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Protein kinase C� (PKC�), a diacyglycerol- and phorbol ester-
responsive serine-threonine kinase, has been implicated in
mitogenic and survival control, and it ismarkedly overexpressed
in human tumors, including in prostate cancer. Although pros-
tate cancer cells undergo apoptosis in response to phorbol ester
stimulation via PKC�-mediated release of death factors, the
involvement of PKC� in this response is not known. PKC�
depletion by RNAi or expression of a dominant negative kinase-
dead PKC� mutant potentiated the apoptotic response of PMA
and sensitized LNCaP cells to the death receptor ligand TNF�.
On the other hand, overexpression of PKC� by adenoviral
means protected LNCaP cells against apoptotic stimuli. Inter-
estingly, PKC� RNAi depletion significantly enhanced the
release of TNF� in response to PMA and greatly potentiated
JNK activation by this cytokine. Further mechanistic analysis
revealed that PMA fails to promote phosphorylation of Bad in
Ser112 in PKC�-depleted LNCaP cells, whereas PKC� overex-
pression greatly enhanced Bad phosphorylation. This effect was
independent of Akt, ERK, or p90Rsk, well established kinases
for Ser112 in Bad. Moreover, expression of a S112A-Bad mutant
potentiated PMA-induced apoptosis. Finally, we found that
upon activation PKC� accumulated in mitochondrial fractions
in LNCaP cells and that Bad was a substrate of PKC� in vitro.
Our results established that PKC� modulates survival in pros-
tate cancer cells via multiple pathways.

Protein kinase C (PKC),3 a family of serine-threonine kinases
that comprises the classical (cPKCs �, �, and �), novel (nPKCs
�, �, �, and �), and atypical (aPKCs � and 	) PKCs, is a key
signaling component of growth factor and cytokine pathways.
Despite their structural similarities, PKC isozymes have unique
modes of regulation as well as differential patterns of cell and
tissue expression (1, 2). Only cPKCs and nPKCs are regulated
by phorbol esters and diacylglycerol, a lipid second messenger
generated upon activation of G protein-coupled receptors and
tyrosine kinases (1–3). Phorbol esters are capable of promoting
opposite responses in different cell types, such as mitogenesis/

survival versus growth arrest/apoptosis. This paradigm of func-
tional diversity is exemplified by the nPKCs: whereas in most
cases PKC� acts as a mitogenic or antiapoptotic kinase, activa-
tion of PKC� inhibits proliferation or triggers an apoptotic
response (4–8). PKC� can signal to mitogenesis via Raf/MEK/
ERK and cyclin D1 induction (9, 10) or can even transform cells
(4, 6, 11). In addition, PKC� has been linked to cell survival
through the activation of Akt and Bax (12, 13).
Tumor cells display in many cases an altered balance in PKC

isozyme expression, potentially reflecting the involvement of
PKCs in the etiology and progression of cancer. Most notably,
many cancer cells showmarked up-regulation of PKC�. PKC� is
elevated in prostate cancer, particularly in high grade tumors,
and is implicated in prostate tumor progression and the transi-
tion to androgen-independence (14–17). The functional com-
plexity of PKC in prostate cancer cells is nonetheless high-
lighted by the fact that phorbol esters promote an apoptotic
response in androgen-dependent prostate cancer cells (18, 19).
Previous work from our laboratory and others established that
PKC� is the major mediator of the death effect of PMA in
LNCaP cells (19–21). In this context, the role of PKC� remains
controversial, as unlike in other cell types, PKC� was found to
be either dispensable for prostate cancer cell survival or even
contribute to the proapoptotic effects of PKC activators (22–
24). Given our limited understanding of the mechanistic
insights of PKC-driven responses in prostate cancer cells, addi-
tional studies would be required to ascertain the specific con-
tribution of PKC isozymes to this paradox.
We have recently demonstrated that PKC�-mediated pros-

tate cancer cell death involves the activation of an apoptotic
autocrine loop through the release of death factors (primarily
TNF�), and the subsequent activation of the extrinsic apoptotic
cascade and the JNK pathways (20, 25, 26). Whether PKC� is
implicated or not in the control of this pathway remains to be
determined. In the present study we used a series of gain- and
loss-of-function approaches to demonstrate that PKC� is impli-
cated in survival signaling in prostate cancer cells by modulat-
ing the secretion ofTNF� and also by acting as an effector of the
death factor response. In addition, we identified amajor role for
PKC� in the control of Bad phosphorylation, pointing to mul-
tiple mechanisms implicated in the prosurvival response of
PKC� in prostate cancer cells.

EXPERIMENTAL PROCEDURES

Materials—PMA was purchased from LC Laboratories
(Woburn, MA). DAPI (4�,6-diamidino-2-phenylindole) was
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obtained from Sigma. TNF� was from PeproTech (Rocky Hill,
NJ). GF109302X was from BioMol (Plymouth Meeting, PA).
Cell culture reagents and media were purchased from ATCC.
Bad constructs were kindly provided by Dr.Michael Greenberg
(Harvard University). Dominant negative Rsk was a kind gift
from Dr. Margaret Chao (Children’s Hospital of Philadelphia).
Cell Culture—LNCaP, C4, and DU145 human prostate can-

cer cells were obtained fromATCC and cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum, penicillin
(100 units/ml), and streptomycin (100 
g/ml) at 37 °C in a
humidified 5% CO2 atmosphere.
Western Blotting—Cell harvesting andWestern blot analysis

were carried out as previously described (20, 26, 27). The fol-
lowing primary antibodies were used at a 1:1000 dilution: anti-
PKC� (Santa Cruz Biotechnology), phospho-Ser112-Bad, Bad,
Bcl-2, phospho-Ser380-p90 Rsk, pan-Rsk, phospho-Thr202/
Tyr204-ERK1/2, ERK1/2, phospho-Thr180/Tyr182-p38, p38,
phospho-Thr183/Tyr185-JNK, and JNK (Cell Signaling). As
loading controls, either �-actin or vinculin levels were deter-
mined using specific antibodies (Sigma).
RNA Interference (RNAi)—RNAi duplexes were purchased

fromDharmacon (Lafayette, CO). Two different ON-TARGET
siRNAs for PKC� were transfected into LNCaP cells using the
Amaxa Nucleofector-II, as described before (27). Transfection

of siRNAs into C4 and DU145 cells
was achieved with Oligofectamine
(Invitrogen), following the manu-
facturer’s protocol (27). The target-
ing sequenceswere as follows: PKC�
RNAi #1, CAGAGGAGAUUAA-
GACUAU; PKC� RNAi #2, GUAA-
UGAGUCGUCUUUCUA. Control
Negative Silencer� siRNA was from
Ambion. Experiments were carried
out 48 h after transfection.
Apoptosis Assays—The incidence

of apoptosis was determined after
DAPI staining, as previously de-
scribed (20, 26, 27).
Infection of LNCaP Cells with

PKC� Adenovirus—Generation of
adenoviruses (AdVs) coding wild-
type or dominant negative (L436R)
PKC� was described elsewhere
(28). Two days after plating, LNCaP
cells were infected with AdVs at
multiplicities of infection (m.o.i.)
ranging from 1 to 100 pfu/cell in
RPMI 1640 medium supplemented
with 2% FBS. After 4 h, viral parti-
cles were removed, and cells were
incubated for 24 h in RPMI 1640
medium supplemented with 10%
FBS.
Preparation of Conditioned Me-

dium and Treatment—Conditioned
medium (CM) was prepared as
described before (20, 27). Briefly,

LNCaP cells growing in 100-mm plates (�80% confluence)
were treated with either vehicle or PMA (100 nM, 1 h). After
extensive washing, 7 ml of complete medium was added to the
plates. Twenty-four h later, CM was collected and centrifuged.
The supernatant was filtered through a 40-
m size pore PVDF
filter syringe and added to naïve LNCaP cells growing in 6-well
plates.
In Vitro PKC� Kinase Assay—Human recombinant Bad (25

ng, Santa Cruz Biotechnology) was incubated with human re-
combinant PKC� (25 ng; Calbiochem) for 15 min at 30 °C in a
reaction buffer containing 20 mMHEPES, 10 mMMgCl2, 20 
g
of phosphatidylserine vesicles, 100 nM PMA, and 10 
M ATP.
Samples were resolved by SDS-PAGE and phospho-Ser112-Bad
determined by Western blotting.
Mitochondria Isolation—Mitochondria-enriched fractions

were prepared with the Mitochondria Isolation Kit (Pierce)
according to the manufacturer’s instructions. Vinculin and
cytochrome c were used as purity controls for cytosolic and
mitochondrial fractions, respectively.
Statistical Analysis—Mean values were compared with an

unpaired two-tailed Student’s t test using GraphPad Software
built-in analysis tools. The confidence interval was set at 95%;
p � 0.05 was considered statistically significant.

FIGURE 1. PKC� depletion or inhibition sensitizes prostate cancer cells to PMA-induced apoptosis.
A, prostate cancer cells transfected with either PKC� RNAi duplex #1 (�) or a control RNAi duplex (C), and 48 h
later treated with vehicle or PMA (100 nM, 1 h). Apoptosis was determined 24 h later. Inset, PKC� levels, as
determined by Western blotting. B, concentration-response curve for the apoptotic effect of PMA in LNCaP
cells subject to PKC� or control RNAi. Inset, PKC� levels, as determined by Western blotting. C, LNCaP cells
infected with either a control (LacZ) or a DN-PKC� AdV (m.o.i. � 10 pfu/cell) and 24 h later treated with PMA (100
nM, 1 h). Apoptosis was determined 24 h later. Inset, PKC� levels, as determined by Western blotting. In all cases,
data represent the mean � S.E. (error bars) of three independent experiments. *, p � 0.05; **, p � 0.01 versus
control (�PMA).
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RESULTS

PKC� Depletion or Inhibition Enhances PMA-induced Apo-
ptosis in Prostate Cancer Cells—The involvement of PKC� in
prostate cancer cell apoptosis/survival remains controversial.
To begin addressing this issue, we used two approaches. First,

different prostate cancer cell lines were transfected with either
a PKC� or a control siRNA duplex, and the incidence of apo-
ptosis in response to PMA (100 nM, 1 h) was determined. As
shown in Fig. 1A, depletion of PKC� sensitized LNCaP prostate
cancer cells and the C4 LNCaP variant to PMA-induced apo-
ptosis. Similar results were observed with a second PKC� RNAi
duplex (data not shown). A dose response for the PMA effect in
LNCaP cells is shown in Fig. 1B. Notably, DU145 cells, which
are resistant to phorbol ester-induced apoptosis, became sen-
sitive to PMA when subjected to PKC� RNAi depletion (Fig.
1C). As a second approach, LNCaP cells were infected with an
AdV for a dominant negative (L436R, kinase-dead) PKC� and
subjected to PMA treatment. As shown in Fig. 1D, expression of
the dominant negative PKC�mutant significantly enhanced the
apoptotic response to PMA.
PKC� Overexpression Inhibits PMA-induced Apoptosis in

LNCaP Cells—PKC� overexpression is a hallmark of prostate
cancer, particularly in advanced stages (14, 16). To establish
further an antiapoptotic role of PKC� in prostate cancer cells,
we overexpressed wild-type PKC� in LNCaP cells using an
adenoviral approach. Overexpression of PKC� markedly re-
duced the apoptotic effect of PMA inLNCaP cells (Fig. 2A). The
resistance to apoptosis was proportional to the levels of expres-
sion achieved upon increasing m.o.i. (1–100 pfu/cell) of the
PKC� AdV. On the other hand, a control LacZ AdV (100 pfu/

cell) had no effect. Taken together,
our results indicate that PKC� is a
prosurvival kinase in prostate can-
cer cells.
PKC� Modulates PMA-induced

Secretion of TNF� from LNCaP
Cells—Phorbol esters stimulate the
release of autocrine or paracrine
factors. For example, CM collected
from PKC�-overexpressing R6 fib-
roblasts stimulates DNA synthesis
and causes cell transformation (29).
Our previous studies identified a
proapoptotic autocrine loop trig-
gered by PKC� activation in pros-
tate cancer cells which is mediated
by death receptor ligands, primarily
TNF� (20, 30). PKC� has a dual
effect because it promotes the
release of death factors and is also
required for the death factor
response (20). To assess a potential
implication of PKC� in the auto-
crine response, we collected CM
from LNCaP cells subjected to
PKC� RNAi depletion or from con-
trol cells, either treated with PMA
(CM-PMA) or vehicle (CM-Veh).
Two different RNAi duplexes that
efficiently depleted (�80%) PKC�
from LNCaP cells were used. Nei-
ther of these duplexes altered the
expression of other PMA-respon-

FIGURE 2. PKC� protects LNCaP prostate cancer cells from PMA-induced
apoptosis. LNCaP cells were infected with either a control (LacZ) or a wild-
type (WT)-PKC� AdV at increasing m.o.i. (1–100 pfu/cell) and 24 h later treated
with PMA (100 nM, 1 h). Twenty-four h later, the percentage of apoptotic cells
was determined. Lower panels show the levels of PKC� by Western blotting.
Data represent the mean � S.E. (error bars) of three independent experi-
ments. *, p � 0.05; ***, p � 0.001 versus LacZ control � PMA.

FIGURE 3. PKC� inhibits TNF� secretion by PMA and modulates TNF�-induced apoptosis. A, LNCaP cells
were transfected with either a control or two different PKC� RNAi duplexes (#1 and #2). Expression of the
phorbol ester-responsive PKC isozymes in LNCaP cells was determined by Western blotting. B, CM was col-
lected 24 h after treatment with either PMA (100 nM, 1 h) or vehicle from LNCaP cells that had been previously
subjected to PKC� or control RNAi, as described in A. CM was used to assay its apoptogenic activity in naïve
LNCaP cells. A schematic representation of the experimental approach is presented. C, TNF� released to CM
was determined by ELISA. D, CM prepared from parental LNCaP cells treated with either vehicle or PMA (100 nM,
1 h) was added to LNCaP cells that had been previously subjected to PKC� or control RNAi. Apoptosis was
determined 24 h later. A schematic representation of the experimental approach is presented. E, LNCaP cells
subjected to either PKC� or control RNAi were treated with TNF� (10 ng/ml), and the incidence of apoptosis was
determined 24 h later. Data are expressed as the mean � S.E. (error bars) of three independent experiments.
*, p � 0.05; **, p � 0.01; ***, p � 0.001 versus control (�CM-PMA or �TNF�).
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sive PKCspresent in LNCaP cells, namely PKC� andPKC� (Fig.
3A). Interestingly, CM-PMA collected from PKC�-depleted
cells showed a higher apoptotic activity when added to a naïve
culture of LNCaP cells (Fig. 3B). As expected, CM-Veh did not
induce apoptosis in LNCaP cells.
Because TNF� is the major death factor implicated in PMA-

induced apoptosis in LNCaP cells (20, 31), we next determined
TNF� levels by ELISA in CM-Veh and CM-PMA from LNCaP
cells subject to either PKC� RNAi or control RNAi. Notably,
although PKC� RNAi depletion did not modify basal levels of
TNF� in CM-Veh, TNF� was higher in CM-PMA from PKC�-
depleted cells than in control cells (Fig. 3C), suggesting that
activation of PKC� inhibits TNF� secretion from LNCaP cells.

We next asked whether PKC� modulates the apoptotic
response of TNF� in LNCaP cells. To address this issue cells
subjected to either PKC� RNAi or control RNAi were treated
with CM-PMA. Interestingly, we observed that the apoptotic
response to CM-PMAdoubledwhen applied to PKC�-depleted
cells relative to control cells (Fig. 3D). Moreover, PKC�-de-
pleted LNCaP cells were more sensitive to TNF�-induced apo-
ptosis than control cells (Fig. 3E). Altogether, these results indi-
cate that PKC� not only negatively modulates the secretion of
proapoptotic factors from LNCaP cells, but that it is also impli-
cated as an effector of the death factor response.
PKC� Inhibits JNK Activation by TNF� in LNCaP Cells—We

have previously established essential roles for MAPK cascades

as modulators of apoptosis down-
stream of PKC� (20, 21). Inhibition
of JNK blocks phorbol ester-in-
duced apoptosis as well as cell death
induced by secreted TNF� in
response to PKC� activation (20,
21). In addition, JNK and p38 are
well established effectors of TNF�
in LNCaP cells (20, 26, 32). We rea-
soned that PKC� may exert its pro-
survival effects in LNCaP cells
through the modulation of JNK
and/or p38 activation. Remarkably,
activation of JNK by TNF� was
higher in PKC�-depleted cells than
in control LNCaP cells, as deter-
mined by Western blotting using a
phospho-JNK antibody. On the
other hand, p38 activation in
response to TNF� was similar in
PKC�-depleted and control LNCaP
cells. A representative experiment
using the two different siRNAs for
PKC� (#1 and #2) is shown in Fig.
4A. A densitometric analysis of
phospho-JNK and phospho-p38
levels normalized to their corre-
sponding total levels from multiple
experiments (for 30 min of TNF�)
is presented in Fig. 4, B and C,
respectively.
To corroborate the involvement

of JNK in the PKC� response, we adenovirally overexpressed
wild-type PKC� in LNCaP cells and assessed its effect onTNF�-
induced activation of JNK. We found that activation of JNK by
TNF� was significantly reduced in PKC�-overexpressing cells.
On the other hand, p38 activation was not affected by PKC�
overexpression (Fig. 4D; densitometric analysis in Fig. 4, E and
F). These results suggest that PKC� negatively regulates the
activation of JNK in response to TNF� in LNCaP cells.
PKC� Induces Phosphorylation of the Proapoptotic Protein

Bad at Ser112—Recent studies found that PKC� modulates the
levels and/or phosphorylation of Bcl-2 family members. In
some cell lines, PKC� contributes to Bim down-regulation and
Bcl-2 up-regulation, therefore promoting cell survival (33, 34).
However, we found that knocking down PKC� from LNCaP
cells did not appreciably affect the expression of the prosurvival
Bcl-2 members Mcl-1, Bcl-XL, or Bcl-2 (Fig. 5A). Studies by
Kulik and co-workers have established that phosphorylation of
Bad downstream of EGF receptors protects LNCaP cells from
apoptosis (35, 36). The proapoptotic activity of Bad can be neg-
atively regulated by phosphorylation at Ser112 and Ser136, which
prevents Bad/Bcl-2 or Bad/Bcl-XL interactions (37). We spec-
ulated that survival by PKC� could be mediated by inactivation
of Bad. To this end, we determined phosphorylation of Bad in
Ser112 and Ser136 by Western blotting using phospho-specific
antibodies. PMA stimulated the phosphorylation of Bad in
Ser112 without affecting the phosphorylation status of Bad in

FIGURE 4. PKC� negatively regulates JNK activation by TNF� in LNCaP cells. A, LNCaP cells were transfected
with either a control or two different PKC� RNAi duplexes (#1 and #2), and 48 h later the activation of JNK and
p38 MAPKs in response to TNF� (10 ng/ml, 0 – 60 min) was analyzed by Western blotting using phospho-
Thr183/Tyr185-JNK and phospho-Thr180/Tyr182-p38 antibodies, respectively. A representative experiment is
shown. B, densitometric analysis of JNK activation by TNF� (10 ng/ml, 30 min) in control or PKC�-depleted cells.
C, densitometric analysis of p38 activation by TNF� (30 min) in control or PKC�-depleted cells. D, LNCaP cells
were infected with either a control (LacZ) or PKC� AdV at m.o.i. � 10 pfu/cell, and 24 h later treated with TNF�
(10 ng/ml, 30 min). Activation of JNK and p38 was determined by Western blotting using phospho-specific
antibodies. A representative experiment is shown. E, densitometric analysis of JNK activation in response to
TNF� (30 min) in control or PKC�-overexpressing cells. Data are expressed as the mean � S.E. (error bars) of
three independent experiments. *, p � 0.05; **, p � 0.01 versus control (�TNF�). F, densitometric analysis of
p38 activation in response to TNF� (30 min) in control or PKC�-overexpressing cells.
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Ser136 (Fig. 5B). Interestingly, Bad phosphorylation in Ser112
was impaired upon PKC� depletion (Fig. 5C). On the other
hand, adenoviral overexpression of PKC� significantly potenti-
ated PMA-induced Ser112-Bad phosphorylation (Fig. 5D).
To establish the functional significance of this phosphoryla-

tion event, we next investigated the effect of expressing a non-
phosphorylatable Bad mutant (Ser to Ala in position 112) on
PMA-induced cell death. We also expressed a double mutant
(S112A/S136A-Bad), wild-type Bad, or empty vector. Expres-
sion of thesemutants in LNCaP cells has an inhibitory effect on
growth factor-induced survival (36). Although the three Bad
proteins were readily detected byWestern blotting, a phospho-
Ser112-Bad antibody only detected wild-type Bad, as expected
(Fig. 5E). Notably, both S112A-Bad and S112A/S136A-Bad
enhanced the apoptotic response to the phorbol ester (Fig. 5F).
Essentially identical results were observed by expressing GST-
Badmutant constructs (data not shown). These results indicate
that PKC� is implicated in Ser112-Bad phosphorylation in
response to PMA.
PKC� Depletion Does Not Affect the Regulation of Akt, ERK,

and Rsk by PMA—In the next series of experiments, we inves-
tigated the potential involvement of PKC� in the control of
prosurvival pathways known to converge on Bad.We have pre-
viously established that activation of the ERK pathway counter-
balances the apoptotic effect of PMA in LNCaP cells, as deter-

mined by the ability of a MEK
inhibitor to enhance the death
response of the phorbol ester (21).
PMA treatment also causes Akt
dephosphorylation in LNCaP cells
via activation of a protein phospha-
tase 2A (PP2A), and PMA-induced
apoptosis is rescued by expression
of constitutively active (Myr) Akt1
(21). Because both Akt and ERK
have been implicated in Bad phos-
phorylation (35, 38), one possibility
is that the prosurvival effect of PKC�
relates to a differential activation of
these pathways. However, we found
that PKC�-depleted and control
LNCaP cells had essentially identi-
cal patterns of activation of ERK and
inactivation of Akt in response to
PMA (Fig. 6A), suggesting that the
survival effect of PKC� is indepen-
dent of either pathway.
TheMAPK-activated p90 riboso-

mal S6 kinase (p90Rsk) can also
phosphorylate Bad at Ser112 in
response to phorbol esters in certain
cell types (39). Although we found
that Rsk becomes phosphorylated in
LNCaP cells in response to PMA
(Fig. 6B), expression of increasing
amounts of a dominant negative
(DN)-Rsk mutant did not affect
PMA-induced phosphorylation of

Ser112-Bad (Fig. 6C). Moreover, expression of DN-Rsk (4 times
higher than endogenous Rsk) did not alter apoptosis induced by
PMA (Fig. 6D). Consistent with this result, we observed that
PKC� depletion did not affect the phosphorylation of p90Rsk in
response to PMA (Fig. 6E). The conclusions of these experi-
ments are two: first, Rsk activation in response to PMA is inde-
pendent of PKC�; and second, Rsk is not involved in the apo-
ptotic effect of PMA in LNCaP cells.
PKC� Phosphorylates Bad in Ser112 in Vitro—We hypothe-

sized that Bad could be a PKC� substrate in LNCaP cells. Using
the NetPhosK web server we were able to identify a PKC
consensus phosphorylation site at Ser112 of Bad. The score of
0.63 for PKC� was in a similar range as for other well estab-
lished kinases for that site (Akt, 0.79; PKA, 0.62; Rsk, 0.58).
To test whether Bad is a direct PKC� substrate, an in vitro
phosphorylation assay using recombinant proteins was car-
ried out. As shown in Fig. 7A, PKC� strongly phosphorylated
Bad in Ser112. This effect was abolished by the pan-PKC
inhibitor GF109203X. Therefore, Bad is a PKC� substrate.
PKC� Accumulates in Mitochondria upon PMA Stimulation—

Because unphosphorylated Bad localizes to the mitochon-
dria (37), we speculated that PKC� should relocalize to
mitochondria in response to phorbol ester stimulation to
phosphorylate Bad. LNCaP cells were treated with PMA for
different times, followed by subcellular fractionation to iso-

FIGURE 5. PKC� inhibits Bad proapoptotic activity by phosphorylation at Ser112. A, expression of prosur-
vival Bcl-2 family members was determined in control and PKC�-depleted LNCaP cells. B, LNCaP cells were
treated with PMA (100 nM, 0 – 60 min), and the levels of phospho-Ser112-Bad, phospho-Ser136-Bad, and total
Bad were determined by Western blotting. C, LNCaP cells transfected with either PKC� or control RNAi duplexes
were treated with PMA (100 nM, 1 h), and the levels of total and phospho-Ser112-Bad were determined by
Western blotting. Three additional independent experiments gave similar results. D, LNCaP cells infected with
either control (LacZ) or wild-type (WT)-PKC� AdV (m.o.i. � 1–10 pfu/cell) were treated with PMA (100 nM, 1 h),
and phospho-Ser112-Bad levels were determined by Western blotting. Two additional independent experi-
ments gave similar results. D, LNCaP cells were transfected with WT-, S112A-, or S112A/S136A-Bad mutants
followed by PMA (100 nM, 1 h). The percentage of apoptotic cells was determined 24 h later. Data are expressed
as the mean � S.E. (error bars) of three independent experiments. F, expression and phosphorylation status of
wild-type and mutant Bad proteins from experiment in E are shown. **, p � 0.01 versus wild-type Bad.
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late mitochondria and determination of PKC� levels by
Western blotting. As a purity control for the mitochondrial
fraction, we used cytochrome c. Remarkably, PMA treat-
ment led to a significant accumulation of PKC� in the mito-
chondrial fraction with a concomitant reduction of cytosolic
PKC� (Fig. 7B). A densitometric analysis of PKC� levels in
mitochondrial and cytosolic fractions from multiple experi-
ments is presented in Fig. 7C. Thus, PKC� redistributes to
mitochondria upon activation, suggesting its access to mito-
chondrial Bad.

DISCUSSION

It has been known for years that pharmacological activation
of PKC leads to apoptosis of androgen-dependent prostate can-
cer cells and sensitizes cells to antitumor agents and radiation
(23, 40). Studies from several laboratories, including ours,
established PKC� as the keymediator of phorbol ester-induced
cell death in LNCaP cells (19–21, 24). Because phorbol esters
do not discriminate between cPKCs and nPKCs, other ap-
proaches were needed to unmask isozyme-specific effects. The
role of PKC�was controversial, as this PKCwas shown to either

inhibit or stimulate apoptosis in
prostate cancer cells (17, 22–24).
Early studies by Terrian and co-
workers demonstrated that overex-
pression of PKC� in LNCaP cells
promotes growth and the transi-
tion from androgen-dependence to
androgen-independence (17). On
the other hand, studies by Powell’s
group showed that overexpression
of PKC� had no effect on PMA-in-
duced apoptosis of LNCaP cells or
could even inhibit apoptosis (23,
24). Moreover, it has been shown
that PKC� overexpression sensitizes
LNCaP cells to the apoptotic effect
of the PKC ligand bryostatin 1. The
fact that overexpression of PKC�
has been recently shown to modu-
late the action of chemotherapeutic
agents in prostate cancer cells
(41) and the identification of a
microRNA that exerts tumor sup-
pressive functions in human pros-
tate through down-regulation of
PKC� (42) argue for the need of a
better understanding of the effects
of this nPKC in prostate cancer cells.
Emerging evidence suggests that
PKC� contributes to tumorigenesis in
prostate cancer through its stimula-
tory effects on proliferation, anchor-
age-independent growth, transition

FIGURE 6. PKC� depletion does not affect the regulation of Akt, ERK, and Rsk by PMA in LNCaP cells.
A, LNCaP cells transfected with either PKC� #1 or control RNAi duplexes were treated with PMA (100 nM) for
various times (0 – 60 min). Activation of Akt and ERK was determined by Western blotting using phospho-
specific antibodies. B, LNCaP cells were treated with PMA (100 nM) for various times (0 – 60 min). Phospho-
Ser380-p90Rsk and total Rsk levels were determined by Western blotting. C, LNCaP cells co-expressing HA-Bad
and either a control empty vector (-Rsk) or increasing amounts of a dominant-negative Rsk (DN-Rsk) were
treated with PMA (100 nM, 1 h). Phospho-Ser112-Bad levels were determined by Western blotting D, percentage
of apoptotic cells in response to PMA was determined in LNCaP cells transfected with either a plasmid encod-
ing DN-Rsk or empty vector. Data are expressed as mean � S.E. (error bars). E, LNCaP cells transfected with
either PKC� (#1 and #2) or control RNAi duplexes were treated with PMA (100 nM, 30 min), and phospho-Ser380-
p90Rsk levels were determined by Western blotting. In all cases, a representative experiment is shown. Similar
results were observed in at least three independent experiments.

FIGURE 7. PKC� localizes to mitochondrial fractions upon PMA treatment and phosphorylates Bad in Ser112 in vitro. A, PKC� kinase reactions were carried
out using recombinant proteins as described under “Experimental Procedures.” Phosphorylation of Bad in Ser112 was analyzed by Western blotting. The
pan-PKC inhibitor GF109203X was used at 5 
M. B, mitochondria were isolated from PMA-treated cells, and the levels of PKC� in cytosolic and mitochondrial
fractions were determined by Western blotting. C, densitometric analysis of four independent experiments is expressed as mean � S.E. (error bars).
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to androgen independence, and invasiveness, as well as via its
inhibitory effects on cell death (17, 22, 43). Our studies using
RNAi, dominant negative, and wild-type overexpression ap-
proaches unambiguously demonstrated that PKC� acts as a
prosurvival kinase in LNCaP cells. Indeed, PKC� depletion
by RNAi potentiates PMA-induced apoptosis, arguing that
PKC� counterbalances the apoptotic function of PKC�.
Moreover, PKC� depletion sensitizes LNCaP cells to the
death effect of TNF�, the primary effector of PKC�-induced
apoptosis (a model is presented in Fig. 8). It is interesting
that PKC� depletion from DU145 cells, which do not
undergo apoptosis in response to PMA, sensitizes these cells
to apoptosis induced by the phorbol ester. PKC� RNAi
depletion also sensitizes prostate cancer cells to the killing
effect of ionizing radiation.4 Thus, together with studies in
different cellular models by other groups (43), we conclude
that PKC� has a broader survival function in response to
physiological, pharmacological, and irradiation stimuli. For
example, PKC� has been shown to protect different cell types
from apoptosis induced by ceramide, cisplatin, TNF�,
TRAIL, and TPA. Furthermore, the levels of PKC� were
associated with chemoresistance (43).
Previous studies from our laboratory demonstrated that

PKC� activation in response to PMA promotes the autocrine
release of death receptor ligands from prostate cancer cells and
the subsequent activation of the extrinsic apoptotic cascade
(20). PKC� mediates PMA-induced release of TNF�, which
promotes the activation of death receptors in LNCaP cells.
Moreover, activation of p38 and JNK, well established effectors
of TNF�, is observed in LNCaP cells in response to either PMA

or CM collected from PMA-treated
LNCaP cells.We found that PKC� is
required for the release of TNF�,
and consistently, the apoptotic
activity of CM-PMAcollected from
PKC�-depleted LNCaP cells was
higher than CM-PMA collected
from control LNCaP cells. Our
studies strongly argue for a dual
negative role of PKC� in cytokine
release and as a mediator of the
death effect. Thus, in prostate can-
cer cells PKC� and PKC� exert
opposite effects both in death factor
release and as a downstream effec-
tor of death factor receptors.
Although death receptors do not
couple directly to diacylglycerol
generation, it has been shown that
PKCs can become activated down-
stream of TNF� in neutrophils,
pancreatic acinar cells, and intesti-
nal cells (44–46). Ongoing studies
in our laboratory are addressing
the mechanistic basis of the PKC
regulation downstream of death

receptors in prostate cancer cells. Importantly, we found that
activation of JNK downstream of TNF� was elevated in PKC�-
depleted cells, whereas overexpression of PKC� diminished the
activation of JNK. Consistent with these results, JNK is a major
mediator of apoptosis by phorbol esters and other stimuli in
prostate cancer cells (26, 47).
Our studies also provide evidence for the involvement of

the intrinsic apoptotic pathway in the PMA response (see
model in Fig. 8). PMA treatment leads to Bad phosphoryla-
tion in Ser112 in LNCaP cells. Phosphorylation of Bad, which
is known to modulate Bad interaction with Bcl-XL, is lost in
PKC�-depleted cells. Accordingly, expression of the non-
phosphorylatable mutant S112A-Bad potentiates the apo-
ptotic effect of PMA. Expression of this mutant is known to
reduce the survival effect of growth factors in LNCaP cells
(36). Moreover, the results provided here suggest that in
LNCaP cells Bad phosphorylation in response to PMA is
independent of well established Bad kinases, including Akt,
ERK, and p90Rsk. In Jurkat T cells, overexpression of consti-
tutively active mutants of PKC�, PKC�, and PKC� induces
elevated levels of phospho-Ser112-Bad (48), thus preventing
Fas-induced apoptosis. It might be interesting to determine
whether additional levels of regulation of Bad by PKC� con-
tribute to protection from apoptosis.
In summary, our studies provide evidence that PKC� is a

pro-survival kinase in LNCaP prostate cancer cells via modula-
tion of TNF� secretion and JNK activation, as well as through
the regulation of Bad phosphorylation. PKC� protects LNCaP
cells against several apoptotic stimuli, such as phorbol ester
treatment and death receptor activation. As PKC� is markedly
overexpressed in human prostate tumors, our results suggest a
potential role for this PKC in the progression of the disease.4 H. Wang and M. G. Kazanietz, unpublished observations.

FIGURE 8. Model for signaling events involved in PKC�-mediated survival in LNCaP cells. PKC� is
implicated both in the modulation of the extrinsic and intrinsic apoptotic cascades in LNCaP prostate
cancer cells. PKC� and PKC� have opposite effects on TNF� release and the subsequent activation of TNF�
receptor signaling. Additionally, PKC� operates downstream of this death receptor by regulating JNK
activation. PKC� also modulates the apoptotic intrinsic cascade through phosphorylation (and inactiva-
tion) of proapoptotic Bad.
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Pharmacological targeting of PKC� may have therapeutic
potential for prostate cancer or other cancers inwhich this PKC
is overexpressed or hyperactive.
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