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It is established that androgen-dependent prostate cancer
cells undergo apoptosis upon treatment with phorbol esters and
related analogs, an effect primarily mediated by PKC�. Treat-
ment of LNCaP prostate cancer cells with phorbol 12-myristate
13-acetate (PMA) causes a strong and sustained activation of
RhoA and its downstream effector ROCK (Rho kinase) as well as
the formation of stress fibers. These effects are impaired in cells
subjected to PKC� RNA interference depletion. Functional
studies revealed that expression of a dominant negative RhoA
mutant or treatment with the ROCK inhibitor Y-27632 inhibits
the apoptotic effect of PMA in LNCaP cells. Remarkably, the
cytoskeleton inhibitors cytochalasin B and blebbistatin blocked
not only PMA-induced apoptosis but also the activation of JNK,
a mediator of the cell death effect by the phorbol ester. In addi-
tion, we found that up-regulation of the cell cycle inhibitor
p21Cip1 is required for PMA-induced apoptosis and that inhibi-
tors of ROCK or the cytoskeleton organization prevent p21Cip1

induction. Real time PCR analysis and reporter gene assay
revealed thatPMAinduces p21Cip1 transcriptionally in aROCK-
andcytoskeleton-dependentmanner. p21Cip1 promoter analysis
revealed that PMA induction is dependent on Sp1 elements in
the p21Cip1 promoter but independent of p53. Taken together,
our studies implicate ROCK-mediated up-regulation of p21Cip1

and the cytoskeleton in PKC�-dependent apoptosis in prostate
cancer cells.

The protein kinase C (PKC)3 family of serine-threonine
kinases has been widely implicated in the control of mitogene-
sis, cell survival, apoptosis, and differentiation. Based on their
different structural organization and biochemical regulation by
lipids and calcium, PKCs have been classified into three groups:
classical or conventional (PKC�, -�, and -�), novel (PKC�, -�,
-�, and -�), and atypical PKCs (PKC� and -	). Both conven-

tional PKCs and novel PKCs are the target for the phorbol
esters, natural products that mimic the action of the lipid sec-
ond messenger diacylglycerol (1, 2). Despite their well charac-
terized tumor promoter activity, phorbol esters cause dissimi-
lar effects, since they can either stimulate proliferation and
survival or, conversely, induce cell growth arrest or trigger
apoptotic cell death, depending on the cell type (2, 3). Such
diversity relates primarily to the differential expression of PKC
isozymes according to cell type aswell as to the great divergence
in the signaling events modulated by individual PKCs. One of
the key PKC isozymes implicated in negative growth regulation
is PKC�. Work from several laboratories, including ours, estab-
lished that PKC�modulates the transition fromG1 to S phase of
the cell cycle by controlling the phosphorylation status of reti-
noblastoma (4–6). In bronchoalveolar adenocarcinoma cells,
activation of PKC� in early G1 leads to G1/S arrest through the
induction of p21Cip1 at a transcriptional level (4).

Among the few cell types that undergo apoptosis in response
to phorbol esters, androgen-responsive prostate cancer cells
have been one of the best characterized models. Phorbol
12-myristate 13-acetate (PMA) triggers an apoptotic response
in androgen-dependent prostate cancer cells, including
LNCaP, C4-2, and CWR22-Rv1 cells (7–9). The mechanisms
underlying the cell death effect of phorbol esters in prostate
cancer cells are only partially understood, but they seem to
involve the p21Cip1/retinoblastoma pathway (10). Our previous
studies established that this effect is primarily mediated by
PKC�, and subsequent analysis revealed that this kinase pro-
motes the activation of the extrinsic apoptotic cascade via an
autocrine mechanism. PMA promotes the secretion of death
factors from LNCaP cells via PKC�, including TNF� and
TRAIL, and the released factors promote cell death via activa-
tion of JNK and p38 MAPK cascades (11, 12).
The mammalian Rho GTPases comprise �20 proteins,

among which Rac1, Cdc42, and RhoA have been the most
widely studied. These small G-proteins have been established
as importantmediators of receptor signaling and control a vari-
ety of cellular functions related to cell division andmorphology.
Upon receptor activation, Rho GTPases dissociate from Rho
guanine nucleotide dissociation inhibitors (Rho-GDIs), allow-
ing Rho guanine nucleotide exchange factors (Rho-GEFs) to
switch GDP by GTP and Rho activation (13). Members of the
Rho family were originally established as key regulators of
cytoskeletal organization in response to extracellular growth
factors. Studies over the past few years have revealed that Rho
GTPases also play crucial roles in diverse cellular events, such
as transcriptional regulation, cell cycle control, endocytosis,
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differentiation, and apoptosis (13, 14). Recently, growing atten-
tion has been drawn toward the emerging role of the cytoskel-
eton in the modulation of apoptosis. RhoA, predominantly
through its effectors ROCKI and ROCKII serine/threonine
kinases, regulates the phosphorylation of multiple downstream
targets, including myosin light chain and LIM kinases (15, 16),
which control actin cytoskeleton assembly and cell contractil-
ity. It has been shown that caspase-3-mediated ROCKI activa-
tion is both necessary and sufficient for the formation of mem-
brane blebs and nuclear disintegration in apoptotic cells (17,
18). In some cell types, ROCK is involved in the intracellular
signaling that initiates apoptosis, such as caspase-8, caspase-10,
and caspase-3 activation (19) or modulates the transcription of
the proapoptotic proteins, such as Bax (20).
Emerging evidence implicated Rho GTPases as mediators

of PKC signaling. For example, the decreased invasiveness of
PKC�-depleted head and neck squamous carcinoma cells is
associated with a corresponding inactivation of RhoA and
RhoCGTPases (21). PKCs canmodulate Rho function through
either Rho-GEF activation or Rho-GDI inactivation (22, 23) or
by direct association to Rho (24). However, it is not known
whether Rho or its downstream effectors are implicated in
PMA-induced apoptosis in prostate cancer cells.
In the present study, we show that PMA causes a strong and

sustained activation of Rho and the formation of stress fibers via
PKC�. Notably, inhibition of Rho or its downstream effector
ROCK impairs apoptosis triggered by PKC activation, suggest-
ing a crucial role for Rho and ROCK downstream of PKC�. We
also found that ROCKmediates the induction of p21Cip1, a nec-
essary event for apoptosis induced by PMA. All of these effects
depend on the integrity of the cytoskeleton, since agents that
disrupt cytoskeleton organization markedly impaired apopto-
sis, JNK activation, and p21Cip1 induction by PMA.

EXPERIMENTAL PROCEDURES

Materials—PMA was purchased from LC Laboratories
(Woburn, MA). 4�,6-Diamidino-2-phenylindole, cytochalasin,
and blebbistatin were obtained from Sigma. Y-27632 and
SP600125 were purchased from Calbiochem. GF 109203X was
purchased from Biomol (Plymouth Meeting, PA). Rhodamine-
phalloidinwas purchased fromMolecular Probes, Inc. (Eugene,
OR). Microcystin-LR was purchased from Alexis Biochemicals
(San Diego, CA). Cell culture reagents and media were from
ATCC (Manassas, VA).
Cell Culture—LNCaP, C4-2, and CWR22 human prostate

cancer cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum and penicillin (100 units/
ml)-streptomycin (100 
g/ml) at 37 °C in a humidified 5% CO2
atmosphere.
Adenoviral Infections—LNCaP cells in 6-well plates (�70%

confluence) growing in RPMI 1640 medium supplemented
with 2% fetal bovine serum were infected with an adenovirus
(AdV) for a dominant negative RhoA mutant N19-RhoA or a
GFP control AdV for 14 h at a multiplicity of infection of 10
plaque-forming units/cell. After removal of the AdV by exten-
sive washing, cells were incubated for an additional 24 h in
RPMI 1640 medium supplemented with 10% fetal bovine
serum. Expression of the recombinant protein remained stable

throughout the duration of the experiment, as detected by
Western blotting (data not shown).
Western Blot Analysis—Cells were harvested into lysis buffer

containing 50 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, and
5% �-mercaptoethanol. Protein determinations were per-
formed with the Bio-Rad Dc protein assay according to the
instructions provided by the manufacturer. Equal amounts of
protein (20 
g/lane) were subject to SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes. Membranes
were blocked with 5% milk or 5% bovine serum albumin in
0.05%Tween 20, phosphate-buffered saline and then incubated
with the first antibody overnight at 4 °C. Membranes were
washed three times with 0.05% Tween 20 in PBS and then
incubated with anti-mouse or anti-rabbit secondary anti-
bodies conjugated to horseradish peroxidase (1:3000; Bio-
Rad). Bands were visualized with the ECL Western blotting
detection system.
The following primary antibodies were used: anti-PKC�

(Transduction Laboratories, Lexington, KY); anti-RhoA (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA); anti-actin (Sigma);
anti-p21Cip1, anti-phospho-JNK, anti-JNK, anti-phospho-p38
MAPK, and anti-p38 MAPK (Cell Signaling Technology, Bev-
erly,MA); and anti-phospho-MYPT1 (myosin phosphatase tar-
get subunit 1)-Thr850 (Millipore, Billerica, MA). All antibodies
were used at a 1:1000 dilution except for the anti-actin anti-
body, which was used at a 1:20,000 dilution.
Apoptosis Assays—The incidence of apoptosis was determined

aswe previously described (7). Briefly, cells were stainedwith 4�,6-
diamidino-2-phenylindole (Sigma). Cells were trypsinized,
mounted on glass slides, fixed in 70% ethanol, and then stained
for 20 min with 1 mg/ml 4�,6-diamidino-2-phenylindole.
Apoptosis was characterized by chromatin condensation and
fragmentation when examined by fluorescence microscopy.
The incidence of apoptosis in each preparationwas analyzed by
counting �300 cells.
RNA Interference (RNAi)—21-bp double-stranded RNAs

were purchased fromDharmaconResearch, Inc. (Dallas, TX) or
Ambion (Austin, TX) and transfected into LNCaP cells using
the Amaxa Nucleofector (Amaxa Biosystems, Gaithersburg,
MD) following the instructions provided by the manufacturer.
Experiments were performed 48 h after transfection. The
following targeting sequences were used: CCATGAGTTT-
ATCGCCACCTT (PKC� 1), CCATGTATCCTGAGT-
GGAA (PKC� 2), AACATACTGGCCTGGACTGTT (p21Cip1
1), ATCGTCCAGCGACCTTCCTTT (p21Cip1 2), GGTAGC-
TCTAAGTTTTGAT (Sp1 1), and GGTCATTTCTTTGCT-
TATG (Sp1 2). As a control RNAi, we used the Silencer� negative
control 7 siRNAi (Ambion).
Real Time PCR—RNA was extracted using TRIzol (Invitro-

gen). Two 
g of RNA/sample were reverse transcribed using
the First-Strand cDNA synthesis kit (Amersham Biosciences)
following the instructions provided by the manufacturer. PCR
primers and fluorogenic probes for p21Cip1 were purchased
fromApplied Biosystems. The probes were 5�-end-labeledwith
6-carboxyfluorescein. Each PCR amplification was performed
in a total volume of 12.5 
l, containing 6.25 
l of 2� TaqMan
Universal PCR Master Mix (Applied Biosystems), commer-
cial target primers (300 nM), the fluorescent probe (200 nM),
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and 1 
l of cDNA, using an ABI PRISM 7700 detection sys-
tem. PCR product formation was continuously monitored
using Sequence Detection System software version 1.7
(Applied Biosystems). The 6-carboxyfluorescein signal was
normalized to endogenous 18 S RNA.
Plasmid Transfections and Promoter Analyses—LNCaP cells

(1.5 � 106 cells) were transfected with 2 
g of p21Cip1 firefly
luciferase reporter vectors (25) using the Amaxa Nucleofector.
A Renilla luciferase expression vector (100 ng, pRL-TK; Pro-
mega, Madison, WI) was co-transfected for normalization of
transfection efficiency. Forty-eight h after transfection, cells
were stimulatedwith PMA and lysed. Cell extracts were subject
to luciferase determination using the Dual-Luciferase reporter
assay system (Promega).
Confocal Microscopy and Phalloidin Staining—Cells were

washed twice with PBS, fixed in 4% paraformaldehyde in PBS
for 10 min, and washed briefly with PBS. For phalloidin stain-
ing, cells were blocked in 5% bovine serum albumin in PBS for
30min. Cells were stained with phalloidin (Molecule Probes) in
PBS containing 1% bovine serum albumin (30 min, room
temperature) and then stained with 4�,6�-diamidino-2-phe-
nylindole (1 
g/ml, 20 min, 4 °C). For the determination of
GFP-PKC� localization, LNCaP cells were transfected with
pEGFP-PKC� plasmid using the Amaxa Nucleofector and
48 h later treated with PMA. In all cases, coverslides were
mounted with Fluoromount-G (SouthernBiotech) and visu-
alized with a laser-scanning fluorescence microscope (LSM
410 or 510; Carl Zeiss).
RhoA Activation Assay—RhoA-GTP levels were determined

with a pull-down assay using the rhotekin binding domain and
detected by Western blot with an anti-RhoA antibody (26).
Briefly, cells were lysed in a buffer containing 50 mM Tris-HCl,
pH 7.2, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
500 mM NaCl, and 10 mM MgCl2. The supernatant was col-
lected and incubated with glutathione S-transferase-rhotekin
binding domain (20 
g) for 60 min at 4 °C. Beads were washed
with 50 mM Tris-HCl buffer containing 1% Triton X-100, 150
mMNaCl, 10mMMgCl2, boiledwith SDS sample bufferwith 5%
2-mercaptoethanol, and subjected to Western blot.
ROCK Kinase Assays—ROCK kinase activity was measured

by two approaches. First, we determined phosphorylation of
the endogenous ROCK substrate MYPT1 in total cell extracts
using a rabbit anti-phospho-Thr850-MYPT1 antibody (27). Sec-
ond, we used the ROCKActivity Immunoblot Kit (Cell Biolabs,
Inc.). Briefly, cells were washed twice with ice-cold PBS and
lysed with an immunoprecipitation buffer (50 mM HEPES, pH
7.4, 150 mM NaCl, 1 mM MgCl2, 10 mM NaF, 5% glycerol, 1%
Nonidet P-40, 1 mM dithiothreitol, 1 mM EGTA, 1 
M micro-
cystin-LR, and mixture proteinase inhibitor). Cell lysates were
centrifuged at 10,000 rpm for 10 min to remove insoluble
debris. Supernatantswere transferred to fresh tubes, precleared
with protein G-Sepharose (Invitrogen) beads for 15 min, and
incubated with an anti-ROCK antibody (Santa Cruz Biotech-
nology) for 40 min. The antibody-ROCK complexes were
pulled down with protein G-Sepharose beads (20 min). Beads
were washed three times in immunoprecipitation buffer and
incubated with the kinase reaction mixture (final volume � 25

l) that included 0.25 
g of rMYPT1 and 200 
g of ATP, fol-

lowing the protocol indicated by the manufacturer. Samples
were subjected toWestern blot, and rMYPT1 phosphorylation
was determined using a rabbit anti-phospho-Thr850 MYPT1
antibody.
Enzyme-linked Immunosorbent Assay—TNF� levels were

determined by ELISA (Pepro Tech Inc.), essentially as de-
scribed previously (11). Briefly, 100 
l of conditioned medium
(CM) were added into each well and incubated overnight at
4 °C. Subsequently, 100 
l of biotin-labeled anti-TNF� anti-
body (0.25 
g/ml) was added for 2 h at room temperature.
Bound antibody was detected by incubation with peroxidase-
labeled avidine and 2,2�-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) fromSigma, and absorbancewasmeasured at 450
nm. Nonspecific binding was blocked with 1% bovine serum
albumin in PBS.

RESULTS

PMA Induces the Activation of Rho and ROCK in LNCaP
Prostate Cancer Cells—Phorbol esters induce a strong apopto-
tic response in LNCaP cells. This effect ismediated primarily by
PKC�, which upon activation stimulates the release of death
factors and the extrinsic apoptotic cascade (11). Since PKC
isozymes have been shown to regulate Rho GTPases, and Rho
has been implicated in apoptosis triggered by diverse stimuli,
we speculated that this small G-protein could be involved in
phorbol ester-induced apoptosis in prostate cancer cells. To
address this issue, we first examined if PMA could promote the
activation of RhoA in LNCaP cells. Using a pull-down assay, we
found that treatment with PMA (100 nM) caused a robust and
sustained elevation in Rho-GTP levels in LNCaP cells, which
persisted for at least 3 h poststimulation (Fig. 1A). RhoA acti-
vation by PMA was blocked by pretreatment of LNCaP cells
with the pan-PKC inhibitor GF 109203X (Fig. 1B), suggesting
that it ismediated by PKC isozymes and not other phorbol ester
receptors unrelated to PKC (2).
Since ROCK is a main Rho effector, we determined the

effect of PMA on ROCK activation in LNCaP cells. As a first
approach, we examined the phosphorylation of the ROCK
substrate MYPT1, using a specific phosphoantibody against
Thr850-MYPT1, a well established ROCK phosphorylation
site (27). As shown in Fig. 1C (left), PMA induces a marked
MYPT1 phosphorylation, which peaks at 15 min and is sus-
tained for at least 1 h. ROCK activation can also be observed
in C4-2 and CRW22 androgen-dependent prostate cancer
cells (Fig. 1C, right).
Next, we examined ROCK activation using an immunopre-

cipitation assay. Endogenous ROCK was pulled down from
LNCaP cells treated with PMA (100 nM, 0–15min), and ROCK
activity was determined using an in vitro kinase assay using as a
substrate the recombinant fragment of MYPT1 that comprises
the ROCK phosphorylation site (amino acids 654–880). Phos-
phorylation of the peptide was determined by Western blot
using the anti-Thr850-MYPT1 antibody. Consistent with the
results in Fig. 1C, ROCKkinase activity was enhanced in immu-
noprecipitates of PMA-treated LNCaP cells (Fig. 1D). Activa-
tion of ROCK by PMA was blocked by pretreatment of cells
with the ROCK inhibitor Y-27632 (Fig. 1E), as expected, as well
as by the pan-PKC inhibitor GF 109203X (Fig. 1F).

Rho and ROCK as Mediators of PMA-induced Apoptosis

OCTOBER 23, 2009 • VOLUME 284 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29367



Rho GTPases are best known for their roles in the regulation
of cytoskeleton rearrangement and the generation of the con-
tractile force necessary for the formation of stress fibers (13).
We first examined if PKC activation causes cytoskeleton reor-
ganization in LNCaP cells. As shown in Fig. 1G, PMApromotes
the formation of stress fibers, and this effect was sensitive to the
PKC inhibitor GF 109203X. Moreover, the ROCK inhibitor
Y-27632 blocked the formation of stress fibers in response to
PMA. Taken together, these results indicate that PMA is a
strong activator of Rho and its downstream effector ROCK in
LNCaP prostate cancer cells.
Rho and ROCK Are Implicated in PMA-induced Apoptosis—

To determine whether Rho plays a role in PMA-induced apo-

ptosis in LNCaP cells, we expressed a dominant negative RhoA
mutant (N19-RhoA) by adenoviralmeans. As a control, we used
a GFP AdV. Expression of N19-RhoA reduced the apoptotic
effect of PMAby�40% (Fig. 2A). Next, to determine if ROCK is
implicated in PMA-induced apoptosis, we used the ROCK
inhibitor Y-27632. As shown in Fig. 2B, the ROCK inhibitor
significantly blocked PMA-induced apoptosis in LNCaP cells,
suggesting a role for the Rho-ROCK pathway in phorbol ester-
induced apoptosis. Y-27632 also blocked the apoptotic effect of
PMA in C4-2 and CRW22 cells (supplemental Fig. S1).
PKC� Mediates PMA-induced Activation of Rho and Stress

Fiber Formation—Previous studies from our laboratory dem-
onstrated that PMA-induced apoptosis is mediated by the acti-

FIGURE 1. PMA activates Rho and ROCK in LNCaP cells. A, LNCaP cells were treated with PMA (100 nM) for 1 h, and cell lysates were collected at different times.
Rho-GTP levels were determined using a pull-down assay. B, effect of the PKC inhibitor GF 109203X (5 
M) on RhoA activation. The inhibitor was added 45 min
before and during PMA or vehicle (ethanol) treatment. C (left), LNCaP cells were treated with PMA (100 nM) for different times, and MYPT1-Thr850 phospho-
rylation was determined in cell extracts by Western blot. A densitometric analysis is presented. Right, comparison of different prostate cancer cell lines.
D, LNCaP cells were treated with PMA (100 nM), and at different times, ROCK activity was determined in immunoprecipitates. E, effect of the ROCK inhibitor
Y-27632 (10 
M) on PMA-induced MYPT1-Thr850 phosphorylation in cell extracts. F, effect of the PKC inhibitor GF 109203X (5 
M) on PMA-induced MYPT1-
Thr850 phosphorylation in cell extracts. For A–C, E, and F, densitometric analysis is presented in each case as mean � S.D. (n � 3). G, LNCaP cells were treated with
PMA (�PMA; 100 nM) or vehicle (�PMA) for 30 min and subjected to phalloidin staining. Cells were visualized by confocal microscopy. Experiments were carried
out in the presence of GF 109203X (5 
M) or Y-27632 (10 
M). Similar results were observed in at least three experiments.
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vation of PKC�. Inhibition of PKC� by either pharmacological
means or expression of a dominant negative PKC� mutant
reduces PMA-induced apoptosis in LNCaP cells (7, 11, 28).
Likewise, we reported that PKC� depletion from LNCaP cells
using RNAi markedly impairs the apoptotic response of the
phorbol ester (11).
Given the involvement of PKC� as a mediator of phorbol

ester-induced apoptosis (7, 11, 28), we decided to evaluate if

this PKC is implicated in Rho acti-
vation by PMA. RhoA-GTP levels
were determined in LNCaP cells
subject to PKC� RNAi, using two
different RNAi duplexes (PKC�
RNAi-1 and PKC� RNAi-2). PKC�
depletion was �75% with either
RNAi duplex (Fig. 2C, left). Fig. 2C
(right) shows that the activation of
RhoA by PMA was greatly reduced
in PKC�-depleted LNCaP cells. We
next assessed the effect of PKC�
knockdown on ROCK activation.
As shown in Fig. 2D, PMA-
induced activation of ROCK in
LNCaP cells was impaired as a con-
sequence of PKC� RNAi depletion.
To further assess the involvement of
PKC� in Rho function, we examined
stress fiber formation in response to
PMA in PKC�-depleted cells. Fig.
2E shows that LNCaP cells sub-
jected to PKC� RNAi failed to
assemble stress fibers in response to
the PKC activator. These observa-
tions indicate that activation of
PKC� in LNCaP cells promotes
the activation of RhoA and RhoA-
dependent responses via ROCK.
Cytoskeleton-dependent JNK Ac-

tivation Is Required for PMA-in-
duced Apoptosis—Our previous
studies established that the apopto-
tic effect of phorbol esters is caused
by the autocrine release of death fac-
tors, primarily TNF� and TRAIL, an
effect mediated by PKC�. CM col-
lected from PMA-treated LNCaP
cells has the ability to trigger an apo-
ptotic response via the extrinsic cas-
cade, which becomes activated in
response to the death factors released
to the CM. Although we found that
inhibition of JNK does not affect the
release of death factors (11),
SP600126 blocked the apoptotic
effect of CM fromPMA-treated cells,
suggesting a key role for the JNK
pathway in the effect of the autocrine
factors. CM collected from PMA-

treated LNCaP cells causes a strong and sustained JNK activation
when added to a previously untreated culture of LNCaP cells (11).
Fig. 3A shows that the JNK inhibitorSP600126causeda significant
impairment of the PMA apoptotic response. The effect was
observed when SP600126 was left in the medium after the PMA
treatment but not if only added for short times after PMA treat-
ment (data not shown) (28). These results are consistent with the
involvement of JNK as amediator of the effect of death factors but

FIGURE 2. Activation of PKC� is required for RhoA and ROCK activation, stress fiber formation, and
PMA-induced apoptosis in LNCaP cells. A, LNCaP cells were infected with AdVs for either dominant negative
RhoA (N19-RhoA) or a control AdV (GFP), using a multiplicity of infection of 10 plaque-forming units/cell. After
14 h, AdVs were removed by extensive washing, and cells were grown in complete medium for 48 h. Cells were
then treated with PMA (10 –100 nM, 1 h), and the incidence of apoptosis was determined 24 h later. Inset,
expression of N19-RhoA by Western blot. B, LNCaP cells were treated with the ROCK inhibitor Y-27632 (10 
M),
added 1 h before PMA treatment. Cells were treated with PMA (10 –30 nM, 1 h), and the incidence of apoptosis
was determined 24 h later. C, LNCaP cells were transfected with RNAi duplexes for PKC� or a control RNAi. After
48 h, cells were treated with PMA (�PMA; 100 nM, 1 h) or vehicle (�PMA), and Rho-GTP levels were determined
1 h later. Densitometric analysis of three independent experiments is shown, expressed as mean � S.D. (n � 3).
Left, expression of PKC� by Western blot. Right, representative experiment. D, LNCaP cells subject to PKC� RNAi
depletion were treated with PMA (�PMA; 100 nM) or vehicle (�PMA) for 15 min, and MYPT1-Thr850 phospho-
rylation levels in cell extracts were determined by Western blot. For A–D, the corresponding densitometric
analysis is presented, expressed as mean � S.D. (n � 3). E, LNCaP cells subject to PKC� RNAi depletion were
treated with PMA (�PMA; 100 nM) or vehicle (�PMA) for 30 min and stained with phalloidin. Cells were visual-
ized by confocal microscopy. Similar results were observed in at least three independent experiments.
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not their release (11). It has been demonstrated in various
cellular models that Rho and ROCK mediate JNK activation
in response to stimuli (29–31). Therefore, we examined if
ROCK is involved in JNK activation by PMA in LNCaP cells.
As shown in Fig. 3B, the ROCK inhibitor Y-27632 markedly
reduced JNK activation.
ROCKplays amajor role in the assembly of actin stress fibers,

which is required for membrane blebbing and nuclear disinte-
gration and has been shown in some cases to be required for the
execution of apoptosis (13–19). These effects are mediated by
ROCK phosphorylation of myosin light chain and activation of
its ATPase activity, thus increasing the actin-myosin force and
cell contractility (15, 18). We therefore speculated that the
cytoskeleton is implicated in apoptosis triggered by PKC� acti-
vation. To address this issue, we used the actin-destabilizing
agent cytochalasin B and the myosin II inhibitor blebbistatin.
As shown in Fig. 3C, although cytochalasin B or blebbistatin did
not cause any measurable apoptotic response by themselves,
they markedly inhibit PMA-induced apoptosis in LNCaP cells.
This suggests that cytoskeleton rearrangement in response to
PMA activation is required for the apoptotic effect of the
phorbol ester in LNCaP prostate cancer cells. Furthermore, the
cytoskeleton inhibitors cytochalasin B and blebbistatin also
blocked JNK activation by PMA (Fig. 3D). Inhibition of
cytoskeleton reorganization did not impair PKC� activation, as
determined by the lack of effect of blebbistatin on PKC� trans-

location (supplemental Fig. S2).
Taken together, these results indi-
cate that ROCK regulates apoptosis
through the activation of the JNK
pathway through a cytoskeleton-de-
pendent mechanism.
ROCK-mediated p21Cip1 Up-reg-

ulation Is Required for Apoptosis—
It is noteworthy that in many cell
types, PKC activation leads to the
induction of the cell cycle inhibitor
p21Cip1, which plays a central role in
PMA-induced cell cycle arrest and
senescence. This induction could be
either p53-dependent or p53-inde-
pendent, depending upon the cell
type and stimuli (4, 32, 33). Studies
have shown that p21Cip1 up-regula-
tion preceded apoptosis induced
by PMA in prostate cancer cells. To
determine whether a causal rela-
tionship between p21Cip1 and PMA-
induced apoptosis exists, we
knocked down p21Cip1 using two
different RNAi duplexes (p21
RNAi-a and p21 RNAi-b). A signifi-
cant depletion in p21Cip1 levels was
observed by delivery of either RNAi
duplex into LNCaP cells (Fig. 4A). In
LNCaP cells subjected to p21Cip1
RNAi, the induction of this cell cycle
inhibitor was significantly attenu-

ated, although full inhibition of p21Cip1 up-regulation could not
be achieved (�70–80% depletion). Knockdown of p21Cip1 led
to a reduced PMA apoptotic response (Fig. 4B). The effect
was partial, which may suggest a partial requirement for
p21Cip1 or otherwise relate to the residual p21Cip1 induction
by the phorbol ester. The requirement of p21Cip1 for phorbol
ester-induced apoptosis prompted us to investigate whether
this effect was ROCK-mediated. We therefore examined the
effect of Y-27632 on p21Cip1 induction. Fig. 4C shows that
PMA treatment caused a time-dependent induction of
p21Cip1 in LNCaP cells. This induction was markedly
reduced in the presence of the ROCK inhibitor (see also Fig.
4E). To determine whether p21Cip1 up-regulation by PMA is
dependent upon the cytoskeleton rearrangement, we exam-
ined the effect of cytochalasin B and blebbistatin. Interest-
ingly, both cytoskeleton inhibitors prevented p21Cip1 up-
regulation by the phorbol ester (Fig. 4D). The induction of
p21Cip1 by PMA was not affected by the JNK inhibitor
SP600125 (Fig. 4E), suggesting that JNK activation and
p21Cip1 induction downstream of Rho/ROCK are implicated
in parallel mechanisms rather than in a linear pathway.
ROCKRegulates p21Cip1 at a Transcriptional Level—Expres-

sion of p21Cip1 is controlled both by transcriptional and post-
transcriptional mechanisms, including in response to PMA (4,
32, 33). Previous studies from our laboratory established a key
role for PKC� in p21Cip1 induction. PMA caused a marked ele-

FIGURE 3. ROCK-mediated JNK activation is required for PMA-induced apoptosis. A, LNCaP cells were
treated with SP600125 (20 
M), added 1 h before PMA (100 nM, 1 h) or vehicle (ethanol) treatment. The
incidence of apoptosis was determined 24 h later. B and C, LNCaP cells were treated with Y-27632 (10 
M) (B),
cytochalasin B (2 
M), or blebbistatin (50 
M) (C), added 1 h before PMA treatment. Cells were then treated with
100 nM PMA for the indicated times (B) or for 30 min (C), and phospho-JNK or total JNK levels were determined
by Western blot. The -fold increase in phospho-JNK levels is shown below the corresponding Western blots.
D, LNCaP cells were treated with cytochalasin B (2 
M) or blebbistatin (50 
M), added 1 h before PMA or vehicle
(ethanol) treatment. Cells were treated with PMA (30 –100 nM) or vehicle for 1 h. The incidence of apoptosis was
determined 24 h later. Results are presented as mean � S.D. (n � 3). Two additional experiments gave similar
results.
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vation in p21Cip1 mRNA levels, as determined by real time PCR
(4.0� 0.9-fold increase at 3 h; 7.9� 0.6-fold increase at 6 h; n�
3). To determinewhether p21Cip1 induction by PMAhas a tran-
scriptional component, we carried out a gene reporter assay

using a p21Cip1 promoter luciferase
reporter. LNCaP cells were trans-
fectedwith the p21Cip1 reporter vec-
tor p21P (25), which encodes a frag-
ment comprising bp�1 to�2400 in
the human p21Cip1 promoter fused
to firefly luciferase. A Renilla lucif-
erase vector was co-transfected for
normalization of transfection effi-
ciency. As shown in Fig. 5A, PMA
treatment led to a marked increase
in luciferase activity. Treatment
with either Y-27632 or cytochalasin
inhibited luciferase activity to a
great extent.
Transcriptional activation of

p21Cip1 is mediated through multi-
ple mechanisms. Among the most
relevant transcription factors, p53
and Sp1 have been widely impli-
cated in transcriptional control of
the p21Cip1 promoter (32, 34, 35).
We used two deletion mutants of
the human p21Cip1 promoter. The
first mutant (p21PSma) has a dele-
tion in bp �114 to �2400, which
comprises the p53-responsive ele-
ment in the promoter. The second
mutant (p21PSma	1) has the four
Sp1 elements deleted (deletion in bp
�49 to �114). Notably, although
deletion of the large fragment that
includes the p53-binding site
caused only a minimal effect, dele-
tion of the Sp1-responsive elements
abrogated the induction of lucifer-
ase activity by PMA (Fig. 5B). To
demonstrate the involvement of Sp1
in p21Cip1 induction, we used RNAi
to knock downendogenous Sp1.We
used two RNAi sequences: Sp1
RNAi-1, which depleted endoge-
nous Sp1 by �80%, and Sp1
RNAi-2, which was less efficient
(Fig. 5C, left). We found that Sp1
RNAi-1 significantly blocked p21Cip1
up-regulation, whereas Sp1 RNAi-2
had only a marginal effect (Fig. 5C,
right). These results suggest that the
induction of p21Cip1 by PMA is
mediated by Sp1-dependent mech-
anisms and independent of p53,
despite the fact that LNCaP cells
have functional p53.

ROCK Regulates TNF� Secretion in a JNK-independent
Manner—Previous studies from our laboratory demonstrated
that PMA-induced apoptosis of LNCaP cells is triggered by the
autocrine secretion of death factors via PKC�, with the subse-

FIGURE 4. ROCK mediated p21Cip1 up-regulation is required for PMA-induced apoptosis. A, LNCaP cells
were transfected with p21Cip1 RNAi duplexes or control RNAi and 48 h later treated with 100 nM PMA for 1 h.
p21Cip1 levels were determined 8 h later by Western blot. B, 48 h after transfection with the different RNAi
duplexes, cells were treated with either PMA (10 or 100 nM) or vehicle (ethanol) for 1 h. The incidence of
apoptosis was determined 24 h later. Results are presented as mean � S.D. (n � 3). Two additional experiments
gave similar results. C and D, LNCaP cells were treated with Y-27632 (10 
M) (C), cytochalasin B (2 
M), or
blebbistatin (50 
M) (D) and 1 h later incubated with 100 nM PMA for 1 h. Cell extracts were prepared at the
indicated times, and p21Cip1 levels were determined by Western blot. E, LNCaP cells were treated with Y-27632
(10 
M) or SP600125 (20 
M) or SB203580 (10 
M) for 1 h before PMA treatment. Cells were then treated with
100 nM PMA for 1 h and collected at 9 h after PMA treatment. p21Cip1 in cell extracts were subject by Western
blot. Similar results were observed in at least three independent experiments. For A and C–E, the -fold changes
in p21Cip1 levels are shown below the corresponding Western blots.
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quent activation of the extrinsic apoptotic cascade. Among the
death factors, TNF� is the most relevant one. JNK was identi-
fied as a mediator of the TNF� effect (11). To examine whether
ROCK regulates TNF� secretion via JNK, we compared TNF�
levels in conditioned medium from LNCaP cells treated with
PMA in the absence or presence of the ROCK inhibitor
Y-27632 or the JNK inhibitor SP600125. As shown in Fig. 6A,
ROCK inhibitor markedly inhibited TNF� secretion, whereas

the JNK inhibitor had no effect.
These results suggest that ROCK
regulates TNF� secretion in a JNK-
independent manner.

DISCUSSION

Despite the well established role
for PKC in mitogenesis and tumor
promotion, considerable evidence
supports the involvement of dis-
crete PKC isozymes in growth inhi-
bition and apoptosis. Phorbol esters
exert profound effects on the
machinery that controls the cell
cycle and modulate in either posi-
tive or negative manners multiple
signaling pathways implicated in
proliferation, survival, and apopto-
sis. In that regard, studies by our
laboratory and others have estab-
lished a prominent role for PKC�, a
member of the novel PKC family, as
a mediator of growth inhibition and
apoptosis in response to phorbol
esters (4–8, 11, 28). Androgen-de-
pendent prostate cancer cells, such
as LNCaP and CWR22-Rv1 cells,
undergo apoptosis in response to
phorbol esters via activation of
PKC� (7–9). The signaling compo-
nents implicated in PKC�-driven
apoptosis are only partially under-
stood. Previous studies from our
laboratory established key roles for
the JNK cascade as a mediator of
phorbol ester-induced apoptosis in
LNCaP cells (11, 28). A more
detailed analysis established that
apoptosis is triggered by the auto-
crine secretion of death factors from
prostate cancer cells via PKC�,
including TNF� and TRAIL, with
the subsequent activation of the
extrinsic apoptotic cascade. Inter-
fering with death receptor signaling
either by inhibition/depletion of
TNF�/TRAIL receptors, RNAi de-
pletion of the adaptor FADD or
caspase-8, or pharmacological inhi-
bition of p38 MAPK and JNK path-

ways in all cases impairs phorbol ester-induced apoptosis (11).
A distinctive aspect of the present study is the identification of
theRho-ROCK-p21cip1 pathway as an effector of PMA-induced
apoptosis, which provides an additional layer of complexity and
argues for the involvement of an intricate network of signaling
cascades in this effect.
Our results provide evidence that PMA induces RhoA and

ROCK activation as well as the formation of stress fibers in

FIGURE 5. PMA induces p21Cip1 mRNA levels and activates a human p21Cip1 luciferase reporter. A, LNCaP
cells were co-transfected with a p21Cip1 firefly luciferase reporter and pTK-Renilla. Forty-eight h later, cells
were treated with either 100 nM PMA or vehicle for 1 h, in the presence of Y-27632 (10 
M) or cytochalasin
B (2 
M). Luciferase activity was determined at 9 h after PMA treatment and normalized to Renilla lucifer-
ase activity. B, LNCaP cells were co-transfected with p21Cip1 firefly luciferase reporters with different
deletions in the promoter region and pTK-Renilla. Forty-eight h later, cells were treated with either 100 nM

PMA or vehicle for 1 h. Luciferase activity was determined at 9 h after PMA treatment and normalized to
Renilla luciferase activity. Results are expressed as -fold change relative to vehicle-treated cells and pre-
sented as mean � S.D. (n � 3). Similar results were observed in three experiments. C, LNCaP cells subject
to Sp1 RNAi depletion were treated with 100 nM PMA for 1 h, and p21Cip1 induction was determined by
Western blot. Left, representative Sp1 depletion. Upper right, representative p21Cip1 induction. Lower right,
densitometric analysis of three independent experiments, expressed as mean � S.D. *, p 
 0.05 versus
control, 8 h.
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LNCaP prostate cancer cells via ROCK. The activation of the
Rhopathway and cytoskeletal organization byPMA ismediated
by PKC�. Both the pan-PKC inhibitor GF 109203X and PKC�
RNAi depletion block RhoA activation and stress fiber forma-
tion. PKC isozymes have been implicated in Rho activation in
several models, including cardiomyocytes (36), myoblasts (37),
and endothelial cells (38). Although the mechanistic basis of
PKC� modulation of Rho/ROCK function in LNCaP still
remains to be elucidated, it has been shown that phorbol esters
can activate Rho GTPases through different mechanisms that
involve either Rho-GEF activation or Rho-GDI inactivation (22,
23). Rho-GEFs are a very diverse family, with �70 members
being identified in humans (39). Studies have shown that PMA-
induced apoptosis in erythroblastic D2 cells involves the RhoA-
GEF GEF-H1. Depletion of GEF-H1 leads to a significant re-
duction of RhoA activity and prevents cells from undergoing
PMA-induced apoptosis via the Rho-ROCK pathway (22). Studies
in vascular smooth muscle cells revealed that Rho-dependent

migration and JNK activation induced by angiotensin II were
inhibited by the PKC� inhibitor rottlerin or a dominant nega-
tive PKC� mutant. PKC�-dependent Rho/ROCK activation in
these cells possibly involves PDZ-RhoGEF (40). There is also
evidence that a PKC phosphorylation site in Rho-GDI modu-
lates its association/dissociation from RhoA by changing the
affinity for the small G-protein. Upon phosphorylation in Ser96,
Rho-GDI dissociates from RhoA, thereby enabling RhoA acti-
vation in response to stimuli (23). Conceivably, PKC� may also
regulate the activity of Rho-GAPs and control the rate of GTP
hydrolysis from the GTPase. For example, phorbol esters stim-
ulate the phosphorylation of the Rho-GAPDLC1, leading to its
relocalization and suppression of GAP activity. Several studies
have also reported a physical association between PKCs and
RhoA (24, 41). Although there is very limited information
regarding the expression and regulation of Rho-GEFs in pros-
tate cancer cells, it is conceivable that mechanisms such as
those described above and/or alternative yet unknown mecha-
nisms may operate in prostate cancer cells, which requires fur-
ther investigation, since they should provide relevant informa-
tion on how PKC� modulates RhoA in the context of apoptotic
responses. Candidate Rho GEFs include Vav3, which has been
implicated in prostate cancer progression (42), as well as LARG
and PDZ-Rho-GEF, which mediate downstream Rho signaling
in prostate cancer models (43, 44).
ROCK is a major regulator of cytoskeleton reorganization in

response to stimuli. Studies have implicated the Rho/ROCK
pathway in apoptosis in various cell models, including prostate
cancer cells (19, 45), and established links between cytoskeleton
remodeling and apoptosis programming or execution (17–19).
ROCK has been implicated in myosin light chain phosphoryla-
tion and membrane blebbing as well as in Golgi fragmentation
during apoptosis (47, 48). It is also known that ROCK modu-
lates the extrinsic apoptotic cascade, which mediates PMA-in-
duced apoptosis in LNCaP prostate cancer cells via the auto-
crine release of death factors and activation of caspase-8 (11).
Studies in a paradigm of PMA-induced apoptosis in erythro-
blastic TF-1 cells implicated ROCK in the formation of DISC
complex (19). Interestingly, we also found that ROCK inhibi-
tion prevents the release of death factors from LNCaP cells in
response to PMA (data not shown). Since this release of death
factors is entirely dependent on PKC� (11), we speculate that
ROCK is also downstream of PKC� in the regulation of the
autocrine response. Studies have shown that the cytoskeleton is
involved in the extrinsic apoptotic cascade, since it controls
DISC formation and modulates the localization of key compo-
nents of the cascade, including death receptors (49–51). The
Rho pathway also controls transcriptional mechanisms via
cytoskeleton-dependent and -independent processes (29, 52,
53), and a ROCK-dependent transcriptome has been recently
defined, which includes genes involved in cytoskeletal reorga-
nization (54). Actin polymerization modulates the activity of
RNA polymerases and has been also implicated in chromatin
remodeling as well, since it serves as a platform for the co-
transcriptional recruitment and/or tethering of histone-modi-
fying enzymes via its association with pre-mRNPs (55). Inter-
estingly, in PMA-treated proapoptotic D2 cells, two nuclear
restricted pre-mRNA binding proteins, heterogeneous nuclear

FIGURE 6. ROCK regulates TNF� secretion in a JNK-independent manner.
A, LNCaP cells were treated with either PMA (�PMA) or vehicle (�PMA) in the
absence or presence of the ROCK inhibitor Y-27362 (10 
M) or the JNK inhib-
itor SP600125 (25 
M). Conditioned medium was collected after 24 h, and
TNF� levels were determined by an enzyme-linked immunosorbent assay.
Results are presented as mean � S.D. of triplicate samples. Similar results
were obtained in an additional experiment. B, a model summarizing our
findings.
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ribonucleoprotein C1 and C2, are translocated to the cytosolic
compartment in a ROCK-dependent manner (56). Notably,
analysis of PKC-regulated genes in LNCaP cells revealed a
number of Rho-GEFs that become up-regulated in response to
PMA, including ARHGEF2, ARHGEF10, and ARHGEF12, as
well as Rho-GAPs that become down-regulated, such as
ARHGAP11a and ARHGAP19.4 The relative contributions of
these Rho modulators in prostate cancer cells still need to be
determined.
Our studies also implicate the cell cycle inhibitor p21Cip1

as a mediator of PMA-induced apoptosis in prostate cancer
cells. It is well established that in many cell types, PMA stim-
ulation leads to the induction of p21Cip1, and this induction
plays a central role in PMA-induced growth inhibition (4, 5).
Previous studies from our laboratory in lung cancer cells
showed that PKC� controls p21Cip1 induction at a transcrip-
tional level, whereas other PKCs are less important for con-
trolling the expression of this cell cycle inhibitor (4). Early
studies established that p21Cip1 induction and retinoblas-
toma dephosphorylation preceded PMA-induced apoptosis
in LNCaP cells (10). We found that impeding p21Cip1 induc-
tion using RNAi attenuates cell death in response to the
phorbol ester. Recently, studies in prostate and colon cancer
cell lines showed that p21Cip1 up-regulation is essential for
TRAIL sensitization by proteasome inhibitors (57) and
HDAC inhibitors (58), highlighting the relevance of this cell
cycle inhibitor in sensitizing for cell death induced by cyto-
kines, as suggested by our studies. We also determined that
p21Cip1 up-regulation by PMA is ROCK-dependent. The
regulation of p21Cip1 by Rho family members is controver-
sial, since Rho was found to either suppress or induce the
expression of cell cycle inhibitors, depending on the cell type
(59–61). In contrast to our studies in prostate cancer cells,
PMA-treated D2 erythromyeloblasts, the proapoptotic pop-
ulation has impaired p21Cip1 up-regulation resulting from
ROCK activation, suggesting major cell type differences in
the control of the pathway. JNK has been also linked to
p21Cip1 expression (62). However, although in LNCaP cells
JNK activation is ROCK-dependent, a JNK inhibitor does
not abrogate p21Cip1 induction, suggesting the involvement
of parallel pathway(s). Although p21Cip1 up-regulation in
some cell types is dependent upon the activation of the
MEK-ERK pathway (60), Y-27632 did not affect ERK phos-
phorylation by PMA in LNCaP cells (data not shown), sug-
gesting that in our model, ROCK regulation of p21Cip1 is
ERK-independent. Indeed, our previous studies showed that
a MEK inhibitor enhances PMA-induced apoptosis (28). A
p38 inhibitor also failed to impair p21Cip1 induction by PMA
in LNCaP cells (data not shown). Although MAPK cascades
exert transcriptional effects via Sp1 transcription factors,
deletion of Sp1 sites in the human p21Cip1 promoter abro-
gates the induction by PMA. As PMA exerts pleiotropic
effects on signaling cascades, it is conceivable that MAPK-in-
dependent pathways modulate p21Cip1 transcriptional activa-
tion, such as direct phosphorylation of Sp1 by protein kinase G,
cyclin-dependent kinases, or other kinases (46, 63, 64).

In summary, our studies showed that RhoA/ROCK and the
cytoskeleton are implicated in PMA-induced apoptosis in pros-
tate cancer cells. A key role for the cell cycle inhibitor p21Cip1
has also been identified in the context of Rho signaling. Amodel
summarizing our findings is depicted in Fig. 6B. A considerable
amount of effort has been devoted to developing PKCmodula-
tors with anti-cancer therapeutic value, although selective ago-
nists for PKC� as antimitogenic/proapoptotic agents have yet
to be developed. The elucidation of the PKC� downstream
effectors is highly relevant to understanding the basis of cell
growth inhibition and apoptosis mediated by this kinase. The
identification of Rho/ROCKas amediator of PKC�-driven apo-
ptosismay provide a novel platform for the design of PKCmod-
ulators for cancer treatment.
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