 family
proteins [33–36], and we also reported that PLD2 possibly
survived against Fas-induced apoptosis by increasing Bcl-2
and Bcl-xL expression in A20 murine B lymphoma cells [7].
Therefore, as shown in the middle panel of Fig. 4B, Bcl-2
expression was upregulated when PLD1 or PLD2 was
overexpressed. Altogether, these results suggest that PLD1
and PLD2 are directly or indirectly related with Bcl-2
expression.

3.5. Expression of PLD suppresses taxotere-induced cell death
through Bcl-2 regulation

To address the roles of PLDs played in taxotere-induced
apoptosis and Bcl-2 expression in cultured stomach cells, we
examined the expression of PLDs, Bcl-2, and apoptosis
marker proteins including caspase 3 and cleaved-PARP by
western blot analysis in overexpressed PLD1 or PLD2 in SNU
484. Interestingly, taxotere-induced cell death was inhibited by
overexpression of PLD1 or PLD2 in SNU 484 cells,
evidenced by the inhibition of caspase 3 activation and
decreased cleaved-PARP (Fig. 5A). When western blot
analysis, resulting in the second line of Fig. 5A, was
converted into a comprehensible diagram, the overexpression
of PLD1 or PLD2 attenuated the falling rate of Bcl-2
expression by taxotere treatment (Fig. 5B). These findings
suggest that increased PLD activity suppresses taxotere-
induced apoptosis, possibly through increasing or maintaining
anti-apoptotic Bcl-2 protein.



Fig. 3. Effect of PLD on taxotere-induced cell death in stomach cells. Panel A, time- or dose-dependent activation of PLD with taxotere treatment. Cells (0.4×106)
grown in 6-well dishes were labeled with 1 μCi/ml of [3H] palmitic acid for 18 h in serum-free medium prior to stimulation with taxotere. To determine PLD activity by
transphosphatidylation, 1% (v/v) ethanol was added 15 min prior to 1 μM taxotere treatment, for the indicated times (a) or at the indicated doses for 30 min (b),
⁎ pb0.05, compared with the control value of SNU 484 cells by the Student's t-test. Panel B, effect of 1-butanol on PLD activity. Cells (0.4×106) grown in 6-well
dishes were labeled with 1 μCi/ml of [3H] palmitic acid for 18 h in serum-free medium. One % (v/v) ethanol was added for 15 min and then pretreated with 0.3%
1-butanol or 0.3% 2-butanol for 30 min before taxotere treatment. After stimulation, lipids were extracted, and [3H] PEt bands were separated by TLC, as described
under Materials and methods. Radioactivity associated with [3H] PEt bands was counted, using a scintillation counter, and the relative ratio of [3H] PEt counts to
the total count of [3H] palmitic acid-labeled lipid was calculated as PLD activity. 1-B, 1-butanol; 2-B, 2-butanol; Txt, Taxotere. Panel C, effect of 1-butanol on
taxotere-induced apoptosis. Cells were seeded at 1×104 cells/96-well plate and treated with 1 μM taxotere for the indicated time periods either in the presence or
absence of 0.3% 1-butanol after starvation for 18 h. After stimulation, MTT assay was performed, as described in the Materials and methods. Data shown are
means±SD from three separate experiments, each performed in triplicate. ∗Differs from Txt and Txt 2-butanol in NSC and SNU 484 (pb0.05) by Student's t-test.
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3.6. Bcl-2 expression was inhibited by blocking of PLD1 or
PLD2 using small interfering PLD 1 or PLD2 RNA

We examined whether alteration in the level of PLD1 or
PLD2 expression affects Bcl-2 expression by using siRNA
PLD1 or PLD2. SNU 484 cells were transfected with PLD1 or
PLD2 siRNA. Scrambled siRNA was transfected as a control.
As shown in Fig. 6A and B, treatment of PLD1 or PLD2 siRNA
efficiently decreased both the mRNA and protein levels of
PLD1 or PLD2, respectively. The siRNA PLD1 or PLD2
treatment also decreased Bcl-2 expression in SNU 484 cells,
resulting in increased cell death induced by taxotere treatment
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compared to scrambled control siRNA (Fig. 6C). This result
supported the hypothesis that both PLD1 and PLD2 expressions
are completely related to Bcl-2 expression in SNU 484 cells.

3.7. PA is involved in upregulation of Bcl-2 expression

In general, PLD functions through the generation of PA
which is a functional and enzymatic product of PLD. Therefore,
Fig. 4. Overexpression of either PLD1 or PLD2 in SNU 484 cells increased Bcl-2 exp
A and B, mRNA and protein levels of PLDs and protein level of Bcl-2 were increased i
basal PLD activities were increased in both PLD1 and PLD2 transfected cells. Microsc
that overexpression of either PLD1 or PLD2 attenuated taxotere-induced cell death. A
transfected cells compared to the GFP-transfected control cells. Black arrows in panel
cells with PLDs during taxotere treatment. The asterisk indicates a significant differe
we investigated whether PA has an effect on Bcl-2 expression.
As shown in Fig. 7A, when we treated SNU 484 cells with PA,
the expression of Bcl-2 increased in both a time- and dose-
dependent manner. However, PA treatment did not change the
expression of the pro-apoptotic Bcl-2 protein family such as
Bad (data not shown). It is well known that PA can be degraded
into DAG by PAP [37] or converted to LPA by PLA2 [17].
Therefore, to address which molecule is involved in PLD
ression resulting in significant inhibition of apoptosis induced by taxotere. Panels
n cells that are stably transfected with PLD1 or PLD2. Panel C shows that the total
opic images (panel D), and DNA fragmentation (panel F) experiments also show
s shown in panels D and E, apoptotic cell death was decreased notably in PLD-
D indicate apoptotic cells. Panel G represents PLD activities in stably transfected
nce, compared to the GFP vector control cells (pb0.05) by the Student's t-test.



Fig. 5. Expression of PLD suppresses taxotere-induced cell death through Bcl-2 regulation. Stomach cells were cultured for 24 h or 48 h in the presence of 1 μM
taxotere after starvation for 18 h. Cells were analyzed after the treatment with 8∼12% SDS-PAGE and subsequently by western blotting, using anti-PLD antibody, anti-
Bcl-2 antibody, anti-caspase 3 antibody, and PARP antibody as described in the Materials and methods. Panel A, stably transfected SNU 484 cells harboring viral GFP-
PLD1 or viral GFP-PLD2 were characterized using western blots for PLDs, Bcl-2, caspase 3, and cleaved-PARP after taxotere treatment for 24 h and 48 h. Panel B
shows the relative Bcl-2 protein expression level in stably transfected SNU 484 cells after treatment with taxotere for 24 h or 48 h. The intensity of the Bcl-2 bands (the
asterisk in panel A indicates Bcl-2) obtained by western blotting was quantified by densitometry (panel B) and normalized with β-actin. All experiments were repeated
three times with consistent results. The asterisk indicates a significant difference, compared to the GFP vector control cells (pb0.05) by the Student's t-test.
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signaling, SNU 484 cells were cotreated with taxotere (1 μM)
along with or without PA (20 μM) after pretreatment of
propranolol (50 μM), a well known PAP inhibitor, or mepacrine
(100 μM), a PLA2 inhibitor. As shown in Fig. 7B, propranolol
did not affect Bcl-2 expression and cell viability (data not
shown). However, mepacrine treatment blocked the PA-induced
expression of Bcl-2, demonstrating that both PLD and PLA2

play an important role in controlling the expression of Bcl-2.
Taken together, all results indicate that PA generated by PLD1
or PLD2 upregulates the expression of anti-apoptotic Bcl-2
protein via PLA2 pathway in stomach cancer cells.

4. Discussion

Taxotere is a widely used antineoplastic agent that has
demonstrated efficacy, both alone and in combination with other
chemotherapy agents, in a wide range of tumor types. In
randomized studies, taxotere-containing therapy has conferred
survival advantages in patients of advanced stomach cancer
[38], hormone-refractory prostate cancer [39,40] and locally
advanced squamous cell carcinoma of the head and neck [38],
and as first- [41,42] and second-line treatment [43,44] of
advanced non-small cell lung cancer.

Taxotere induces apoptosis through phosphorylation of Bcl-
2 in several cell types [5]. Previous studies have demonstrated
that Bcl-2 phosphorylation can be specifically induced by drugs
like taxotere that affect microtubule depolymerization or
disorganization of microtubule structure. The effect of this
antimicrotubule action is believed to result in the inactivation of
microtubule assembly. However, the mechanisms involved
remain largely undefined. This effect is not seen by DNA-
damaging agents [5,45,46]. As this study shows, Bcl-2
expression was reduced by taxotere treatment in SNU 484,
but not in NSC. Previous studies reported that Bcl-2 family



Fig. 6. Effects of PLD1 or PLD2 inhibition using siRNA on expression of Bcl-2
in SNU 484 cells. The Bcl-2 expression was decreased when PLD1 or PLD2
siRNA was transfected. Panel A, RT-PCR results of PLD1, PLD2, and Bcl-2
after inhibition of PLD1 or PLD2 expression using 100 nM and 200 nM of
siRNA PLD1 or siRNA PLD2 as described in the Materials and methods. Panel
B, western blot results of PLD1, PLD2, and Bcl-2 after inhibition of PLD1 or
PLD2 expression by 100 nM siRNA PLD1 or PLD2. Panel C, cell viability by
MTT assay. Serum-starved cells on 96-well plates (1×104 cells/well) were
incubated with 1 μM taxotere (IC50) for the indicated times after siRNA PLD1
or siRNA PLD2 transfection with 100 nM concentration. After treatment, cell
viability was checked by MTT assay as described in the Materials and methods.
Each point represents the mean of triplicate analyses with SD. ⁎The difference
between the control (including scrambled siRNA) and siRNA PLD1 or PLD2
was compared by the Student's t-test (pb0.05).

Fig. 7. Effects of PA on expression of Bcl-2 in SNU 484 cells. Panel A shows
that PA increased Bcl-2 expression in both a dose- and time-dependent manner.
Panel B shows the changes of Bcl-2 expression in the cells that were cultured in
the presence of 20 μM PA and/or 1 μM taxotere for 12 h after pretreatment with
propranolol or mepacrine in the indicated concentration for 30 min. All
experiments were repeated three times with consistent results.
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members are crucial regulators of apoptosis. The Bcl-2 family
includes both anti-apoptotic molecules such as Bcl-2 and Bcl-
xL, as well as pro-apoptotic molecules such as Bax, Bak, Bid,
and Bad. Bcl-2 and Bcl-xL inhibit apoptosis in many cell types
such as neurons [47,48]. Among these proteins, Bcl-2 plays an
important role in microtubule-related apoptotic cell death. It is
an integral membrane protein localized mainly on the outer
mitochondrial membranes and endoplasmic reticulum. All
activities of the mitochondria in an apoptotic signal can be
blocked by Bcl-2 [49–51]. Therefore, we investigated Bcl-2
family proteins described above, but they were not changed in
response to taxotere in SNU 484 cells, except Bcl-2 (data not
shown). These results suggest that taxotere-induced apoptosis
mainly occurs through Bcl-2 regulation in stomach cancer cells.

Very recently, according to one of our reports, Bcl-2 protein
was directly increased by PLD2 overexpression in A20 cells [7].
Several studies have also suggested that PLD could play an anti-
apoptotic role in apoptosis induced by various cytotoxic
effectors including ceramide, actinomycin D, glutamate and
Fas/CD95 agonist [19,52–54]. In mammalian cells, PLD has
been implicated in a broad range of physiological cell responses,
including long-term responses such as proliferation, differ-
entiation, immune responses, and apoptosis [12,20]. Like Bcl-2
regulated by taxotere, the implication of PLD activation in the
cellular response to DNA damage has not been documented
[55]. However, the relationship between PLD and Bcl-2
expression in taxotere-induced apoptosis is not yet fully
understood, and both molecules may be involved in the same
signaling pathway triggered by taxotere in stomach cancer
cells.

In the present study, we focused our efforts on this
relationship between PLDs and the Bcl-2 expression level
with taxotere treatment in SNU 484 cells. According to previous
reports, many pro-apoptotic signals including a taxotere-
inducing signal converge at the mitochondria and change
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mitochondrial membrane permeability, resulting in the release
of several mitochondrial proteins, such as cytochrome c, into
the cytoplasm, which triggers the major event of mitochondria-
mediated apoptosis. Consequently, caspase 3 is activated by
apoptosomes composed of caspase 9, apoptotic protease
activating factor, and dATP [56]. This cytosolic cytochrome c
is necessary for the initiation of the apoptotic program
(incidentally, apoptosis will be inhibited by Bcl-2 through
inhibition of mitochondrial loss of cytochrome c.). Finally,
cytochrome c released into cytosol leads to DNA fragmentation
through activation of iCAD and cleavage of PARP [49,51]. At
first, the apoptotic response of stomach cells to taxotere was
examined, and the apoptosis was verified by three different
approaches, including DNA fragmentation, direct observation
of apoptotic morphology, and FACs analysis, and the results led
us to conclude that normal and stomach cancer cells have
completely different apoptotic responses to taxotere. Following
the result, PLD activity, PLD1 expression, and Bcl-2 expression
were higher in NSC than in SNU 484. Increments of caspase 3
and cleaved-PARP expression indicate that cell death induced
by taxotere occurred through the apoptosis pathway. Conse-
quently, we investigated whether PLD activity is involved in
taxotere-induced apoptosis by the blocking of PLD activity or
overexpression of PLD1 and PLD2. We found that 1 μM
taxotere can induce 80% cell death within 48 h after treatment.
Interestingly, this apoptosis rate was exaggerated by the
inhibition of PLD in SNU 484 activity using primary alcohols,
1-butanol, and normal cells also showed a slightly increasing
apoptosis rate when PLD activity was blocked. In contrast,
when either PLD1 or PLD2 were overexpressed, the apoptotic
effect of taxotere was attenuated in SNU 484 cells. Moreover,
shown in the middle panel of Fig. 3B, one of the critical
instances anti-apoptotic protein Bcl-2 expression was upregu-
lated without any stimulation beside overexpression of either
PLD1 or PLD2. On the other hand, Bcl-2 expression and cell
viability were significantly decreased when PLD1 or PLD2 was
inhibited by their corresponding siRNA (Fig. 6). These results
strongly suggest that PLD activity has an important role in
taxotere-induced apoptosis, and provide evidence of a close
relationship between the activation of PLD and the expression
of Bcl-2 in stomach cells.

In general, PLD functions through the generation of PA,
which is a functional and enzymatic product of PLD. It is well
known that PA is a key signaling molecule in cell physiology.
However, it has been a great challenge to clarify how PA
produced by PLDs allows cells to survive. After treatment with
PA in SNU 484 cells, the expression of Bcl-2 was increased in
both a dose- and time-dependent manner, but PA did not also
change the expression of other members of the Bcl-2 family.
PA is converted to DAG by PAP, and PA is hydrolyzed by
PLA2 to AA and LPA. In our data, pretreatment of SNU 484
cells with propranolol had no effect on PA-induced Bcl-2
expression, while pretreatment of mepacrine (PLA2 inhibitor)
significantly suppressed PA-induced Bcl-2 expression, sug-
gesting that PLA2 is involved in the increased expression of
anti-apoptotic Bcl-2 proteins during taxotere-induced apopto-
sis in SNU 484 cells.
Taken together, stomach cancer cells could contain different
entities that have different abilities of survival against an anti-
cancer agent—taxotere in this case. However, the key
molecules that determine this progression are unknown. More-
over, dose-limiting toxicity with the approved regimens such as
severe neutropenia is the major problem during chemotherapy.
Investigation of molecules that are closely linked with survival
mechanisms will be beneficial to development of a treatment
strategy for overcoming the dose limit. The data in the present
study indicate that by increasing Bcl-2 proteins, PLD1 or PLD2
acts as a survival enzyme during taxotere-induced apoptosis in
SNU 484 cells. These results may also explain the higher
susceptibility of SNU 484 cells than NSC to taxotere-induced
cell death. Our studies seem to suggest that PLD1, PLD2, and
their product, PA, should be targets for new anti-cancer drug
development which can assist the taxotere therapeutic effect by
enhancing taxotere-sensitivity of cancer cells.

Acknowledgements

This work was supported by the Seoul R&BD program
(2005) and by a grant from the Research Center for Bio-
Medicinal Resources (Bio-Med RRC), PaiChai University.
References

[1] D.M. Parkin, F. Bray, J. Ferlay, P. Pisani, Estimating the world cancer
burden: Globocan 2000, Int. J. Cancer 94 (2001) 153–156.

[2] P.C. Thuss-Patience, A. Kretzschmar, P. Reichardt, Docetaxel in the
treatment of gastric cancer, Future Oncol. 2 (2006) 603–620.

[3] J.G. Park, H.K. Yang, W.H. Kim, J.K. Chung, M.S. Kang, J.H. Lee, J.H.
Oh, H.S. Park, K.S. Yeo, S.H. Kang, S.Y. Song, Y.K. Kang, Y.J. Bang,
Y.H. Kim, J.P. Kim, Establishment and characterization of human gastric
carcinoma cell lines, Int. J. Cancer 70 (1997) 443–449.

[4] D. Hockenbery, G. Nunez, C. Milliman, R.D. Schreiber, S.J. Korsmeyer,
Bcl-2 is an inner mitochondrial membrane protein that blocks programmed
cell death, Nature 348 (1990) 334–336.

[5] S. Haldar, N. Jena, C.M. Croce, Inactivation of Bcl-2 by phosphorylation,
Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 4507–4511.

[6] N. Maestre, C. Bezombes, I. Plo, T. Levade, F. Lavelle, G. Laurent, J.P.
Jaffrezou, Phosphatidylcholine-derived phosphatidic acid and diacylgly-
cerol are involved in the signaling pathways activated by docetaxel, J. Exp.
Ther. Oncol 3 (2003) 36–46.

[7] K.J. Oh, S.C. Lee, H.J. Choi, D.Y. Oh, S.C. Kim, D.S. Min, J.M. Kim, K.S.
Lee, J.S. Han, Role of phospholipase D2 in anti-apoptotic signaling
through increased expressions of Bcl-2 and Bcl-xL, J. Cell. Biochem.
(2007).

[8] S.M. Hammond, Y.M. Altshuller, T.C. Sung, S.A. Rudge, K. Rose, J.
Engebrecht, A.J. Morris, M.A. Frohman, Human ADP-ribosylation
factor-activated phosphatidylcholine-specific phospholipase D defines a
new and highly conserved gene family, J. Biol. Chem. 270 (1995)
29640–29643.

[9] W.C. Colley, T.C. Sung, R. Roll, J. Jenco, S.M. Hammond, Y. Altshuller,
D. Bar-Sagi, A.J. Morris, M.A. Frohman, Phospholipase D2, a distinct
phospholipase D isoform with novel regulatory properties that provokes
cytoskeletal reorganization, Curr. Biol. 7 (1997) 191–201.

[10] R. Cazzolli, A.N. Shemon, M.Q. Fang, W.E. Hughes, Phospholipid
signalling through phospholipase D and phosphatidic acid, IUBMB Life
58 (2006) 457–461.

[11] J.H. Exton, Phospholipase D: enzymology, mechanisms of regulation, and
function, Physiol. Rev. 77 (1997) 303–320.

[12] J.H. Exton, Regulation of phospholipase D, FEBS Lett. 531 (2002) 58–61.



922 J.H. Cho et al. / Biochimica et Biophysica Acta 1783 (2008) 912–923
[13] D. Jones, C. Morgan, S. Cockcroft, Phospholipase D and membrane
traffic. Potential roles in regulated exocytosis, membrane delivery and
vesicle budding, Biochim. Biophys. Acta 1439 (1999) 229–244.

[14] S. Nakashima, Y. Nozawa, Possible role of phospholipase D in cellular
differentiation and apoptosis, Chem. Phys. Lipids 98 (1999) 153–164.

[15] D.Y. Noh, S.J. Ahn, R.A. Lee, I.A. Park, J.H. Kim, P.G. Suh, S.H. Ryu,
K.H. Lee, J.S. Han, Overexpression of phospholipase D1 in human
breast cancer tissues, Cancer Lett. 161 (2000) 207–214.

[16] M. Rizzo, G. Romero, Pharmacological importance of phospholipase D
and phosphatidic acid in the regulation of the mitogen-activated protein
kinase cascade, Pharmacol. Ther. 94 (2002) 35–50.

[17] R.W. Erickson, P. Langel-Peveri, A.E. Traynor-Kaplan, P.G. Heyworth, J.T.
Curnutte, Activation of human neutrophil NADPH oxidase by phosphatidic
acid or diacylglycerol in a cell-free system. Activity of diacylglycerol is
dependent on its conversion to phosphatidic acid, J. Biol. Chem. 274 (1999)
22243–22250.

[18] Y. Chen, V. Rodrik, D.A. Foster, Alternative phospholipase D/mTOR
survival signal in human breast cancer cells, Oncogene 24 (2005) 672–679.

[19] K.O. Kim, K.H. Lee, Y.H. Kim, S.K. Park, J.S. Han, Anti-apoptotic role of
phospholipase D isozymes in the glutamate-induced cell death, Exp. Mol.
Med. 35 (2003) 38–45.

[20] Y. Nozawa, Roles of phospholipase D in apoptosis and pro-survival,
Biochim. Biophys. Acta 1585 (2002) 77–86.

[21] M.A. Park, M.J. Lee, S.H. Lee, D.K. Jung, J.Y. Kwak, Anti-apoptotic role
of phospholipase D in spontaneous and delayed apoptosis of human
neutrophils, FEBS Lett. 519 (2002) 45–49.

[22] N. Uchida, S. Okamura, H. Kuwano, Phospholipase D activity in human
gastric carcinoma, Anticancer Res. 19 (1999) 671–675.

[23] D.S. Ory, B.A. Neugeboren, R.C. Mulligan, A stable human-derived
packaging cell line for production of high titer retrovirus/vesicular
stomatitis virus G pseudotypes, Proc. Natl. Acad. Sci. U. S. A. 93
(1996) 11400–11406.

[24] J.W. Oh, E.Y. Kim, B.S. Koo, H.B. Lee, K.S. Lee, Y.S. Kim, J.S. Han,
Der f 2 activates phospholipase D in human T lymphocytes from Der-
matophagoides farinae specific allergic individuals: involvement of
protein kinase C-α, Exp. Mol. Med. 36 (2004) 486–492.

[25] E.G. Bligh, W.J. Dyer, A rapid method of total lipid extraction and
purification, Can. J. Biochem. Physiol. 37 (1959) 911–917.

[26] M.M. Bradford, A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding, Anal. Biochem. 72 (1976) 248–254.

[27] B.B. Mishell, S.M. Shiiqi, C. Henry, E.L. Chen, J. North, R. Gallily,
M. Slomich, K. Miller, J. Marbrook, D. Parks, A.H. Good,
APOPTOSIS: quantitative analysis techniques, Selected Methods in
Cellular Immunology, 1980, pp. 21–22.

[28] T. Mosmann, Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays, J. Immunol. Methods
65 (1983) 55–63.

[29] M. Germain, E.B. Affar, D. D'Amours, V.M. Dixit, G.S. Salvesen, G.G.
Poirier, Cleavage of automodified poly(ADP-ribose) polymerase during
apoptosis. Evidence for involvement of caspase-7, J. Biol. Chem. 274
(1999) 28379–28384.

[30] H. Oyaizu, Y. Adachi, S. Taketani, R. Tokunaga, S. Fukuhara, S. Ikehara,
A crucial role of caspase 3 and caspase 8 in paclitaxel-induced apoptosis,
Mol. Cell. Biol. Res. Commun. 2 (1999) 36–41.

[31] V. Rodrik, Y. Zheng, F. Harrow, Y. Chen, D.A. Foster, Survival signals
generated by estrogen and phospholipase D in MCF-7 breast cancer cells
are dependent on Myc, Mol. Cell. Biol. 25 (2005) 7917–7925.

[32] V. Chalifa-Caspi, Y. Eli, M. Liscovitch, Kinetic analysis in mixed micelles
of partially purified rat brain phospholipase D activity and its activation by
phosphatidylinositol 4,5-bisphosphate, Neurochem. Res. 23 (1998)
589–599.

[33] M.V. Blagosklonny, T. Schulte, P. Nguyen, J. Trepel, L.M. Neckers,
Taxol-induced apoptosis and phosphorylation of Bcl-2 protein involves
c-Raf-1 and represents a novel c-Raf-1 signal transduction pathway,
Cancer Res. 56 (1996) 1851–1854.

[34] S. Haldar, J. Chintapalli, C.M. Croce, Taxol induces bcl-2 phosphorylation
and death of prostate cancer cells, Cancer Res. 56 (1996) 1253–1255.
[35] R.K. Srivastava, A.R. Srivastava, S.J. Korsmeyer, M. Nesterova, Y.S.
Cho-Chung, D.L. Longo, Involvement of microtubules in the regulation
of Bcl2 phosphorylation and apoptosis through cyclic AMP-dependent
protein kinase, Mol. Cell. Biol. 18 (1998) 3509–3517.

[36] L.G. Wang, X.M. Liu, W. Kreis, D.R. Budman, The effect of
antimicrotubule agents on signal transduction pathways of apoptosis: a
review, Cancer Chemother. Pharmacol. 44 (1999) 355–361.

[37] T.J. Mullmann, M.I. Siegel, R.W. Egan, M.M. Billah, Phorbol-12-
myristate-13-acetate activation of phospholipase D in human neutrophils
leads to the production of phosphatides and diglycerides, Biochem.
Biophys. Res. Commun. 170 (1990) 1197–1202.

[38] J.B. Vermorken, E. Remenar, C.V. Herpen, J.G. Lluch, S. Stewart, T.
Gorlia, M. Degardin, K. Schollen, J. Bernier, EORTC, Brussels,
Belgium, Standard cisplatin/infusional 5-fluorouracil (PF) vs docetaxel
(T) plus PF (TPF) as neoadjuvant chemotherapy for nonresectable
locally advanced squamous cell carcinoma of the head and neck (LA-
SCCHN): a phase III trial of the EORTC Head and Neck Cancer Group
(EORTC #24971), J. Clin. Oncol., 2004 ASCO Annual Meeting
Proceedings (Post-Meeting Edition) 22 (2004) [Abstract 5508].

[39] I.F. Tannock, R. de Wit, W.R. Berry, J. Horti, A. Pluzanska, K.N. Chi, S.
Oudard, C. Theodore, N.D. James, I. Turesson, M.A. Rosenthal, M.A.
Eisenberger, Docetaxel plus prednisone or mitoxantrone plus prednisone
for advanced prostate cancer, N. Engl. J. Med. 351 (2004) 1502–1512.

[40] D.P. Petrylak, C.M. Tangen, M.H. Hussain, P.N. Lara Jr., J.A. Jones, M.E.
Taplin, P.A. Burch, D. Berry, C. Moinpour, M. Kohli, M.C. Benson, E.J.
Small, D. Raghavan, E.D. Crawford, Docetaxel and estramustine
compared with mitoxantrone and prednisone for advanced refractory
prostate cancer, N. Engl. J. Med. 351 (2004) 1513–1520.

[41] F. Fossella, J.R. Pereira, J. von Pawel, A. Pluzanska, V. Gorbounova,
E. Kaukel, K.V. Mattson, R. Ramlau, A. Szczesna, P. Fidias, M.
Millward, C.P. Belani, Randomized, multinational, phase III study of
docetaxel plus platinum combinations versus vinorelbine plus cisplatin
for advanced non-small-cell lung cancer: the TAX 326 study group,
J. Clin. Oncol. 21 (2003) 3016–3024.

[42] K. Kubota, K. Watanabe, H. Kunitoh, K. Noda, Y. Ichinose, N. Katakami,
T. Sugiura, M. Kawahara, A. Yokoyama, S. Yokota, S. Yoneda, K. Matsui,
S. Kudo, M. Shibuya, T. Isobe, Y. Segawa, Y. Nishiwaki, Y. Ohashi, H.
Niitani, Phase III randomized trial of docetaxel plus cisplatin versus
vindesine plus cisplatin in patients with stage IV non-small-cell lung
cancer: the Japanese Taxotere Lung Cancer Study Group, J. Clin. Oncol.
22 (2004) 254–261.

[43] F.A. Shepherd, J. Dancey, R. Ramlau, K. Mattson, R. Gralla, M.
O'Rourke, N. Levitan, L. Gressot, M. Vincent, R. Burkes, S. Coughlin,
Y. Kim, J. Berille, Prospective randomized trial of docetaxel versus best
supportive care in patients with non-small-cell lung cancer previously
treated with platinum-based chemotherapy, J. Clin. Oncol. 18 (2000)
2095–2103.

[44] F.V. Fossella, R. DeVore, R.N. Kerr, J. Crawford, R.R. Natale, F. Dunphy,
L. Kalman, V. Miller, J.S. Lee, M. Moore, D. Gandara, D. Karp, E. Vokes,
M. Kris, Y. Kim, F. Gamza, L. Hammershaimb, Randomized phase III trial
of docetaxel versus vinorelbine or ifosfamide in patients with advanced
non-small-cell lung cancer previously treated with platinum-containing
chemotherapy regimens. The TAX 320 Non-Small Cell Lung Cancer
Study Group, J. Clin. Oncol. 18 (2000) 2354–2362.

[45] S. Haldar, A. Basu, C.M. Croce, Bcl2 is the guardian of microtubule
integrity, Cancer Res. 57 (1997) 229–233.

[46] R.K. Srivastava, A.R. Srivastava, Y.S. Cho-Chung, Synergistic effects of
8-chlorocyclic-AMP and retinoic acid on induction of apoptosis in
Ewing's sarcoma CHP-100 cells, Clin. Cancer Res. 4 (1998) 755–761.

[47] J.M. Adams, S. Cory, The Bcl-2 protein family: arbiters of cell survival,
Science 281 (1998) 1322–1326.

[48] X.H. Liu, R.J. Collier, R.J. Youle, Inhibition of axotomy-induced neuronal
apoptosis by extracellular delivery of a Bcl-XL fusion protein, J. Biol.
Chem. 276 (2001) 46326–46332.

[49] S. Adachi, A.R. Cross, B.M. Babior, R.A. Gottlieb, Bcl-2 and the outer
mitochondrial membrane in the inactivation of cytochrome c during Fas-
mediated apoptosis, J. Biol. Chem. 272 (1997) 21878–21882.

[50] J.B. Schulz, D. Bremen, J.C. Reed, J. Lommatzsch, S. Takayama, U.



923J.H. Cho et al. / Biochimica et Biophysica Acta 1783 (2008) 912–923
Wullner, P.A. Loschmann, T. Klockgether, M. Weller, Cooperative
interception of neuronal apoptosis by BCL-2 and BAG-1 expression:
prevention of caspase activation and reduced production of reactive
oxygen species, J. Neurochem. 69 (1997) 2075–2086.

[51] J. Yang, X. Liu, K. Bhalla, C.N. Kim, A.M. Ibrado, J. Cai, T.I. Peng, D.P.
Jones, X. Wang, Prevention of apoptosis by Bcl-2: release of cytochrome c
from mitochondria blocked, Science 275 (1997) 1129–1132.

[52] T. Kasai, K. Ohguchi, S. Nakashima, Y. Ito, T. Naganawa, N. Kondo, Y.
Nozawa, Increased activity of oleate-dependent type phospholipase D
during actinomycin D-induced apoptosis in Jurkat T cells, J. Immunol. 161
(1998) 6469–6474.
[53] Y. Iwasaki-Bessho, Y. Banno, S. Yoshimura, Y. Ito, Y. Kitajima, Y. Nozawa,
Decreased phospholipase D (PLD) activity in ceramide-induced apoptosis of
human keratinocyte cell lineHaCaT, J. Invest. Dermatol. 110 (1998) 376–382.

[54] J.H. Kang, I. Shin, J.S. Han, Changes of phospholipase D activity in TNF-
alpha and anti-Fas/Apo1 monoclonal antibody induced apoptosis in HL-60
and A20 cells, Exp. Mol. Med. 30 (1998) 21–27.

[55] M.A. Avila, G. Otero, J. Cansado, A. Dritschilo, J.A. Velasco, V. Notario,
Activation of phospholipase D participates in signal transduction pathways
responsive to gamma-radiation, Cancer Res. 53 (1993) 4474–4476.

[56] E. Gulbins, S. Dreschers, J. Bock, Role of mitochondria in apoptosis, Exp.
Physiol. 88 (2003) 85–90.


	Overexpression of phospholipase D suppresses taxotere-induced cell �death in stomach cancer cel.....
	Introduction
	Materials and methods
	Materials
	Cell culture
	PLD's retroviral vector construction and virus production
	Stable transfection of PLDs
	RT-PCR
	DNA fragmentation assay
	PLD activity assay
	Western blot analysis
	Detection of apoptosis nuclei
	Measurement of phosphatidylserine (PS) exposure
	Cell viability
	Small interference RNA (siRNA) synthesis and transfection
	Statistical analysis

	Results
	Apoptosis of stomach cancer cells (SNU 484 cells) induced by taxotere
	Effect of taxotere on Bcl-2 and PLD expression level in stomach cells
	Effect of PLD on taxotere-induced cell death in stomach cells
	Overexpression of either PLD1 or PLD2 inhibits �taxotere-induced apoptosis in cultured SNU 484 .....
	Expression of PLD suppresses taxotere-induced cell death through Bcl-2 regulation
	Bcl-2 expression was inhibited by blocking of PLD1 or PLD2 using small interfering PLD 1 or PLD.....
	PA is involved in upregulation of Bcl-2 expression

	Discussion
	Acknowledgements
	References


