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in prostate carcinoma cell lines PC-3 and LNCaP
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ABSTRACT

The specific signaling connections between the mitogen-activated protein kinases (MAPK) such as c-Jun Nterminal kinase (JNK-1) and phosphatases PP4 and M3/6, affecting the family of early nuclear factors, is
complex and remains poorly understood. JNK-1 regulates cellular differentiation, apoptosis and stress
responsiveness by up-regulating early nuclear factors such as c-Jun, a member of the activating protein (AP1) family, and the Early Growth Factor (EGR-1). C-Jun, when phosphorylated by c-Jun N-terminal kinase
(JNK-1) associates with c-Fos to form the AP-1 transcription factor that activates gene expression. We have
investigated the regulation of the JNK-1 kinase by co-transfecting phosphatases PP4 and M3/6 in prostate
cancer cell lines PC-3 and LNCaP, which have been previously stimulated with human EGF or cisplatin. Cotransfections of plasmids expressing the JNK-1 and the serine/threonine phosphatases PP4 resulted in a
significant increase in JNK-1 activity in both PC3 and LNCaP cells. In contrast, co-transfection of JNK-1
with the dual specific phosphatase serine/threonine M3/6 showed only a marginal effect in JNK-1 activity.
The phosphatase M3/6 also failed in blocking the induction of JNK-1 activity observed in presence of PP4.
The higher activity of JNK-1 was associated with increased activities of the factors c-Jun/AP-1 and EGR-1.
This suggests that JNK-1 activity in PC-3 and LNCaP cells requires not only active PP4 for stable
maintenance but also suggests that the relative degree of phosphorylation of multiple cellular components is
the determinant of JNK-1 stability.
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INTRODUCTION

The MAPK family consists of a group of
three different kinase pathways: the extracellular signal-regulated kinases (ERK1/2),
a.k.a. p44/42 (Robinson et al., 1996); the
Jun-N-terminal kinases (JNKs), a.k.a. SAPK
(stress-activated protein kinases) (Blenis,
1993; Cobb et al., 1995); and the p38 kinase,
which is usually activated by environmental
stresses and correlated with programmed cell
death (Ip & Davis, 1998; Derijard et al.,
1994; Foltz et al., 1998; Hibi et al., 1993).
Recently, an important role of the JNK-1/2
member of the MAP kinases has been

proposed in prostate cancer. JNK-1 is
activated by dual phosphorylation of Thr and
Tyr residues within a Thr-Pro-Tyr motif
located in kinase sub domain VIII (Sánchez
et al., 1994; Tournier et al., 1997). Once
activated, JNK-1 can up-regulate gene
expression by phosphorylating the activating
motif of transcription factors such as ATF2
(Gupta et al., 1995; Bocco et al., 1996), cJun and JunD (Hibi et al., 1993; GroverBardwick, et al., 1994), and the Ets domain
of transcription factors Elk-1 and Sap-1
(Minden et al., 1994; Smeal et al., 1992;
Janknecht et al., 1993; Janknecht and Hunter
1997). The activation of the transcription
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factor AP-1 mediated by JNK-1, by means
of phosphorylation of c-Jun, has been
implicated in oncogenic transformation
(Karin, 1995). Transcription factor
phosphorylation by protein kinases has
received a great deal of attention in the study
of prostate cancer, in contrast, very little is
known about the implications of protein
phosphatases (PP) and de-phosphorylation in
this type of cancer. The phosphorylation of
MAP kinases (MAPK) in vivo is a reversible
process, indicating that protein phosphatases
provide an additional level of regulation of
MAPKs functions (Mustelin et al., 2005). A
group
of
dual-specificity
kinase
phosphatases, (MAPs), has been identified
that inactivates MAPKs through dephosphorylation of both threonine and
tyrosine residues (Guan et al., 1991). These
phosphatases include ERK-specific MKP-1,
-2 and -3 (Fanger, 1997; Haneda et al., 1999;
Keyse, 1998) and JNK-1/2 and p38-specific
M3/6 (Muda et al., 1996). There is growing
evidence
suggesting
that
protein
phosphatases are implicated in prostate
cancer. The phosphatase PTEN, also a dual
specificity protein phosphatase, is
inactivated in a significant proportion of
prostate carcinoma, which suggests that its
inactivation is associated with the metastatic
stage of prostate cancer (Yen et al., 1997;
Vliestra et al., 1998). The mitogen-activated
protein kinase 1 phosphatase (MKP-1) is
over-expressed in the pre-invasive stage of
prostate cancer, showing decrease levels in
the advanced stage of the disease, suggesting
that over-expression of MKP-1 could be
associated with the early phase of prostate
cancer (Muda et al., 1996)
The phosphatase PP4 (also called PPX), a
novel serine/threonine phosphatase, seems to
play a key role in the regulation of JNK-1
expression. PP4 is structurally related to the
PP2A family of enzymes (with 65% amino
acid sequence identity) and contains putative
okadaic acid and microcystin-LR binding
domains (Cohen, 1997; Shiozaki & Russell,
1995). PP4 has been highly conserved during
evolution (Cohen, 1990; 1997). The deduced
amino acid sequence of human PP4,
assigned to chromosome 16p11-p12, differs
from the sequence of rabbit PP4 only in two
of 307 amino acids (Cohen, 1990; 1997).

This high degree of conservation suggests
that PP4 is involved in critical cellular
events. Since PP4 is found predominantly in
centrosomes, microtubule nucleation could
be one of such event (Shiozaki and Russell,
1995; Zhou et al., 2002). However, the
molecular mechanisms by which PP4
functions in cellular signaling remain to be
determined. Another factor that is overexpressed in prostate cancer is the Early
Growth Response-1 (EGR-1), which is a
member of the immediate-early gene family
that includes Fos, Jun, and other early
growth response genes (You et al., 1997;
Mora et al., 2004; Baron et al., 2003). EGR1 gene encodes a DNA-binding protein that
contains zinc finger motifs, expressed in
many cell types in response to a wide variety
of mitogenic and non-mitogenic stimuli,
including peptide growth factors, shear
stress, urea and hypotonicity (Pipaon et al.,
2004; Keeton et al., 2003). Once activated,
EGR-1 binds to 5'-GCGGGGGCG-3'
consensus sequences within the promoter
region of target genes, resulting in
transcriptional activation or repression
(Virolle et al., 2001).
It is know that the chemotherapeutic
agent cisplatin, which damages DNA
through the formation of bi-functional
platinum adducts, but not transplatin, which
does not damage DNA (Zamble et al.,
1995), activates JNK/SAPK up to 10-fold
in a dose-dependent manner. Furthermore,
inhibition of this pathway in cells modified
by expression of a non-phosphorylatable
dominant negative mutant of c-Jun, dn-cJun, blocks DNA repair as judged by
quantitative PCR and markedly decreases
viability following treatment with cisplatin
but not transplatin. Thus, JNK/SAPK is
activated by cisplatin-induced DNA
damage and is required for DNA repair and
survival following cisplatin treatment
(Potapova et al., 1997). These observations
indicate that the JNK/SAPK pathway is
activated by cisplatin-induced DNA
damage and that this response is required
for DNA repair and viability following
cisplatin treatment (Zamble et al., 1995).
Another activator of the JNK-pathway is
the well-known epidermal growth factor
(EGF). Autocrine and paracrine growth
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stimulation by EGF and related molecules
have been implicated in the transformation
of a variety of human tumors. EGF
stimulates the proliferation of several kinds
of human tumor cells such as gliomas
(Lund-Johansen et al., 1990), mammary
tumor cells (Adamson et al., 1997), and
keratinocytes (Hashimoto et al., 1994).
EGF, as well as transforming growth factor
(TGF) and heparin binding-EGF (HB-EGF),
binds to EGF-Receptor (EGFR). Several
studies have also shown that EGF also
plays a major role in authocrine growth of
human non-small-cell lung cancer cells
(NSCLC) (Hashimoto et al., 1994; Tateishi
et al., 1990).
In view of this information, it seems that
the activation of JNK-1, when activated by
EGF or cisplatin, might rely on a delicate
balance in which protein phosphatases, such
as PP4, play a key role counteracting the
affects of protein phosphorylation. In this
study, we demonstrate that the activation of
JNK-1, in prostate carcinoma cell lines PC3 and LNCaP treated with cisplatin and
EGF, was dependent on the phosphatase
PP4, and this resulted in the induction of
DNA binding and transcription activities of
nuclear factor AP-1 and EGR-1. The sum of
the results presented here suggests that PP4
may play an important role in prostate
carcinogenesis through the positive
regulation of JNK-1 and JNK-mediated
proliferation and drug resistance.

MATERIALS AND METHODS

Reagents
The protease inhibitors phenylmethylsulfonyl
fluoride (PMSF), leupeptin, pepstatin,
aprotinin and bestatin were purchased from
Roche (USA); [g-32P]ATP was purchased
from Amersham (USA). T4 polynucleotide
kinase and poly (dI-dC)2 were obtained from
Amersham Pharmacia Biotech (Piscataway,
NJ). Tris-Borate-EDTA buffer and
acrylamide-bisacrylamide (29: 1) were
obtained from Bio-Rad (Richmond, CA).
Luciferase assay reagent, lysis buffer and the
pGL-2 luciferase vector were obtained from
Promega (Madison, WI). Recombinant
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Human Epidermal Growth Factor (rhEGF)
and Tumor Necrosis Factor alpha (TNFa)
were purchased from BDBiosciences (USA).
Anti-HA antibody (12CA5) was purchased
from Roche Molecular Biochemicals.
Monoclonal anti-Flag (M2) was purchased
from Sigma. Anti-PP4 antibody was bought
from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). MBP was purchased from
Stratagene (La Jolla, CA, USA). Luciferase
assay reagent, lysis buffer and the pGL-2/
pGL-3 luciferase vector were obtained from
Promega (Madison, WI). GST-cJun (1-79)
and GST-ATF-2 (1-96) were a gift from Dr.
Roger Davis (Howard Hughes Medical
Institute, MA, USA). Production and
purification of GST-cJun and GST-ATF-2
proteins were performed as described
previously (Ahmed et al., 2001).
Plasmids
Human JNK-1 was a gift from Dr. Dan
Mercola (Sydney Kimmel Cancer Center).
The dn-c-Jun was obtained from Dr. Michael
Karin (University of California, San Diego,
CA, USA) and the M3/6 was a gift from Dr.
N. Rodriguez (University of Oxford, Oxford,
UK). The PP4 cDNA was cloned from HeLa
lgt11 cDNA library. The cDNA, which
encompassed the complete open reading
frame, was blunt end ligated into EcoRV
digested pBluescript (Stratagene) to create
pKS/PP4 and sequenced. The resulting
plasmids were prepared by two rounds of
Cesium Chloride centrifugation. The
constructs for GST-Jun (1-79) and GSTATF-2 (1-96) were gifts from Dr. Roger
David. Dr. Eduardo Rodríguez (Rudbeck
Laboratory, Uppsala, Sweden) provided
MKK6-expression plasmid. The PKC-z
expression plasmid was a gift from Dr. Jose
Arteaga (Karolinska Institute, Stockholm,
Sweden).
Cell culture and transfection
Human carcinoma cells lines PC-3, LNCaP
and DU145 were a gift from Dr. Pavel Pisa
(Karolinska Institute, Stockholm, Sweden).
Kiras-267B1 was a gift of Dr. Dan Mercola.
PC3 and LNCaP cells were cultured in
RPMI medium and DU145 cells were
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cultured in DMEM medium. Both mediums
were supplemented with 10% fetal bovine
serum and 100 units/ml streptomycin/
penicillin, and cells were grown at 37ºC in
a humidified atmosphere of 7% CO 2 .
Transient transfections were done using
LipofectAMINE (Life Technologies, Inc.).
Cells were plated at a density of 1x10 6
cells/100-mm dish and transfected the next
day. Cells were transfected with plasmids
encoding B-galactosidase in combination
with empty vector or various amounts of
plasmids encoding the phosphatases PP4
and M3/6, the kinases JNK-1, MKK6 and
PKC z, and expression plasmids for wild
type and mutated c-Jun and c-Fos.
To assay for luciferase activity,
transfected cells in duplicate wells were
cultured for 24 hours before being
stimulated with or without EGF (50 nM) for
a defined length of time. Cells were
harvested, washed twice in PBS and treated
with lysis buffer (Luciferase Assay
Promega, Madison, WI) for 5-10 minutes
on ice. Lysates were spun down for 1
minute, and the total supernatants were
analyzed using luciferase Reagent
(Promega) and measured in a luminometer
(MicroLumat LB 96 P, Berthold) for five
seconds. Background measurement was
subtracted from each duplicate, and
experimental values are expressed either as
recorded light units, luciferase activity or as
relative activity compared to extracts from
un-stimulated cells (Parra et al., 1997;
1998).
UV irradiation
The UV light source was a germicidal lamp
in a laminar flow chamber emitting light at
a wavelength of 254 nm. The intensity of
incident UV rays at 254 nm was calibrated
using a digital radiometer Model DM254HA from Spectroline (Westbury, NY,
USA). After standardization of conditions,
the distance between the plate and the lamp
was maintained at 6.5 cm, providing a
fluence rate of 9 J/s/m2. All experiments
used cells cultured in 60-mm plastic tissue
culture dishes containing 10 ml of medium.
The lid of the culture dish was removed for
the duration of UV exposure. Fluence

values were adjusted for transmittance of
light to the surface of the monolayer, which
was estimated at 2.5%, using a Shimadzu
UV-VIS spectrophotometer (Kyoto, Japan)
in transmittance mode. After exposure,
plates were placed in a dark incubator and
maintained for 1 hour prior to nuclear
extracts preparation.
Preparation of nuclear extracts
Nuclear extracts were prepared as
previously described (Parra et al., 1997).
Briefly, 3 - 5 x 10 7 prostate cells were
stimulated as above. After stimulation, they
were harvested and washed once in ice-cold
Phosphate Buffered Saline (PBS), washed
again in buffer A (10 mM HEPES, pH 7.9,
15 mM KCl, 2 mM MgCl2, 6 mM DTT, 0.1
mM EDTA and 1 mM PMSF) and lysed in
buffer A with 0.2% Nonidet P-40. The
pelleted nuclei were re-suspended in buffer
B (50 mM HEPES (pH 7.6), 50 mM KCl,
0.1 mM EDTA, 1 mM DTT, 1 mM PMSF
and 10% glycerol), in the presence of 0.3 M
(NH4) 2SO4 (pH 7.9), and rocked for 30
min at 4°C. The broken nuclei were
centrifuged for 10 min at 100,000xg. A 125
µl aliquot of supernatant was transferred to
a second tube and more (NH4)2SO4 was
added to a final concentration of 1.5 M
followed by a second centrifugation of
50,000 g for 5 min. The supernatant was
removed and the pellet re-suspended in 50
µl of buffer B and stored at 70°C. Protein
concentration was estimated using the BioRad stain (Richmond, CA, USA) protein
assay kit with bovine albumin as standard.
Western blotting
PC-3, LNCaP, DU145, 293 and Vero and
Prostate Primary Carcinoma cells were
plated at a density of 2x105 per 35 mM
dish, 24 hours prior to treatment. All
cultures were lysed in RIPA buffer (50 mM
Tris-HCl pH 7.4, 150 mM NaCl, 1 mM
PMSF, 1 mM EDTA, 5 µg/ml Aprotinin 5
µg/ml Leupeptin, 1% Triton x-100, 1%
Sodium deoxycholate, 0.1% SDS). Lysates
were heated at 100°C for 10 minutes. Equal
volumes of extracts were separated by SDS/
PAGE on a 10% polyacrylamide gel and
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transferred to nitrocellulose. Membranes
were incubated with SAP/JNK, p38 or
ERK-1/2 antibody (dil. 1: 1000), PP4
antibody (dil. 1: 1000) (Santa Cruz
Biotechnology). Primary incubation was
followed by incubations with HRPconjugated secondary antibody (1: 2000)
(NEB), and detection was with super signal
chemiluminescent substrate.
Electrophoretic mobility shift assay
(EMSA)
The double-stranded oligonucleotides
corresponding to the consensus sequence of
AP-1 and EGR-1 were (coding strand): 5’CTAGTGATGAGTCAGCCGGATC-3’,
and
5’-GGATCCAGCGGGGGCGAGCGGGGGCGAACG-3’,
respectively. Sp-1 consensus 5’GATCATATCTGCGGGGCGGGGCAGACACAG3’ as a heterologous
competitor. 1 to 2 µl of nuclear extract
corresponding to 5-10 µg of protein were
added to 4 µl binding buffer containing 2 to
3 µg poly (dI-dC)2 as a non-specific
competitor. The reaction mixtures were
incubated at 37º C for 30 min with 15,000
cpm of double-stranded 32P-labeled
oligonucleotides in a final volume of 15 µl.
The samples were electrophoresed on 5%
polyacrylamide gels in 89 mM Tris, 89 mM
boric acid, 2 mM EDTA. The gels were
fixed in 40% methanol and 10% acetic acid
for 15 min, dried and visualized by
autoradiography (Parra et al., 1997).
Kinase assays
Assay of ERK Activity: Cells were incubated
in the absence of serum for 16 hours and
then treated with various agents. They were
then washed twice with PBS and lysed in
ice-cold lysis buffer (50 mM HEPES, pH
7.5, 150 mM NaCl, 10% glycerol, 1%
Triton X-100, 1.5 mM MgCl2, 1 mM
EDTA, 10 mM sodium pyrophosphate, 100
µM sodium orthovanadate, 100 mM NaF,
10 µg/ml aprotinin, 10 µg/ml leupeptin and
1 mM phenylmethylsulfonyl fluoride)
(Keyse, 1998). The extracts were
centrifuged to remove cellular debris, and
the protein content of the supernatants was
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determined using the Bio-Rad protein assay
reagent. 300 µg of protein from the lysate
samples was used for immunoprecipitation
by treatment with ERK2 rabbit polyclonal
antibody at 4°C for 2 hours. The
immunoprecipitated products were washed
once in lysis buffer; twice in 0.5 M LiCl,
0.1 M Tris, pH 8.0; and twice in kinase
assay buffer (25 mM HEPES, pH 7.2-7.4,
10 mM MgCl2, 10 mM MnCl2 and 1 mM
dithiothreitol), and the samples were resuspended in 30 µl of kinase assay buffer
containing 10 µg of myelin basic protein
and 40 µM [g-32P] ATP (1 µCi), as
described previously (Visse et al., 2003).
The kinase reaction was allowed to proceed
at room temperature for 5 min and stopped
by the addition of Laemmli’s SDS sample
buffer (Parra et al., 1998). Reaction
products were separated by 12% SDSPAGE.
Assay of JNK-1 and p38 Activity: Cells
were incubated in the absence of serum for
16 h and then treated with various
materials. They were then washed twice
with PBS and lysed in ice-cold lysis buffer
(20 mM HEPES, pH 7.4, 150 mM NaCl,
1% Triton X-100, 1.5 mM MgCl2, 1 mM
EDTA, 1 mM EGTA, 2.5 mM sodium
pyrophosphate, 1 mM beta-glycerol
phosphate, 1 mM sodium orthovanadate, 1
µg/ml
leupeptin
and
1
mM
phenylmethylsulfonyl fluoride). The
extracts were centrifuged to remove cellular
debris, and the protein content of the
supernatants was determined using the BioRad protein assay reagent. 100 µg of
protein from the lysate samples was
incubated at 4°C over night with the Nterminal c-Jun (1-79) and ATF-2glutathione S-transferase fusion protein
bound to glutathione-Sepharose beads in
order to selectively precipitate JNK-1 and
p38 from cell lysates. Next, the beads were
washed to remove non-specifically bound
proteins. Then, the kinase reaction was
carried out in the presence of cold ATP, and
samples were resolved on 12% SDS-gel
electrophoresis followed by Western
blotting with phosphospecific c-Jun and
p38 antibodies. This antibody specifically
recognizes JNK-1-induced phosphorylation
of c-Jun at Ser63, a site important for c-
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Jun-dependent transcriptional activity
(Visse et al., 2003).

Kiras-267B1 and PC-3 (Figure 1). UV
treatment had a significantly higher effect
on JNK-1 activity in these cells.

RESULTS

EGF and cisplatin activates JNK-1 pathway
in prostate carcinoma cell lines.

The serine/threonine phosphatase PP4 is
expressed in various tumor cell lines and
activates JNK-1 in a dose-dependent
manner.

C-jun-NH2 kinases (JNK) are among the
UV-activated protein kinases that play an
important role in cellular stress response
via the phosphorylation of c-jun, ATF2 and
p53. Activation of JNK-1 by UV irradiation
requires cooperation between membrane
and nuclear components, including DNA
lesions per se. To determine if EGF and
cisplatin activate JNK/SAP pathway in
LNCaP, DU145, Kiras-267B1 and PC-3
cells, we treated quiescent cells, maintained
in 0.5% FBS, with either 50 nM rhEGF,
300µg/ml cisplatin or 100J/m 2 UV (as
control). JNK-1 activity was measured 1
hour after treatments, as described in
Materials and Methods. Results showed that
addition of rhEGF and cisplatin activated
JNK-1 activity, though to different extents,
in quiescent cell lines LNCaP, DU145,

Protein phosphatase 4 (PP4) is a novel,
ubiquitously expressed protein phosphatase
that is structurally related to protein
phosphatase 2A (PP2A). PP2A acts as tumor
suppressor that it is involved in human breast
carcinogenesis and contains a binding domain
of okadaic acid, a tumor promoter. The
cellular functions of PP4 are currently
unknown, however as it localizes
predominantly to chromosomes, a role during
microtubule nucleation has been suggested
(Zhou et al., 2002). We wished to ascertain
the levels of endogenous PP4 in several cell
lines grown in media containing different
concentrations of serum and when treated
with TNF or UV radiation as control. As a
result, we found that PP4 was induced
constitutively in distinct tumor cell lines
independently of each treatment (Figure 2 A).

Figure 1. JNK-1 activity in human prostate carcinoma cells.
To determine if EGF or cisplatin activates JNK/SAP pathway in LNCaP, DU145, Kiras-267B1 and
PC-3 cells, all grown in 0.5% FBS, each cell line was treated with rhEGF 10 nM or Cisplatin 300
(ug/ml), or 100J/m2 UV radiation as control. JNK-1 activity was examined one hour after
treatment, by immunocomplex kinase assay measuring the phosphorylation of GST-cJun (1-79).
Numbers on the right indicate relative amounts of JNK-1 activity obtained for each treatment,
compared to levels of JNK-1 activity obtained in quiescent DU145 cells. EGF and cisplatin induced
JNK-1 activation, compared to the quiescent state of prostate cells, although at lower levels than
UV treatment.
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Figure 2. Expression of PP4 in prostate cancer derived cell lines. (Panel A) Western-blot
analysis of PP4 in prostate derived primary cells (1*) as well as prostatic cell lines LNCaP, PC3,
DU145 and Hyperplasic Prostatic (HP) and African green monkey kidney Vero cells (V), treated
with different serum concentrations or TNF (PC3 line) to induce PP4. 293 cells treated with UV
radiation were used as control for PP4 induction. PP4 is induced at different levels in these cells.
The kinase activity of JNK-1 augments in a dose-dependent manner, according to the
concentration of PP4 DNA. (Panel B) PC3 cells transfected with HAJNK-1, to enhance the signal to
noise ratio of JNK-1 activity, were co-transfected with increasing amounts of PP4 encoding plasmid.
Cell lysate were prepared at 48 h post-transfection and HA-JNK-1 was immunoprecipitated with an
anti-HA antibody (12CA5) and its kinase activity assayed using GST-cJun (1-79) as a substrate, as
described in Materials and Methods. One of three similar experiments is shown.

To determine whether the activation of
JNK-1 is a function of PP4 concentration,
we examined JNK-1 activity after cotransfection with a PP4-encoding plasmid
(Figure 2 B). PC-3 cells were cotransfected with 3 ug of plasmid encoding
HA-JNK-1, to increase the signal to noise
ratio, and different amounts of plasmid
encoding PP4. The transfected cells were
treated with rhEGF (50 mM) after 24
hours. JNK-1 activation was examined by
immunoprecipitation of HA-JNK-1 using
the anti-HA antibody (12CA5), followed
by in vitro kinase assays using GST-cJun
(1-79) as substrate. JNK-1 activity was
seen at low PP4 levels (untransfected cells,
lane 1) and increased according to the
increase in PP4 expression (lanes 2-6).

PP4 specifically activates JNK-1
To demonstrate that PP4 activates
specifically JNK-1, we compared its effect
over JNK-1 activity with other members of
the MAPK family such as p38 and ERK.
To this end we co-transfected different
amounts of HA-JNK-1 combined with an
established amount of PP4 or empty vector
into PC3 cells. Cell lysates were prepared
at 24 h after transfection and HA-JNK-1
was immunoprecipitated with an anti-HA
antibody (12CA5). JNK-1 activity was
examined by immunocomplex kinase using
GST-c-Jun (1-79) as substrate (Figure 3A).
To elucidate the specificity of the effect of
PP4 on JNK-1 activity, PC-3 cells were
co-transfected with PP4 and p38 (Figure
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3B) or ERK-2 (Figure 3C). MKK6, a
kinase upstream of p38, and PKC-z, which
phophorylate ERK-2, were used as
positive control for p38 and ERK-2
respectively. In both cases, kinases were
immunoprecipitated and assayed over
substrates GST-ATF2 for p38 and Myelin
Basic Protein (MBP) for ERK-2. While
PP4 increased JNK-1 activity (Figure 3A),
it had no effects on p38 (Figure 3B) and
ERK-2 activities (Figure 3C). MKK6 and
PKC-z used as positive controls increased
activities of p38 and ERK-2 respectively.
These results indicate that PP4 is a
specific positive regulator for JNK-1
pathway, but not for p38 and ERK-2.
PP4 acts as a positive regulator of JNK-1
in prostate cancer cell lines PC-3 and
LNCaP
To understand the mechanism of activation
of JNK-1 mediated by PP4, we sought to test

other members of the JNK1/2 activating
pathway that could be regulating JNK-1.
One possibility is that PP4 could be
inhibiting a putative JNK-1 phosphatase that
specifically inhibits JNK-1. This putative
JNK-1 phosphatase may be activated by
phosphorylation and hence inactivated by
de-phosphorylation. Only one phosphatase
specific for JNK-1 has been described: M3/
6, which has been implicated in the
inhibition of JNK-1 (Muda et al., 1996;
Chen et al., 2001). To determine whether
there is a causal relationship between JNK-1
activity and PP4 after EGF stimulation,
determined amounts of HA-JNK-1,
combined with an established amount of PP4
or M/36 were co-transfected into PC-3 and
LNCaP cells. Empty vector was used to
normalize the amount of transfected DNA.
Cell lysates were prepared at 24 h posttransfection, and HA-JNK-1 was assayed by
immunocomplex formation as above. The
results showed that over-expression of the

Figure 3. PP4 specifically activates JNK-1 but not p38 and ERK. Different amounts of HAJNK-1 and PP4 plasmids were co-transfected into PC-3 cells. Cell lysates were prepared at 48 h
post-transfection and JNK-1 activity was assayed as described (Panel A). In Panels B and C, cotransfection of p38 and ERK2 with different amounts of PP4 into PC-3 cells are shown. MKK-6 and
PKC-ζ were used as a positive control for p38 and ERK-2, respectively. The p38 and ERK2
activities were determined by immunocomplex kinase assays using GST-ATF2 and MBP as
substrates respectively. PP4 was unable to induce p38 and ERK2 activities. One of two similar
experiments is shown.
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phosphatase M3/6 can, at least, decrease
partially the activity of JNK-1, which
supports the notion that M3/6 is a
phosphatase specific for JNK-1 (Muda et al.,
1996). On the other hand, co-transfection of
JNK-1 and PP4 strongly increase the activity
of JNK-1, which suggests that PP4 acts as a
positive activator of JNK-1. Further studies
through co-transfection of M3/6 and PP4 in
both PC-3 and LNCaP prostate carcinoma
cell lines demonstrated that M3/6 could not
decrease the activity of JNK-1 in presence of
PP4. Instead, we observed an additional
increase of JNK-1 activity compared with
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transfection with PP4 alone. These results
further substantiated the notion that PP4
targets a JNK-1-activating phosphatase and
strongly supported the notion that of the
specificity of this phosphatase in the
regulation of JNK pathway (Figure 4A and
4B). The levels of expression of JNK-1, PP4
and M3/6 in these experiments, assayed by
Western blots of protein extracts of the
transfected PC-3 cell line, were according to
the range expected (Figure 4C). JNK-2 was
also distinguished by the JNK-1 antibody
and thus serves as an internal control for
protein loading.

C

Figure 4. PP4 induced down-regulation of a JNK-1 phosphatase M3/6. PC-3 and LNCaP
prostate carcinoma cell lines were co-transfected with JNK-1 and PP4 or M3/6, or with all three
vectors. Transfected cells were treated with EGF 50 ng/ml. Induction of the JNK-1 kinase activity
was examined by immunocomplex kinase assay as described. One of three similar experiments is
shown. Representative blots show comparative protein levels of total JNK-1, JNK-2, PP4 and M3/6
proteins in the PC-3 Prostate cell line. Lane 1, un-transfected cell line; Lane 2, cells transfected
with JNK-1; Lane 3, cells transfected with both JNK-1 and PP4; Lane 4, cells transfected with both
JNK-1 and M3/6; and Lane 5, protein levels from cells transfected with JNK-1, PP4 and M3/6
(Figure 4C).
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AP-1 functional activity
Expression of the trans-dominant inhibitor
of c-Jun, cJun-Ala (63, 73) blocks the effect
of EGF transcriptional activity.
To show that the activation of the JNK-1
pathway activates promoters bearing AP-1
response elements, transient transfection
studies were carried out using a reporter
construct bearing the consensus or classic
AP-1 site repeated in tandem (6x) driving
expression of a Luciferase reporter.
Expression of this reporter in PC-3 (Figure

5A) and LNCaP (Figure 5B) cells leads to
little activation, whereas EGF treatment
enhances expression of this reporter. Coexpression with a known activator of the
JNK-1 pathway, an expression vector for
the wild-type c-Jun, leads to substantial
activation of the 6x AP-1 reporter. Addition
of an expression vector for dn-c-Jun – c-Jun
(Ala 63, 73) – but not wild-type c-Jun leads
to a readily detectable inhibition in both
PC-3 and LNCaP prostate cell lines. Since
JNK-1 also activates Elk-1, leading to
increased c-Fos, both AP-1 and ATF/
CREB-dependent transcription is increased

Figure 5. Inhibition of AP-1-dependent transcription, induced by EGF-stimulation, by a
dominant negative form of c-Jun, dn-c-Jun. The reporter, which contains 6 AP-1 response
elements in tandem directing expression of the Luciferase gene, was transfected into PC-3 cells
either alone or in combination with c-Jun (dotted bars), c-Fos (open bars) and, dn-c-Jun (filled
bars). One set of transfections was treated 24 hours later with 50 ng/ml rhEGF. The graph shows
Luciferase activity compared to controls with reporter lacking AP-1 sites. The AP-1 reporter
requires an activated c-Jun and is, therefore, activated by increased expression of c-Jun. The
reporters are inhibited by dn-c-Jun.
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by c-Jun and inhibited by dn-cJun.
However, a marginal decrease in the
Luciferase activity was observed after the
addition of the c-fos expression plasmid
with respect to reporter alone, under EGF
treatment. The observations also suggest a
means of determining whether preferential
activation of AP-1 occurs in human tumor
cells upon treatment with growth factor
agents.

oligonucleotide, Sp1 consensus, had no
effect on the band intensity of these
complexes (Figure 6, lane 6 in A, B, C, and
D). These results indicate that the binding
of transcription factors AP-1 and EGR-1 to
their cognate sequence motifs is inducible
and specific.

AP-1 and EGR-1 are rapidly induced in
prostate cell lines PC-3 and LNCaP.

The objective of this study is to determine
if the phosphatase PP4 regulates the activity
of JNK-1 in human prostate cancer lines
and the effect of JNK-1 over early growth
factors, like c-Jun and EGR-1. We analyzed
different activators of JNK-1 pathways by
co-transfection experiments, using two
prostate carcinoma cell lines: PC-3
(hormone-independent) and LNCaP
(hormone-sensitive). These studies showed
that the PP4 pathway might function to
mediate the transforming effects of EGF
and cisplatin in the induction of JNK-1 in
the PC-3 and LNCaP treated prostate cancer
cell lines and that both the ERK/MAPK and
JNK-1 pathways mediate the action of EGF
and cisplatin in our in vitro model. The two
agents showed similar effects on the
activation of the kinases and stress
signaling pathways. Once activated, the
JNK/SAPK pathway is known to initiate
regulatory events, which correspond closely
to the regulation of enzymes associated
with DNA repair. Thus, in order to study
these findings, we explored a novel
mechanism by which JNK-1 pathway is
regulated by PP4, a novel serine/threonine
protein phosphatase, constitutively
expressed in prostate cancer cells (Brewis,
1993; Hanada et al., 1998; Cohen & Cohen,
1989). Accordingly, we found that all
prostate cancer cell lines examined
expressed
the
phosphatase
PP4
constitutively. We also found that overexpression of PP4 increased JNK-1 activity
in both PC-3 and LNCaP prostate cancer
cell lines when treated with EGF. This
result is in contrast to a previous report,
which used an immortalized cell line
model, actually the HEK293 cell line, to
study the role of PP4 (Zhou et al., 2002).
Thus, we are the first to show that PP4 has

To exclude the possibility of a differential
expression of transcription factors AP-1 and
EGR-1 in PC-3 (p53 deficient and androgen
resistant) and LNCaP (p53 normal and
androgen sensitive) cells after EGF
stimulation, because this could alter our
results
according
to
cell
type,
Electrophoretic Mobility Shift Assay
(EMSA) was used to analyze the capacity
of DNA binding by AP-1 and EGR-1.
Nuclear extracts from PC-3 and LNCaP
were obtained at a given times after in vitro
EGF treatment (50 nM) and incubated with
radioactive-labeled
oligonucleotides
bearing recognition sites for either AP-1
(Figure 6A and 6B) or EGR-1 (Figures 6C
and 6D). AP-1 and EGR-1 were found to be
induced after 30 minutes, increased to
maximum at 1 hour in both PC-3 and
LNCaP prostate cell lines. The nucleotides
did not form a DNA-protein complex in
absence of nuclear proteins in the reaction
mixture (Figure 6, lane 1 in A, B, C and D).
Binding of AP-1 (Figures 6 A, B) and EGR1 (Figures 6 C, D) to the consensus
oligonucleotides sequence increased
dramatically when the cells had been
treated with 50 nM EGF for 30 min (Figure
6, lane 3 in A, B, C and D). A further
increase was observed after 60 minutes
incubation (Figure 6, lane 4 in A, B). In a
further verification of the specificity of the
complex bound to AP-1 and EGR-1
sequences, a 100-fold (Figure 6, lane 5 for
A, B, C, D) excess of unlabelled AP-1 and
EGR-1 (cold oligo) oligonucleotides
efficiently competed in the complex
formation with the labeled probe. Addition
of a 100-fold molar excess of unrelated
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Figure 6. Expression of AP-1 and EGR-1 in PC-3 and LNCaP prostate carcinoma cell lines.
Cells were transfected with PP4 and JNK-1 and treated with rhEGF for 1 hour. Nuclear protein
extracts were prepared as described and used for gel shift analysis with 32P-labeled oligonucleotides
specific for AP-1 (Panels A and B) and EGR-1 (Panels C and D). Cross competition of AP-1 and
EGR-1 vs. SP-1 was as follows: nuclear extract from PC-3 and LNCaP prostate cancer cell lines
were incubated with 100-fold molar excess of unlabeled competitors for 30 min before addition of
labeled DNA. * Indicate were the free oligonucleotide was ran out of the gel. One of three similar
experiments is shown.
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a role in the activation of JNK-1 in prostate
carcinoma cell lines, suggesting a role of
this phosphatase in the activation of JNK-1
in vivo. Contrary to the stated hypothesis
that PP4 is acting on an upstream JNK-1
activating protein kinase pathway, we
proposed the possibility that the dephosphorylation
of
an
upstream
phosphatase is involved in keeping JNK-1
active in prostate carcinoma cell lines.
In this case, our studies showed that PP4
specifically activates JNK-1 but has no
effect over p38 and ERK. PP4 is a novel,
ubiquitously and highly conserved serine/
threonine protein phosphatase that is
structurally related to protein phosphatase 2
A (PP2A) (with 65% amino acid sequence
identity) and contains a binding domain of
okadaic acid, a tumor promoter (Kloeker et
al., 2003). We demonstrated not only that
the PP4 is consistently expressed in LNCaP
and PC-3 prostate cell lines but also that
PP4 acts as a positive regulator of the JNK1 MAP kinase. We also showed that PP4
synergies with EGF to activate JNK-1,
while the over-expression of the dual
specificity phosphatase M3/6 showed no
effect over JNK-1. However, when the cells
were co-transfected together with PP4 and
M3/6, we found a minor inhibitory effect
on induced JNK-1 activation. A hallmark of
these growth regulatory signal pathways is
the reversible phosphorylation of many of
their components, which results in the
activation or inhibition of the respective
substrate functions (Schonthal, 2001;
Bintruy et al., 1991). Indeed, it has been
demonstrated that many (proto)-oncogenic
factors contain kinase activity that can
induce tumorogenic transformation when
inappropriately augmented or mutated
(Rosette and Karin, 1996). On the other
hand, the exact role that protein
phosphatases are playing in these events is
much less clear. However, the finding that
some of the enzymes are crucial
components of pathways that regulate cell
growth and proliferation has brought them
to the forefront of cancer research (Pages et
al., 1993; Brunet et al., 1994). So far, only
a few phosphatases have been directly
implicated in the etiology of tumors. For
example, the dual specificity protein
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phosphatase PTEN exhibits many
characteristics of a typical tumor suppressor
and is frequently found mutated or deleted
in advance prostate cancer (Yen et al.,
1997; Vliestra et al., 1998). However, little
is known about the correlation between
phosphatases, kinases and the early nuclear
factors, which are the target of these
pathways. The fact that the expression of
EGR-1 and AP-1 is increased in PC-3 and
LNCaP suggests that the transformed cells
may trigger anti-apoptotic changes,
favoring proliferation, cell transformation
and the expression of components of the
DNA-reparation machinery. It is postulated
that JNK-1 is specifically required for
growth of certain human tumor cells such
as prostate carcinoma (Potapova et al.,
1997). However, it is also known that JNK1 is required for the induction of apoptosis
and that the specific stimulation of the
pathway by expression of constitutively
active components such as MEKK1 or
downstream kinases leads to apoptosis (Xu
et al., 1996). In addition, several reports
have also demonstrated an important role
for stress-signaling molecules such as
MEKK-1 in regulating cisplatin sensitivity.
MEKK-1 becomes phosphorylated and is
subsequently cleaved by caspase-3 upon
treatment with cisplatin (Widmann et al.,
1998). It is also known that JNK-1 activity
is strongly induced in response to a variety
of DNA-damaging treatments such as UV
irradiation (Adler et al., 1995). These
results, when combined with the above
studies, indicate that transformation by the
JNK-1 pathway may require an additional
but unknown affecter(s) of the Ras/MAP
kinase pathway, which are not themselves
transforming. Additional studies have
demonstrated in several human tumor cell
lines, especially in prostate carcinoma, that
JNK-1 is required for DNA repairing of
cisplatin-induced lesions and that EGFstimulated authocrine growth of certain
lung carcinoma cells is mediated by JNK-1
and not ERK (Potapova et al., 1997; Bost et
al., 1997). However, apoptosis induced by
Epidermal Growth Factor (EGF) requires
JNK-1. EGF stimulation has been
implicated in the proliferative response of
hepatocytes under both in vitro and in vivo
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conditions (Bost et al., 1997). Here, we also
demonstrated that treatment of prostate
cells lines with EGF results in increased
activation of JNK-1. These changes were
also associated with an up-regulation of
EGR-1 and AP-1 transcription and protein
expression in both PC-3 and LNCaP
prostate cell lines. These studies suggested
that JNK-1 plays an important role in the
regulation of DNA repair and DNA
synthesis in human tumor cells.
Another way of studying the activity of
JNK-1 is by using a c-Jun dominant negative
vector (Bost et al., 1997). If dn-c-Jun was
working through a dominant negative
mechanism, it would be expected to have
little effect on JNK-1 enzyme activity or on
the level of phosphorylated c-Jun, but would
inhibit the transcriptional activity of
activated c-Jun owing to the formation of
non-phosphorylated dn-c-Jun/c-Fos and dnc-Jun/ATF-2 heterodimers. Since JNK-1 also
activates ELK-1 leading to increased c-Fos,
both AP-1 and ATF/CREB-dependent
transcription would be increased by c-Jun
and inhibited by dn-c-Jun. However, in our
results we found no increase in the
Luciferase activity after the addition of the
c-Fos
expression
plasmid.
These
observations also suggest a means of
determining whether preferential activation
of AP-1 occurs in human tumor cells upon
treatment with growth factor agents. Finally,
based on our findings, we propose that the
up-regulation of JNK-1 and PP4, resulting
from EGF and cisplatin pre-treatment in
prostate carcinoma cell lines, results in the
establishment of an anti-apoptotic state, as
has been previously published (Bost et al.,
1997). This accounts for the decrease in
apoptosis observed by the cells treated with
cisplatin (Bost et al., 1997). Together these
studies support the existence of a causative
relationship between DNA damage and
activation of JNK/SAPK. It appears that PP4
acts in synergy with signals induced by
cisplatin and EGF, triggering an overexpression of JNK-1 that would eventually
lead to a greater anti-apoptotic response by
keeping low the activity of one specific
JNK-1 phosphatase and by inducing
activation of genes involved in DNA damage
response pathway.
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