
&p.1:Abstract Mitogen-activated protein (MAP) kinases are
key elements of the signalling systems needed to trans-
duce different extracellular messages into cellular re-
sponses. At least three parallel MAP kinase pathways
have been identified: one, stimulated by serum and
growth factors to activate extracellular signal-regulated
protein kinases (ERKs) by dual tyrosine and threonine
phosphorylation, triggers cell proliferation or differentia-
tion; the other two, induced by a variety of cellular
stresses to activate c-jun N-terminal kinases (JNKs) and
reactivating kinase (p38/RK), result in growth arrest and
induction of apoptosis. Mitogen-activated protein kinase
phosphatases (MKPs) inactivate MAP kinases through
dephosphorylation and, thus, can modulate the MAP ki-
nase pathways. Expression of JNK-1, ERK-1, p38/RK
and MKP-1 proteins was investigated by immunohisto-
chemistry and expression of MKP-1 mRNA by in situ
hybridisation in 50 cases of high-grade prostatic intraepi-
thelial neoplasia (PIN), thought to represent the precur-
sor of prostate cancer. The frequency of apoptotic cells
was also determined in these cases. Overexpression of
the three MAP kinases and MKP-1 mRNA was found in
all cases of high-grade PIN compared with normal pros-
tate. Immunoreactivity for MKP-1 protein was found to
be as intense as in normal glands in 30% and weaker in
56% of the PIN cases. Fourteen per cent of PIN cases did
not stain with MKP-1 antibody. The proportion of apop-
tosis was significantly higher (P < 0.008) in PIN lesions

that did not express MKP-1 protein than in those that
did. These results are consistent with our previous dem-
onstration of preferential inhibition of the apoptosis-re-
lated kinases by MKP-1 and further support the conten-
tion that MKP-1, even in PIN, may shift the balance ex-
isting between cell proliferation and death. When ex-
pressed, it may inhibiting those pathways that lead to ap-
optosis.
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Introduction

Mitogen-activated protein (MAP) kinases are a family of
serine/threonine kinases regulated by distinct extracellu-
lar stimuli. They represent key elements in highly con-
served signalling pathways used by eukaryotic cells to
transduce different extracellular messages into such di-
verse cellular responses as cell growth or cell death (ap-
optosis) [47]. Three MAP kinase groups have been ex-
tensively investigated in humans: extracellular signal-
regulated protein kinases or ERKs, c-jun N-terminal kin-
ases/stress-activated protein kinases or JNKs/SAPKs,
and re-activating kinase or p38/RK [8, 17, 21]. There is
substantial evidence indicating that activation of ERKs is
a key event in cell signalling via ras and plays a central
part in the induction of cell growth [23, 30, 31].
JNKs/SAPKs and p38/RK mediate signals in response to
environmental stress and cytokines, transmit the effect of
cellular insults or injury to the nucleus to influence gene
expression and have an adverse influence on cell growth
[26, 49].

These MAP kinases are activated by different stimuli.
Growth factors, hormones, and mitogens preferentially
activate ERKs [6], whereas inflammatory mediators (tu-
mour necrosis factor-α or TNF-α, interleukin-1 or IL-1),
UV light, and various forms of stress, including hormone
withdrawal, preferentially activate JNKs/SAPKs and
p38/RK [24], but do not cause significant phosphoryla-
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tion of ERKs [11, 13, 41]. The pathway stimulated by
serum and growth factors to activate ERKs triggers cell
proliferation (with transient activation of ERKs) or dif-
ferentiation (with sustained activation of ERKs) [9]. An-
other pathway, induced by a variety of cellular stresses to
activate JNKs/SAPKs, leads to the activation of c-jun
and results in growth arrest and stimulation of apoptosis
[6, 20, 43, 49]. By a similar mechanism, extracellular
stimuli such as UV light, osmotic shock, TNF-α, or IL-1
activate the p38/RK-related pathway [18]. p38/RK is the
target of a series of anti-inflammatory agents termed
CSAID (cytokine-suppressing anti-inflammatory drugs)
that inhibit inflammatory cytokine secretion [26], and
also of mediators of apoptosis [49]. Since a signal can be
transmitted down parallel tracks, these phosphorylation
cascades are activated to different extents, depending on
the particular stimulus and the various other signalling
components involved.

MAP kinases are regulated by reversible phosphoryla-
tion on tyrosine and threonine residues. Dual-specificity
phosphatases, such as MKP-1, are proteins that dephos-
phorylate both phosphotyrosine and phosphothreonine
residues. MKP-1, an immediate early gene whose ex-
pression is induced both by growth factors [7, 38, 42]
and by stress [22, 27, 46], is either expressed or overex-
pressed in a variety of tissues and lesions [28]. In pros-
tate cancer, it has been shown that MKP-1 can differen-
tially regulate the interaction or cross-talk between the
MAP kinase pathways and might be a key control point
of their relative activities [29]. In particular, it has been
suggested that the selective inhibition of the stress-acti-
vated cascades by MKP-1 may be essential for mitogenic
signals to induce a productive response [16, 28]. The aim
of the present study was to examine the expression of
MAP kinases and MKP-1 in high-grade prostatic intra-
epithelial neoplasia, i.e., the direct precursor of prostate
cancer [4, 5, 33], and to correlate their expression to the
frequency of apoptosis in these lesions.

Materials and methods

Fifty cases of formalin-fixed paraffin-embedded tissue blocks
were selected on the basis of the presence of high-grade PIN from
radical prostatectomy cases from the files of the Beth Israel-Dea-
coness Medical Center, West Campus, Harvard Medical School
and the Institute of Pathological Anatomy and Histopathology of
the University of Ancona. Patients did not receive any hormonal
treatment prior to surgery. Serial sections 5µm thick were cut
from each block and mounted on positively charged Super Frost
Plus slides (Fisher Scientific, Santa Clarita, Calif.). One section
was stained with haematoxylin and eosin (H&E), and examined by
light microscopy to confirm the presence of prostatic intraepitheli-
al neoplasia (PIN) on the block. The same section was used to
count the number of apoptotic cells by light microscopy, utilizing
established criteria [35]. Criteria for diagnosing PIN have already
been described elsewhere[14]. ‘PIN’ is used here as a synonym for
high-grade PIN. In addition, foci of normal prostate and prostatic
adenocarcinoma in the slides containing PIN were studied. Ten
cases of normal prostate from patients with bladder cancer were
included as controls.

Immunohistochemistry was carried out in an automated Vent-
ana 320/ES immunohistochemistry instrument, (Ventana Medical

Systems, Tucson, Ariz.) [29]. Paraffin sections were deparaffinised
and rehydrated. Endogenous peroxidase activity was quenched by
incubating sections in 0.6% H2O2 in methanol for 15 min. To un-
mask antigens, slides were heated inside a pressure cooker, in a
microwave oven at 700 W for 30 min in 0.01 M citrate buffer,
pH 6.0 (Biogenex, San Ramon, Calif.). Positive controls (peripher-
al nerve and ganglion for MKP-1, ERK-1, and JNK-1 and poly-
morphonuclear leukocytes for p38/RK) were run simultaneously.
For negative control, a mouse monoclonal antibody (MOPC-21’)
not directed against any known human epitope was used [40].

Sections were incubated with polyclonal antibodies against
MKP-1 (dilution 1:50), ERK (dilution 1:20), JNK-1 (dilution
1:20) and p38/RK (dilution 1:100) (Santa Cruz Biotechnology,
Santa Cruz, Calif.). The immune reaction was revealed by the in-
strument utilising the avidin-biotin complex (ABC) method with
diaminobenzidine (DAB) as the chromogen, with standardised de-
velopment times.

For in situ hybridisation (ISH), 1µg of the recombinant Blue-
script-SK plasmid (Stratagene, La Jolla, Calif.) containing a 200
base pair rat MKP-1 insert (encompassing the catalytic domain;
homology to human: 97%) [32] was linearised by SalI and EcoRI
and transcribed using T3 and T7 RNA polymerase in a mixture of
ATP, CTP and GTP, as well as UTP and digoxigenin-UTP (6.5 and
3.5 mM respectively) (Boerhinger Mannheim, Indianapolis, Ind.),
to generate sense and antisense RNAs, respectively [29].

In situ hybridisation with digoxigenin-labelled riboprobes was
performed on an automated instrument (Gen II, Ventana Medical
Systems, Tucson, Ariz.) in which duration and temperature of all
the steps were standardised, as previously described [28, 29].
Briefly, sections were digested with proteinase K for 8 min at
37°C. The highest stringency of post-hybridisation washes was
52°C in 0.1xSSC for 15 min each. Alkaline phosphatase-conjugat-
ed anti-digoxigenin antibody (1:1000) was applied for 28 min at
37°C. Detection was accomplished with nitro blue tetrazolium/5-
bromo 4-chloro 3-indolyl phosphate (NBT/BCIP) as a substrate
for 8 min. Hybridisation controls were performed pretreating tis-
sue sections with RNAse A for 1 h at 37°C and utilising sense
MKP-1 probe. Preservation of the RNA was evaluated by hybrid-
ising the sections with a riboprobe for G3PDH.

The number of apoptotic cells per thousand (‰) was deter-
mined by counting, on each gland with high-grade PIN, the cell
identified on the H&E section as apoptotic. A minimum of 2000
cells were evaluated for each case. Bonferroni/Dunn’s multiple
comparison procedure was used to analyse the statistical signifi-
cance of the data. According to this method, comparisons are not
significant unless the corresponding P-value is less than 0.017.

Results

The immunostaining of normal prostate from patients
with bladder cancer was equivalent to that seen in the
prostatectomy specimens. Immune reactivity for JNK-1
antibody was present in the cytoplasm of both secretory
(+) and basal (+) cells; nuclear staining was seen in ap-
proximately 60% of the secretory cells (Fig. 1a). The
polymorphonuclear leukocytes immunoreacted with
JNK-1 antibody. ERK-1 protein was expressed in the cy-
toplasm of both secretory (+) and basal (+) cells; nuclear
staining was observed in 5% of the basal cells; endothe-
lial cells and some lymphocytes immunoreacted with the
ERK-1 antibody (Fig. 1b). Cytoplasmic immunostaining
for p38/RK protein was present in the basal (+) cells; in
10% of the cases examined, some degree (10% of the
cells) of nuclear staining was seen in the same cells with
p38/RK antibody (Fig. 1c). Fibromuscular tissue around
the glands and the polymorphonuclear leukocytes also
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reacted with this antibody. Secretory cells showed in-
tense cytoplasmic expression (++) of MKP-1 protein;
nuclear staining was occasionally present; basal cells
staining was variable (±) (Fig. 1d). MKP-1 mRNA was
expressed only in the cytoplasm of basal (+) cells (Table
1). MKP-1 protein positivity against the negativity for
the corresponding mRNA has been reported before by

our group [29]. This finding suggests a regulation of the
transcriptional/translational processes, allowing the ac-
cumulation of proteins along with undetectable levels of
the corresponding mRNA.

In high-grade prostatic intraepithelial neoplasia JNK-1,
ERK-1, and p38/RK proteins were found to be uniformly
intense (++), when compared to normal tissue, in the cyto-
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Fig. 1 Expression of a JNK-1,
b ERK-1, c p38/RK and d
MKP-1 proteins in normal
prostatic glands. Original mag-
nification × 200&/fig.c:

Fig. 2 Expression of a MKP-1,
b JNK-1, c ERK-1 and d
p38/RK proteins on serial sec-
tions of a high-grade prostatic
intraepithelial neoplasia (PIN)
case. Weak intensity of staining
for MKP-1 protein is shown in
a: note the condensation of the
staining beneath the apical por-
tion of the cell membrane.
Original magnification × 200&/fig.c:



plasm of cells in all high-grade PIN lesions examined
(Fig. 2). Occasional nuclear staining was detected with the
same antibodies. When the immunoreactivity for the
MKP-1 protein was compared with normal tissue as inter-
nal positive control, the intensity of staining identified
three different groups of high-grade PIN lesions. The in-
tensity was weak (+) in 56% (n = 28) of high-grade PIN
lesions: in all these cases, a condensation of the staining
beneath the apical portion of the cell membrane was ob-
served (Fig. 2). Thirty percent (n = 15) of high-grade PIN
cases showed intense (++) immunoreactivity for MKP-1
protein when compared to normal prostate (Fig. 3), where-
as 14% (n = 7) of PIN cases were negative (–) (Fig. 4). In
contrast, the cytoplasm of all the epithelial cells of high-
grade PIN lesions consistently showed strong hybridisation
signal (++) for MKP-1 mRNA (Figs. 3, and 4, Table 1).

The frequency of apoptotic cells (count per thousand
cell or ‰) increased from PIN cases showing intense im-
mune reactivity for MKP-1 protein (5.1 ± 3.4 SD ‰) to
cases with weak negative for the protein (12.1 ± 5.0 SD
‰). The difference between high-grade PIN MKP-1 in-
tensity (9.2 ± 3.5 SD ‰), to high-grade PIN with intense
MKP-1 immunoreactivity and negative forms was found
to be statistically significant (P < 0.008 by Bonfer-
roni/Dunn’s multiple comparison procedure; Table 2).

In prostatic adenocarcinoma surrounding PIN lesions
JNK-1, ERK-1, and p38/RK protein expression was in-
tense (++) in 80% of the adenocarcinomas and weak (+)
in the remaining 20% (Table 1). The immunostaining for
MKP-1 protein in prostate adenocarcinomas was intense
(++) in 50%, weak (+) in 40% and negative (–) in 10%
of the cases (Table 1). There was co-expression of MKP-
1 protein and mRNA in any of tumours evaluated, as pre-
viously described [29] (Table 1).

Discussion

Prostatic carcinoma is the most common cancer in men
in the United States, and its incidence is increasing [12,
39]. Although currently very little is known about the
molecular mechanisms involved in the early phases of
prostate cancer development, it is well accepted that
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Table 1 Expression of mitogen-activated protein kinases, MKP-1
protein and mRNA in normal prostate, high-grade (MAP) prostatic
intraepithelial neoplasia (PIN) and prostatic adenocarcinoma
(AdenoCA). Cytoplasmic staining intensity (+ normal tissue stain-

ing or weak staining referred to PIN, ++ intense or increased in-
tensity of staining compared with normal tissue, ± variable stain-
ing, − negative
&/tbl.c:&tbl.b:

JNK-1 ERK-1 p38/RK MKP-1 MKP-1
protein mRNA

Normal Secretory + Secretory + Secretory− Secretory ++ Secretory−
prostate Basal + Basal + Basal + Basal ± Basal +

PIN ++ ++ ++ ++ 30%a

+ 56%a ++
− 14%a

AdenoCA ++ 80%a ++ 80%a ++ 80%a ++ 50%a ++ 90%a

+ 20%a + 20%a + 20%a + 40%a − 10%a

− 10%a

a Percentage of cases staining with different intensity; where the percentage is not shown this means that all cases were uniformly
stained&/tbl.b:

Fig. 3 a In situ expression of
MKP-1 mRNA showing strong
hybridisation signal in a high-
grade PIN b displaying intense
cytoplasmic expression of
MKP-1 protein. Original mag-
nification × 400&/fig.c:

Table 2 Frequency of apoptosis in high-grade PIN in relation to
intensity of staining for MKP-1 protein (++ intense, + weak,
− negative, SDstandard deviation)&/tbl.c:&tbl.b:

MKP-1 protein Apoptosis
(intensity of staining) (frequency, ‰)

++ 5.1±3.4 SD
+ 9.2±3.5 SD
− 12.1±5.0 SD

&/tbl.b:



Fig. 4 a In situ expression of MKP-1 mRNA showing strong hy-
bridisation signal in a high-grade PIN b displaying no immunore-
activity for MKP-1 protein. Original magnification × 200&/fig.c:

[5]. The MAP kinase pathways (extracellular signal-reg-
ulated protein kinases, c-jun N-terminal kinases/stress-
activated protein kinases and re-activating kinases) re-
present a mechanism of signal transduction that, in part,
affects the regulation of cell growth and cell death [11].
Which response prevails (to grow or to induce apoptosis)
would depend, at least in part, on quantitative issues such
as the nature of the stimulus, the density of receptors in
the stimulatory and inhibitory pathways, and the intensi-
ty and duration of each kind of signal [13, 23, 37]. MAP
kinases are activated by phosphorylation on tyrosine and
threonine residues and inactivated by dual de-phosphory-
lation. In fact, MKP-1, a dual-specificity phosphatase,
also inactivates ERKs [45], JNKs [16, 27] and p38/RK
as well [2, 8, 16, 49]. Selective inhibition of the stress-
activated cascade, however, is essential for mitogenic
signals to induce a productive response.

Since all three parallel MAP kinase pathways are con-
sistently activated in PIN, and MKP-1 expression is in-
duced by the same signals that stimulate ERK and JNK
activity [2, 3, 44], our results suggest that MKP-1 may
differentially regulate the interaction or ′cross-talk′ be-
tween the MAP kinase pathways [16]. MKP-1 might be
a key control point of the relative activities of these en-
zymes with similar biochemical functions, yet profound-
ly different physiological end-points. Previously we
found that overexpression of both MKP-1 mRNA and
protein occurs in breast, bladder, colon and prostate can-
cers, concomitantly with the expression of MAP kinases,
such as ERK-1, ERK-2 and JNK-1. In addition, in pros-
tate cancer, JNK-1, but not ERK-1, enzymatic activity
seems to be inversely related to MKP-1 levels [28, 29].
These findings further support the hypothesis that MKP-
1, even though it regulates ERKs via a short negative
feedback loop [45], may preferentially dephosphorylate
and thus inactivate JNKs in human tumours [1, 15, 16,
19, 27, 48]. In particular, because simultaneous activa-
tion of proliferative and apoptotic pathways results in
conflicting signal to the cell, selective inhibition of apo-
ptotic signals, possibly by MKP-1, appeared to be essen-
tial for mitogenic signals to induce a productive re-
sponse.

The frequency of apoptotic cells was found to be in-
creased from high-grade PIN cases showing intense im-
munoreactivity for MKP-1 protein to cases with weak
MKP-1 intensity. In fact, the highest number of apoptotic
cells was detected in high-grade PIN negative for the
protein. The difference between cases with intense im-
munoreactivity for MKP-1 antibody and negative ones
was found to be statistically significant. The inverse cor-
relation between MKP-1 protein expression and the
number of apoptotic cells supports the hypothesis of
preferential inhibition by MKP-1 of the JNK pathway
leading to apoptosis in PIN lesion, as previously suggest-
ed [19, 29].

The findings that ERK-1, JNK-1 kinases and MKP-1
mRNA are overexpressed in PIN compared with normal
prostate are in agreement with the results of a previous
study on epithelial carcinogenesis [28, 29]. It can be
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high-grade prostatic intraepithelial neoplasia represents
the direct precursor of prostate cancer [4, 10]. In contrast
to hyperplastic epithelium, this premalignant lesion is
genotypically and phenotypically similar to cancer [5,
10, 14, 36].

The growth regulation of stem cells and of their prog-
eny and the homeostatic control between proliferative
and nonproliferative behaviour are disrupted in PIN,
leading to the expansion of the cell proliferating com-
partment and to a decrease in extent of the differentiated
compartment. This was shown by Montironi et al. [33,
34] in studies in which the frequency and location of
proliferation markers and of apoptotic bodies were anal-
ysed. In particular, the frequency of proliferating cells
and of apoptotic bodies (ABs) was found to increase
from normal prostate through PIN to adenocarcinoma.
However, the AB-related values were approximately
one-eighth to one-tenth of those obtained with prolifera-
tion markers.

The disrupted balance between cell proliferation and
death observed in prostate oncogenesis probably derives
from the accumulation of genetic changes modifying the
expression or function of specific genes controlling cell
proliferation, differentiation, and programmed cell death



speculated that MKP-1 may have a key role in the hor-
mone- and/or growth factor-mediated proliferative re-
sponse in PIN, and progression from preneoplastic to
neoplastic lesion may be promoted by the continued en-
hancement of the growth factor/MAP kinase pathways.

Results supporting these findings were obtained in an
experimental study conducted in Noble rats. Prostatic
dysplasia, which is morphologically similar to human
prostatic intraepithelial neoplasia, and carcinoma were
induced with testosterone and oestradiol-17β treatment
in the dorsolateral prostate [25]. As in human PIN, both
ERK-1 and MKP-1 were strongly expressed only in dys-
plastic/PIN lesions. Those findings suggested that dual
hormone treatment induces changes in the signal trans-
duction pathways, which favour the protracted mitogenic
action of MAP kinases. In particular, ERK-1 induction
of cell proliferation and the concomitant suppression of
apoptosis via inactivation of the JNK pathway by MKP-1
may function co-operatively in the early phases of exper-
imental prostate carcinogenesis [16].

In conclusion, the data obtained in this study indicate
that MAP kinase proteins are up-regulated in the early
phases of prostatic carcinogenesis. Further, preferential
inhibition of the “apoptotic kinases” JNK-1 and p38/RK
by MKP-1 has been previously demonstrated [16, 19, 29,
49]. Here we showed an inverse correlation between
MKP-1 expression and percent apoptosis in PIN. MKP-1
may thus shift the balance existing between cell prolifer-
ation and death by preferentially inhibiting intracellular
regulators leading to programmed cell death.

&p.2:Acknowledgements This study was supported in part by a CaP
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