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Phospholipase C—Protein Kinase C Mediated
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Tamoxifen Induced Apoptosis

Soo-Jung Ahn,? Mee-Sup Yoon,? Shin Hyuk,* Wonshik Han," Yong-Dal Yoon,* Joong-Soo Han,?
and Dong-Young Noh'**

'Department of Surgery, College of Medicine, Seoul National University, Seoul 110-744, Korea
2Cancer Research Institute, College of Medicine, Seoul National University, Seoul 110-744, Korea
*Institute of Biomedical Science and Department of Biochemistry, College of Medicine,

Hanyang University, Seoul 133-791, Korea

4Department of Life Science, College of Natural Sciences, Hanyang University, Seoul 133-791, Korea

Abstract Tamoxifen (TAM) is the endocrine therapeutic agent the most widely used in the treatment of breast
cancer, and it operates primarily through the induction of apoptosis. In this study, we attempted to elucidate the non-ER
mediated mechanism behind TAM treatment, involving the phospholipase C—protein kinase C (PLC-PKC) mediated
phospholipase D (PLD) activation pathway, using multimodality methods. In TAM treated MCF7 cells, the PLC and PLD
protein and mRNA levels increased. Phosphatidylethanol (PEt) and diacylglycerol (DAG) generation also increased,
showing increased activity of PLD and PLCy1. Translocation of PKCa, from cytosol to membrane, was observed in TAM
treated cells. By showing that both PKC and PLC inhibitors could reduce the effects of TAM-induced PLD activation, we
confirmed the role of PKC and PLC as upstream regulators of PLD. Finally, we demonstrated that TAM treatment reduced
the viability of MCF7 cells and brought about rapid cell death. From these results, we confirmed the hypothesis that TAM
induces apoptosis in breast cancer cells, and that the signal transduction pathway, involving PLD, PLC, and PKC,
constitutes one of the possible mechanisms underlying the non-ER mediated effects associated with TAM. J. Cell.
Biochem. 89: 520-528, 2003. © 2003 Wiley-Liss, Inc.
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Tamoxifen (TAM) is a synthetic non-steroidal
anti-estrogen agent that is widely used for
treating all stages of breast cancer and has been
approved for the prevention of breast cancer in
high-risk women. The observed efficacy of TAM
has been attributed both to growth arrest and to
the induction of apoptosis within the breast
cancer cells, and the induction of apoptosis may
constitute one of the primary mechanisms by
which the anti-tumor effect of TAM [Budtz,
1999; Cameron et al., 2000] comes about.
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Although the primary mechanism of action
for TAM is believed to be through the inhibition
of estrogen receptors (ER), research over the
years has indicated that additional, non-ER-
mediated mechanisms also exist [Perry et al.,,
1995; Kang et al., 1996] which can be activated
by theuseofclinically relevant concentrations of
TAM. The possible underlying mechanisms are
signaling pathways involving such factors as
protein kinase C (PKC), calmodulin, transform-
ing growth factor-p (TGF-B) and the protoonco-
gene c-myc, ceramide, and MAP kinase [O’Brian
et al., 1985; Butta et al., 1992; Hardcastle et al.,
1995; Mandlekar and Kong, 2001].

The stimulation of phospholipase D (PLD)
occurs in a wide variety of cells treated with
hormones and growth factors. PLD catalyzes
the hydrolysis of phospholipids at their term-
inal phosphodiester bond, thus producing phos-
phatidic acid (PA) and releasing the free polar
head group [Exton, 1990]. PA can serve as a
messenger molecule with the potential to
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regulate cell growth [Moolenaar et al., 1986],
the metastasis of tumor cells [Imamura et al.,
1993], exocytosis [Kinsky et al., 1989], as well as
other cellular processes [Kiss, 1990]. PA can be
further metabolized by a PA phosphohydrolase
to form diacylglycerol (DAG), a PKC activator.
Most mammalian PLD activity is found to be
associated with membranes and appears to be
specific for phosphatidylcholine (PC) [Exton,
1998]. Kiss [1994] proved that TAM can stimu-
late PLD activity by an estrogen receptor-inde-
pendent mechanism.

PKC, a Ca®'- and phospholipids-dependent
enzyme, represents a large family of several
isoenzymes that play a key role in the trans-
membrane signaling of a wide variety of stimuli,
including growth factors. PKC has been implic-
ated in the regulation of cellular growth and
differentiation [Nishizuka, 1995]. The exact
role of PKC in TAM-induced apoptosis is not
clear and there is some controversy as to whe-
ther TAM activates or inhibits PKC [Horgan
et al., 1986; Cheng et al., 1998]. It has been
demonstrated that TAM induces the membrane
translocation of PKC, and this translocation is
regarded as a key process in the TAM-induced
apoptosis pathway [Gundimeda et al., 1996;
Lavie et al., 1998].

We proposed a model of the phospholipase
C—phospholipase D (PLC-PLD) crosstalk-
mediated TAM-induced apoptosis-signaling
pathway, which is shown in Figure 7. PLCy1
might be activated by extracellular stimuli such
as TAM, subsequently generating two-second
messengers, DAG and IP3, as aresult of its PIP2
(phosphatidylinositol 4,5 bisphosphate) hy-
drolyzing activity. DAG and IP3 induce a host
of intracellular reactions that eventually give
rise to various cellular processes. DAG is a well-
known activator of PKC. PLD activation is
mediated by activated PKCa, resulting from
its translocation from cytosol to membranes in
the cell. Activation of PLD may contribute to
the transcriptional induction of death-related
genes or they may cross-communicate with the
effectors of apoptosis.

MATERIALS AND METHODS
Materials
Phenylmethylsulfonyl fluoride (PMSF), leu-
peptin, aprotinin, Triton X-100, DTT, HEPS,

and diethylpyrocarbonate (DEPC) were ob-
tained from Sigma Aldrich (St. Louis, MO).

TRIzol reagent was obtained from Invirogen
Life Technologies (Carlsbad, CA). The First
strand ¢cDNA synthesis kit was obtained from
Roche Applied Science (Mannheim). Tag DNA
polymerase was obtained from TaKaRa Bio-
technology Inc. (Japan). Protein G Sepharose
was obtained from Amersham Pharmacia Bio-
tech (Piscataway, NJ) products. Peroxidase
conjugated goat anti-rabbit IgG antibody was
obtained from Jackson Immuno Research
Laboratories, Inc. (Pennsylvania). The Enhanc-
ed Chemiluminescence Detection (ECL) sys-
tem, [°H] palmitic acid (154.0 Ci/mmol) and
[methyl-3H] choline chloride (83.0 Ci/mmol)
were from Amersham Pharmacia Biotech.
Silica Gel 60 A thin-layer chromatography
plates were purchased from Whatman (Wie-
sioch). Lipid standards were purchased from
Avanti Polar Lipids (Alabaster, AL). The pro-
tein concentration was determined using a
protein assay kit from Pierce Biotechnology
(Rockford, IL).

Cell Culture, Treatment, and Viability Assays

The human mammary carcinoma cell line
MCEF7 was obtained from the Korean Cell Line
Bank and maintained in RPMI 1640 with 10%
fetal bovine serum (FBS) and 1% penicillin—
streptomycin (100 U/ml) in a 37°C incubator
under 5% COs.

For the cell viability assays, cells were plated
in 60-mm dishes and cultured overnight prior
to treatment with TAM. Following treatment,
the cells were harvested, stained with trypan
blue, and live cells were counted using a
hemocytometer.

Annexin V-FITO Apoptosis Detection

Both TAM treated and control MCF7 cells
were washed twice with cold PBS and then
resuspended in 1x binding buffer at a concen-
tration of 1 x 108 cells/ml. In each case, 100 pl
of the solution was transferred to a 5-ml culture
tube, to which was added 5 pl of annexin V-FITC
and 5 ul of PI. After being gently vortexed, the
cells were incubated for 15 min at room tem-
perature in the dark. Finally, 400 pl of 1x bind-
ing buffer was added to each tube, an analysis
was performed by flow cytometry within 1 h.

RNA Isolation and Reverse
Transcription-Polymerase Chain Reaction
(RT-PCR)

Total RNA was isolated from the TAM treated
MCF7 cells using TRIzol reagent. The RNA
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pellet was dissolved in DEPC-treated H50O to
concentrations of approximately 0.5—1.0 pg/ul,
and stored at —70°C. The quantity and quality
of the RNA preparations were determined by
absorbance at 260 and 280 nm. One microgram
of total RNA sample was reverse transcribed
using the first strand cDNA synthesis kit with
random primer p(dN)g, according to the manu-
facturer’s instructions. RT-PCR analysis was
performed. Primers used for amplification were
synthesized as follows: APLD1; forward primer
nucleotides 1,475-1,491: 5-TGGGCTCACC-
ATGAGAA-3'; reverse primers nucleotides
2,133-2,113: 5'-GTCATGCCAGGGCATCCGG-
GG-3'. Amplification conditions used were 94°C
for 30 s, 60°C for 1 min, and 72°C for 1 min;
30 cycles.

Immunoblot Analysis

TAM treated MCF7 cells were homogenized
in 20 mM HEPES (pH 7.2), 200 mM sodium
chloride, 1% Triton X-100, 2% cholic acid, 1 mM
EDTA, 1 mM EGTA, 0.1 mM DTT, 10 pg/ml
leupeptin, 10 pg/ml aprotinin, and 1 mM PMSF.
Protein content was determined with bicincho-
ninic acid (BCA) protein assay using bovine
serum albumin as a standard.

For the immunoblot analysis, the immuno-
precipitates were washed five times with 1 ml of
buffer containing 50 mM Tris-HCI (pH 8.0), 1%
Triton X-100, 1% sodium deoxycholate, 0.1%
sodium dodecylsulfate (SDS), and 200 mM
sodium chloride. Immune complexes were
released by heating the sample at 95°C for
10 min with Laemmli cooking buffer and separ-
ated by 8% SDS—polyacrylaminde gel electro-
phoresis (PAGE). The samples were transferred
onto nitrocellulose filters and incubated sepa-
rately with their respective monoclonal anti-
bodies for 2 h. Immunoreactive bands were
visualized using peroxidase conjugated goat
anti-rabbit IgG antibody. Detection was per-
formed with the ECL system.

In Vivo PLD Enzyme Activity Assay,
DAG Generation Assay

Exponentially growing cells were transferred
into 6-well plates (1.5 x 10 cells/well) and then
incubated for 24 h so that the cells stuck on
the culture dishes. For isotope labeling, an
exchange of media was operated with RPMI
1640 media containing 1% FBS and 1 pCi/ml of
(®*H) palmitic acid, and then the cells were

incubated for 24 h. After washing with PBS
twice, the cells were preincubated for 1 h in a
warmed serum-free medium. The cells were
pretreated with 1% (v/v) ethanol for 10 min
before the treatment of 1 uM TAM. After the
stimulation of TAM (0, 5, 10, 30, 60, and
180 min), the cells were quickly washed with
ice-cold PBS and suspended in 0.5 ml of ice-cold
methanol. Lipids were extracted according to
the method of Bligh and Dyer [1959].

DAG was separated from other phospholipids
by TLC using a solvent system consisting
of toluene/ether/ethanol/NH,OH (50/30/2/0.2,
v/v/v/v). The regions corresponding to the
standard were identified with primulin. Then
DAG regions were scraped and the radioactivity
counted using an LSC.

Phosphatidylethanol (PEt) was separated
from other phospholipids by TLC using a sol-
vent system consisting of ethyl acetate/isooc-
tane/acetic acid/water (130/20/30/100, v/v/v/v).
In this solvent system, water was used for the
saturation of the organic solvent. Thus, after
mixing all of contents well, water was separated
from the upper organic phase and eliminated.
The regions corresponding to the standard were
identified with primulin. Then, the PEt regions
were scraped and the radioactivity counted
using an LSC.

Data are represented as mean + SEM from
three separate experiments.

Quantification of Autoradiographs

An Biomedlab computing densitometer was
used to digitize images. The optical density of
bands was analyzed with background subtrac-
tion using ImageQuant software.

RESULTS

The first goal was to determine the possible
role of PLD1 and PLCy1 in time-dependent 1 uM
TAM treated MCF7. Using degenerated pri-
mers, based on the conserved amino acid
regions, we amplified AZPLD1 in time-dependent
1 uM TAM treated MCF7 by means of the RT-
PCR. The pattern corresponding to the expres-
sion level of PLD1 mRNA in MCF7 increas-
ed with increasing TAM treatment time
(Fig. 1A,B). We performed immunoblot analysis
to demonstrate that PLD production also in-
creased as the transcription level increased. For
normalization of RT-PCR and immunoblot
analysis, B-actin was amplified simultaneously.
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Fig. 1. The effect of tamoxifen (TAM) on the expression levels of
protein kinase C (PLC) and phospholipase D (PLD). A: The cells
were serum-starved for 24 h in 100 mm culture dishes, and
stimulated with 1 uM TAM for 1, 3, and 6 h. The total RNA was
isolated with TRIzol reagent. Reverse transcription-polymerase
chain reaction (RT-PCR) analysis was done as described in
Materials and Methods. Combined PCR products were resolved
by 2% agarose gel. Bands were visualized following EtBr staining
and were quantified using ImageQuant software. B: Densitome-
try measurements from three time course experiments of 1 uM
TAM and control cells demonstrating increased PLD RNA levels
(data presented as mean £ SE, P<0.05 compared with control

The level of PLD1 and PLCy1 in 1 uM TAM
treated MCF7 showed an apparent time-
dependent increase (Fig. 1C,D). As shown in
these two results, the amplification of PLD1
mRNA expression, analyzed by RT-PCR, was
well correlated with the result of the immuno-
blot analysis.

In addition, we measured in vivo PLD activity
and performed DAG generation assay in time-
dependent 1 uM TAM treated MCF7 cells. The
[®*H] palmitic acid-labeled and serum-starved
MCF7 cells were treated with 1 uM TAM at
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value). C: The cells were homogenized and total lysates were
obtained. Twenty micrograms of lysates were analyzed by 10%
sodium dodecylsulfate—polyacrylaminde gel electrophoresis
(SDS—-PAGE), and transferred to nitrocellulose membrane.
Western blotting using anti-PLC and anti-PLD antibodies, as
described in Materials and Methods, was used to identify the
proteins and was quantified using ImageQuant software. D:
Densitometry measurements from three time course experiments
demonstrating a time-related increase in PLC and PLD protein
levels (data presented as mean & SE, P<0.001 compared with
control value).

various moments in time. After being har-
vested, cells were assayed by TLC. To determine
whether TAM activates cellular PLD, we added
ethanol to the medium as this enables the form-
ation of PEt, the transphosphatidylation pro-
duct of PLD, at the expense of PA. As shown in
Figure 2A, the production of PEt increased
gradually as the TAM treatment time increased
from 10 min to 3 h. This data showed that PLD
activity increased, reaching a maximum of
about eightfold, at 3 h after stimulation by
TAM. Concurrent with this increase in the
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Fig. 2. PLD activity and diacylglycerol (DAG) production in
time-dependent TAM treated MCF7 cell lines. Measurement of
PLD activity and DAG production after stimulation of TAM
(0,30 min; 1, 3, and 6 h) in MCF7 cells was performed using the
PLD activity assays (A) and DAG production (B) as described in
Materials and Methods. Data are represented as mean + SEM
from three separate experiments.

amount of PEt, the DAG production rate in-
creased up to 65% of its maximum level within
10 min after treatment with 1 uM TAM (Fig. 2B).
These results showed that the initial increase in
PEt production resulted from increasing PLD
activity, and that the increased DAG production
rate resulted from an increase in PIP2 hydro-
lysis caused by TAM-induced PLCy1.

A major pathway for PLD activation by
extracellular signals involves PKC transloca-
tion and activation. In Figure 3A,B, we demon-
strated the translocation of PKCa from cytosol
to membrane in 1 uM TAM treated MCF7 cells.
Other isozymes tested were not responsive to
TAM treatment. This result conforms to the
hypothesis that TAM-induced activation of PLD
is mediated by PKCua translocation.

For further confirmation of the hypothesis
that PKC is the upstream of TAM-induced PLD
activation, we demonstrated that the effect of
TAM on PLD activity changed, following the
desensitization of PKC by long-term stimula-
tion with PMA. The PEt assay revealed that the
PEt contents of cells, desensitized with PMA,
decreased by about 40% after 30 min of TAM
stimulation, compared with those of undesensi-
tized TAM treated cells (Fig. 4).

We performed an additional experiment to
establish the role of PKC in PLD activation. As
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Fig. 3. Translocation of protein kinase C (PKC) in TAM treated
MCF7. A: The cells were serum-starved for 24 h in 100 mm
culture dishes, and stimulated with 1 uM TAM for 1, 3, and 6 h.
The cells were homogenized and total lysates obtained. Twenty
grams of lysates were analyzed by 12% SDS-PAGE, and
transferred to nitrocellulose membrane. Western blotting using
anti-PKC isoforms antibodies, as described in Materials and
Methods, was used to identify the proteins and was quantified
using ImageQuant software. B: Densitometry measurements
from three time course experiments demonstrating time-
related translocation in PKCao protein levels (data presented as
mean +SE, P<0.001 compared with control value). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

shown in Figure 5B, the maximum level of
TAM-induced PLD activity was lowered by
about 25% when we added GF109202X, the
PKC inhibitor.

We observed the change in TAM-induced
PLD activity after treatment with the PLC
inhibitor. The PEt assay revealed that the PEt
contents of PLC inhibited cells with D609
decreased by about 40% and that the PEt
contents of PLC inhibited cells with U73122
decreased by about 65% compared with the
maximum PLD activity resulting from TAM
stimulation alone (Fig. 5A). Figure 5C,D show-
ed that the effect of TAM on PLC expression was
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Fig. 4. Effect of TAM on PLD activation after desensitization
of PKC. The cells were incubated with (@) or without (Ill) 200 nM
PMA for 24 h, at the same time the cells were labeled with [>H]
palmitic acid and serum-starved. Measurement of PLD activity
after the stimulation of TAM (0, 10, 30 min) in MCF7 cells was
performed using the PLD activity assays as described in Materials
and Methods. Data are represented as mean & SEM from three
separate experiments. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

negated following PLC inhibition by treatment
with D609 and U73122.

It is well known that DAG originates from
three different pathways. The first one is
from PC hydrolysis by PC—PLC enzyme activa-
tion, the second one is from PIP2 hydrolysis by
PI-PLC and the third one is from the phospho-
hydrolysis of PA by PLD.

We demonstrated that U73122, which acts
as an inhibitor of PI-PLC, rather than D609,
which is an inhibitor of PC—PLC, was more
effective in inhibiting TAM-induced PLD activ-
ity (Fig. 5A) and PLC expression (Fig. 5C,D).
These findings suggest that DAG, as a product
of PI-PLC activation, participates in TAM-
induced PLD activation.

Finally, we performed cell viability assay
(Fig. 6A,B) and annexin V apoptosis assay
(Fig. 6C), to investigate TAM-induced cell death
in MCF7. In cell viability assay, we showed
the time dependent reduction of cell viability in
1 uM TAM treated MCF7 cells compared to the
control (Fig. 6A).

To establish a link between the regulation of
PLC/PLD mechanism and the induction of cell
death by TAM, we performed cell viability and
annexin V apoptosis assay after treatment
with PLC inhibitors. As shown in Figure 6B,C
showed that PLC inhibitors treated MCF7 cells
inhibit TAM-induced cell death. In cell viability
assay, we showed decrease cell viability and
in annexin V assay, the 23% increase in the
proportion of cell death in 1uM TAM treated
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Fig. 5. Effects of PLC and PKC inhibitors on TAM mediated PLD
activiry. The cells were pre-incubated with (A) D609, U73122,
and (B) GF109202X for 30 min, after being labeled with [*H]
palmitic acid and serum-starved for 24 h. Measurement of PLD
activity after the stimulation of TAM in MCF7 cells was performed
using the PLD activity assays as described in Materials and
Methods. Data are represented as mean=+SEM from three
separate experiments. C: The cells were serum-starved for 24 h
in 100 mm culture dishes, pre-incubated with D609 and U73122
for 30 min, and stimulated with 1 uM TAM for 6 h. The cells were
homogenized and total lysates obtained. Twenty micrograms of
lysates were analyzed by 10% SDS—PAGE, and transferred to a
nitrocellulose membrane. Western blotting using anti-PLC
antibodies as described in Materials and Methods was used to
identify the proteins and was quantified using ImageQuant
software. D: Densitometry measurements from three experi-
ments demonstrating that D609 and U73122 inhibited TAM-
induced PLC protein production in MCF?7 cells (data presented as
mean+SE, P<0.05 for TAM-treated cells versus TAM plus
D609, U73122-treated cells).



526 Ahn et al.

A 2
& T = e
o 7T F = e =
: T
ST
=8
£y
g3t
3 2 ‘
l -
2 |
[1] 3h 6h 24h 48h
| B con OTAM
B 35{ —
y i . I .
2 [ . ]
:‘5:20 §
EIST
= |
= |
=10
¥
(&)
5
{] 1 1
CON TAM D609 U73122 D+T  U+T
Clu r. N
~ CON D609 U73122
e - h o G ot

TAM D609+TAM U73122+TAM

Fig. 6. Cell viability and apoptosis in TAM treated MCF7.
A: The cells used for the viability assay were serum-starved for
24 hiin 6-well culture plates and stimulated with 1 pM TAM for 0,
3, 6,24, and 48 h. The cells were harvested, stained with trypan
blue, and the number of live cells was counted using a hemocy-
tometer. B: The cells used for the viability assay were serum-
starved for 24 h in 6-well culture plates and pre-incubated with
D609 and U73122 for 30 min and stimulated with T uM TAM for
24 h. The cells were harvested, stained with trypan blue, and the
number of live cells was counted using a hemocytometer. C: The
cells used for the apoptosis assay were serum-starved for 24 h in
6-well culture plate and pre-incubated with D609 and U73122
for 30 min and stimulated with 1 uM TAM for 24 h. TAM treated
and control MCF7 cells were washed twice with cold PBS and
then resuspended in 100 pl of 1x binding buffer. Five microliters
of annexin V-FITC and 5 pl of Pl were added and the plates were
incubated for 15 min at room temperature in the dark. 400 pl of
1x binding buffer was added to each tube. Analysis was
performed by flow cytometry.

MCF7 cells. In construct, we showed that cell
death inhibits TAM treatment after pre-treat
PLC inhibitors or only treatment PLC inhibi-
tors in MCF7 cells (Fig. 6C).

DISCUSSION

There is much evidence that PKC is a major
mediator of agonist action upon PLD. It has
been known for some time that treatment of
many cell types, with agonists that induce PIP2
hydrolysis or with phorbol esters, stimulates
PLD activity, which implies the regulation of
the enzyme by PKC [Kiss, 1996]. Furthermore,
the treatment of cells with PKC inhibitors
usually leads to the inhibition of the agonist
stimulation of PLD. Likewise, the down-regula-
tion of PKC, by prolonged treatment with
phorbol ester, generally leads to a loss of PLD
response to agonists [Kiss, 1996].

The mechanism by which PKC regulates PLD
in intact cells is unclear. The stimulatory effect
of the PKC isoenzymes does not require ATP
[Min et al., 1998] and is not associated with pro-
tein phosphorylation [Singer et al., 1996]. Thus,
the activation of PLD seems to occur through a
non-phophorylating protein—protein interac-
tion. The failure of the Ca®" dependent y- and
other PKC isoenzymes to activate PLD indi-
cates that regulatory domain sequences, unique
to the o- and B-isozymes, are involved in the
interaction [Conricode et al., 1994; Min et al.,
1998].

The generally accepted mechanism, by which
agonists activate PKC, is through the activation
of PLC isoenzymes, which hydrolyze PIP2 to
release IP3 and DAG [Exton, 1998]. The
absolute dependence of growth factor-induced
PLD activation upon PLC activity was demon-
strated in two previous studies [Yeo et al., 1994;
Hess et al., 1998].

It has been shown that TAM induces apopto-
sis both in vitro and in vivo [Perry et al., 1995;
Martin et al., 1996]. According to the in vitro
studies, this effect was concentration depen-
dent. At nanomole concentrations of TAM, only
growth arrest occurs, whereas at micromole con-
centrations induction of cell death was observed
in cell cultures. We used 1 uM TAM in our study,
and we were able to induce apoptosis.

There is some controversy about the antago-
nist/agonist action of TAM on PKC. Earlier
studies demonstrated that TAM inhibited PKC
[O'Brian et al., 1985; Horgan et al., 1986;
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Issandou et al., 1990] and proposed that such
action was central to its antitumor activity. In
one instance, TAM did not appear to inhibit
the catalytic action of PKC but reduced the
binding of phorbol dibutyrate in a cell-free assay
[O’Brian et al., 1985]. In another example, using
intact neutrophils, TAM inhibited phorbol
ester-stimulated oxidase activation [Horgan
et al., 1986]. But in more recent studies, PKC
activation by triphenyl-ethylenes has been
demonstrated in vitro and in intact cells
[Bignon et al., 1991]. TAM can be inhibitory
for PKC when assayed in cell-free systems
[Horgan et al., 1986], but has an opposite
influence in intact cells [Issandou et al., 1990].
The activation of PKC is usually associated
with a mitogenic response. However, in human
breast cancer cells it has been amply demon-
strated that TPA and DAG, activators of PKC,
inhibited cell growth [Issandou et al., 1990].
Lavie et al. [1998] and Cabot et al. [1997]
showed that TAM elicited both the isoenzyme-
specific membrane translocation of PKC-¢ and
the inhibition of cell growth.

There have been many studies on the up-
stream of PKC in the TAM-induced apoptosis
pathway. Direct binding of TAM to the triphe-
nylethylene binding site on PKC may modulate
its activity [O’Brian et al., 1988] or this may
be mediated through PLC [Cabot et al., 1997] or
oxidative stress [Gundimeda et al., 1996] or
proteolytic activation by caspase [Datta et al.,
1997]. But, Eisen and Brown [2002] reported
that stimulation of PLD by TAM requires a
conformational change in the enzyme that is
induced by GTPase binding. In contrast, addi-
tion of a classical isoform of PKCa not mediates
the TAM stimulation of PLD.

Activation of PLD by PKC

PIPZ * DAG —. Cell membrane

- N

?

Apoptotic response pathway

Fig. 7. Model of the PLC-PKC-PLD mediated TAM-induced
apoptosis signaling pathway. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Induction of apoptosis has been regarded as a
primary mechanism underlying the observed
anti-tumor effects of TAM. Efforts to elucidate
the non-ER mediated, non-genomic mechanism
of TAM have been made on both the cellular and
molecular levels. Various discrete signaling
intermediates have been reported to play a role
in the pro-apoptic mechanisms of TAM. How-
ever, no single signal transduction pathway
has been unequivocally shown to constitute the
underlying apoptotic mechanism elicited by
TAM [Budtz, 1999]. In this study, we proposed
a model involving PL.C, PLD, and PKC as being
one possible such mechanism (Fig. 7). Although
we were able to demonstrate some essential
components of this pathway, further investiga-
tion will be required, in order to fill in the mis-
sing links, and to demonstrate the relevance of
this signaling pathway in the clinical setting.
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