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We here examined whether c-Jun NH2 terminal ki-
nase (JNK) might be involved in the progression of
urothelial carcinomas. In vitro and in vivo invasion
assays using Matrigel and chick embryo chorioallan-
toic membrane approaches showed constitutive acti-
vation of JNK to significantly increase two processes,
invasion and angiogenesis, in the human urothelial
carcinoma cell line kU-7, this being suppressed by a
JNK inhibitor, SP600125, or cell-permeable peptides.
In addition, we found that mitogen-activated protein
kinase phosphatase (MKP)-1 functions as an endoge-
nous inhibitor of JNK-mediated signals in urothelial
carcinoma cells: chorioallantoic membrane assays
showed UMUC14 cells with low MKP-1 expression to
be more invasive and have pronounced angiogenesis
compared to UMUC6 cells with high MKP-1. Further-
more, knockdown of the MKP-1 gene by siRNA trans-
fection enhanced JNK activation in UMUC6 cells to the
UMUC14 level. Immunohistochemically, JNK was
found to be highly phosphorylated in high-grade and
invasive carcinomas (>pT2) as well as carcinoma in
situ but not in low-grade and noninvasive phenotypes
(pTa, pT1). In contrast, MKP-1 was much more ex-
pressed in low-grade/noninvasive cancers than with
the high-grade/invasive phenotype, reversely corre-
lating with phosphorylated JNK. Taken together ,
JNK activation and decreased expression of MKP-1
may play important roles in progression of urothe-
lial carcinoma. (Am J Pathol 2007, 171:1003–1012; DOI:
10.2353/ajpath.2007.070010)

There are �336,000 new cases of urothelial carcinoma and
132,000 deaths annually all throughout the world.1 In Japan,
�90% of the lesions are derived from the urinary bladder,
and cancers are extremely rare in the renal pelvis, ureter,
and other sites, as in Western countries.2 Most tumor types
progress to a malignant phenotype through a single path-
way involving accumulation of genetic and epigenetic ab-
normalities in key signals that regulate cell growth, survival,
cell death, or cell-to-cell interaction.3,4 However, urothelial
carcinomas appear to be grouped into two types, markedly
differing in their biological behavior and prognoses: low-
grade (G1, G2)/noninvasive cancers (pTa, pT1), including
papillary urothelial neoplasms of low malignant potential,
and high-grade (G3)/muscle invasive lesions (greater than
pT2). Approximately 80% of urothelial carcinomas are of
noninvasive type, these often being multifocal or recurrent
(�70%) but with limited muscle invasion (�15%) and a
good prognosis.5 This type of tumor is often preceded by
simple and nodular papillary urothelial hyperplasia and har-
bors frequent mutations in ras (30 to 40%) and fibroblast
growth factor receptor 3 (�70%) genes,6,7 suggesting pri-
mary involvement of activation of receptor tyrosine kinase
and oncogenic ras. In contrast, high-grade and muscle
invasive cancers progress to local and distant metastases
despite radical cystectomy or systemic chemotherapy.
They seem to arise de novo or from high-grade carcinoma in
situ and show loss of function of the tumor suppressor
genes p53 and/or Rb.8,9 Elucidation of whether other key
signals may also differ between the two divergent types of
urothelial cancer was the aim of the present study.

c-Jun NH2 terminal kinase (JNK), a member of the
mitogen-activated protein (MAP) kinase family includ-
ing extracellular stress-regulated kinase (ERK) and
p38, is well known to play roles in cell death or survival
in various neoplasms.10,11 In general, ERK activation
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favors cell proliferation, whereas JNK and p38 cause
cell death or sensitize cancer cells to chemotherapy-
induced cytotoxicity.12–14 We previously demonstrated
that JNK/p38 activation and downstream signaling
through p53 or phosphorylation of Fas-associated
death domain protein or Bcl-2 are associated with
sensitization to anticancer drug-induced apoptosis,
with ERK activation reducing the chemosensitivity in
human prostate cancer cells.15–17 JNK is also reported
to have tumor-promoting functions in various types of
cancer cells.18 –20 Cuevas and colleagues21 recently
showed an upstream kinase of JNK, MEKK1, to en-
hance cell migration, cell invasion, and metastasis
through up-regulating urokinase-type plasminogen activa-
tor in breast cancer cells. Negative regulation of MAP ki-
nases, including JNK, is mediated primarily by MAP kinase
phosphatases (MKPs), a group of 11 dual-specificity phos-
phatases that dephosphorylate the regulatory threonine
and tyrosine residues.22 MKP-1 was the first of this family to
be associated with cell cycle progression (G0 to G1 transi-
tion) and resistance to cytotoxicity by a variety of genotoxic
stresses,23–25 through modulating the MAP kinase activi-
ty,26,27 which contributes to carcinogenetic processes.28,29

However, MKP-1 may cause cellular differentiation through
inhibiting ERK, a promoter of the cell cycle and growth,
resulting in strong suppression of tumor development.
Thus, activation of MAP kinases and the inactivation by
MKPs have complicated functions, probably associated
with both promotion and suppression of malignant tumors.

In the present study, we therefore focused on biological
roles of JNK activation and MKP-1, in two different pro-
cesses, invasion and angiogenesis, of urothelial carcinoma
cells. In addition, an immunohistochemical study of human
urinary bladder cancer specimens was included to estimate
the pathological interactions between phosphorylated JNK/
MKP-1 expression and tumor grade, invasion depth, and
tumor-related microvascular proliferation.

Materials and Methods

Cell Culture, Plasmids, and Chemicals

Human urothelial carcinoma cell lines, kU-7, UMUC6,
and UMUC14, were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum as previously described.30,31 His- and Myc-
tagged plasmids encoding human JNK1 (SR�-HA-JNK1)
and the upstream kinase MKK7 (SR�-3XMyc-MKK7)
were constructed as described previously.17,32 The
hygromycin-resistant gene (pTK-Hyg) was from Clon-
tech Laboratories (Tokyo, Japan) and the JNK inhibitor
SP600125 and the JNK inhibitor cell-permeable pep-
tide were from Calbiochem (Tokyo, Japan). Rabbit
polyclonal anti-phosphorylated JNK antibodies were
from Cell Signaling (Danvers, MA); goat polyclonal
anti-matrix metalloproteinase (MMP)-9 and rabbit anti-
Myc tag antibody from Abcam Ltd. (Cambridge, UK),
and mouse monoclonal anti-His, rabbit polyclonal anti-
JNK1, anti-MKP-1, anti-green fluorescence protein
(GFP), anti-vascular endothelial growth factor (VEGF),
and anti-actin antibodies were from Santa Cruz Bio-
technologies (Santa Cruz, CA). We have estimated the
specificities of antibodies against JNK, phosphory-
lated JNK, and MKP-1. KU7 cells were stained with
anti-JNK antibody, which was canceled by siRNA
transfection. KU7 cells stably overexpressing MKK7
(constructed in the current study), by which JNK is
constitutively phosphorylated (Figure 1), were strongly
stained with phosphorylated JNK but negative in con-
trol clones. KU7 cells overexpressing MKP-1 were
strongly positive for anti-MKP-1 antibody, which was
canceled by knockdown of the MKP-1 gene. These
cells were similarly fixed and processed as per the
clinical specimens (data not shown). Taken together,

Figure 1. JNK activation enhances invasiveness
of urothelial carcinoma cells in vitro. A: A hy-
gromycin-resistant gene was co-transfected with
or without plasmids encoding HA-tagged JNK or
Myc-tagged MKK7 gene into the human urothe-
lial carcinoma cell line kU-7. After cultivation in
the presence of hygromycin B, resistant clones
were selected: HygB denotes cells transfected
with hygromycin-resistant gene alone (for con-
trol), clones 1, 3, 7, and 8 were for HA-JNK, and
clones 2, 3, 5, and 9 were for Myc-MKK7. Ex-
pression of HA-JNK, Myc-MKK7, and phosphor-
ylated JNK were confirmed by immunoblotting
using anti-HA, anti-Myc, and anti-phosphory-
lated JNK antibodies. Actin expression was used
as an internal control. B: Control clone (HygB),
HA-JNK clone 8, and Myc-MKK7 clone 5 were
pretreated with or without 25 �mol/L SP500125
for 1 hour and then were placed in inserts of
Matrigel chambers. After cultivation for 36
hours, invading cells were stained (left), and
their numbers were counted under a light mi-
croscope (right). The experiment was repeated
three times, and the values are means � SE.
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specificities of antibodies used in the current study are
enough to assess the level of protein expression.

Preparation of Cell Lysates and Immunoblotting
Analysis

Immunoblotting using cell lysates was conducted as pre-
viously described.16,33 In brief, cells were washed with
phosphate-buffered saline and suspended in lysis buffer
[40 mmol/L HEPES, pH 7.4, with 10% glycerol, 1% Triton
X-100, 0.5% Nonidet P-40, 150 mmol/L NaCl, 50 mmol/L
NaF, 20 mmol/L �-glycerol phosphate, 1 mmol/L ethyl-
enediamine tetraacetic acid, 1 mmol/L ethylene glycol
bis(�-aminoethyl ether)-N,N,N�,N�-tetraacetic acid, 1
mmol/L phenylmethyl sulfonyl fluoride, and 0.1 mmol/L
vanadate] containing a protease inhibitor mixture (1
�g/ml aprotinin, leupeptin, and pepstatin). Cell lysates
were cleared by centrifugation at 15,000 rpm for 30 min-
utes and then resolved on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis gels and transferred to
polyvinylidene difluoride membranes (Millipore Ltd., Bed-
ford, MA). The membranes were blocked in TBST buffer
(20 mmol/L Tris-HCl, pH 7.5, containing 150 mmol/L NaCl
and 0.1% Tween 20) with 5% skim milk at room temper-
ature for 1 hour, and then incubated with indicated pri-
mary antibodies for 16 hours at 4°C. After washing with
TBST, the membranes were incubated with horseradish
peroxidase-conjugated anti-mouse or anti-sheep IgG
(GE Biosciences, Tokyo, Japan). After further washing
with TBST, peroxidase activity was detected using an
enhanced chemiluminescence detection system.

Stable Transfection of Expression Vectors

To establish cell lines stably expressing vectors, 105 cells
per well were seeded in six-well plates, cultured in fresh
medium for 24 hours, and then co-transfected with the
pTK-Hyg vector harboring the hygromycin-resistant gene
and an expression vector encoding His-tagged JNK1 or
Myc-tagged MKK7 using Lipofectamine (Invitrogen, To-
kyo, Japan) in accordance with the manufacturer’s pro-
tocol. The transfectants were grown for 1 month in the
presence of hygromycin, and several viable clones for
each gene were selected.

Tissue Samples, Histology,
and Immunohistochemistry

Specimens of human urinary bladder cancers diagnosed
as urothelial carcinomas (n � 73) were obtained from
patients undergoing transurethral resection or radical
cystectomy without radiation or chemotherapy at Nara
Medical University Hospital. Informed consent was ob-
tained from all patients before the collection of speci-
mens as appropriate and tumor stage and grade were
noted at the time of diagnosis. Fixation and tissue
processing were as described in a previous report.34

Sections were incubated with the indicated primary anti-
bodies for 16 hours at 4°C and binding was visualized

using a streptavidin-peroxidase kit with diaminobenzi-
dine as the chromogen (Nichirei, Tokyo, Japan), with
hematoxylin counterstaining. Percentages of cells posi-
tive for phospho-JNK or MKP-1 were estimated from
counts of at least 1000 cells examined. Microvessel count
was quantified using immunohistochemical staining for
CD34 and CD31 as markers for endothelial cells. The
most vascularized area was identified by scanning the
sections at a magnification of �40. Then, the number of
microvessels positive for CD31 or CD34 was counted in
10 selected spots at a magnification of �200 (0.95 mm2

field area). The mean count of 10 spots was defined as
the microvessel counts per field area, to avoid the bias.

Matrigel Invasion Assays

In vitro invasion assays were performed using Matrigel
invasion chambers (BD Biosciences, Bedford, MA).
Briefly, 2 � 104 KU7 cells of the control clone (transfected
with hygromycin-resistant gene encoding vector only)
and the stable clones overexpressing HA-tagged JNK or
Myc-tagged MKK7 were placed in the insert. After 36
hours of incubation at 37°C, the chambers were
scrubbed with a cotton swab to remove noninvading
cancer cells, and invading cells were fixed and stained
with the Diff Quick staining kit (Sysmex, Kobe, Japan)
and then counted under a light microscope. The experi-
ment was repeated three times.

Chick Chorioallantoic Membrane Assays

In vivo cancer cell invasion and intravasation assays were
performed using 11-day-old chick embryos wherein 106

cancer cells were transfected with GFP-encoding vector,
pEGFP (Clontech, Mountain View, CA). After 24-hour cul-
tivation, cells were seeded on chorioallantoic membranes
(CAMs) for 3 days.35 After collection of CAM samples,
tissues were fixed and stained with anti-GFP to allow the
numbers of invading cancer cells positive for GFP to be
quantified in three or more randomly selected fields.
Depth of invasion from the CAM surface was defined as
the leading front of three or more invading cells in five
randomly selected fields. Angiogenesis was assessed as
the number of visible blood vessel branch points within a
defined area of the filter disk.35,36 At least three CAMs
were used for each experiment.

Transfection of MKP-1 siRNA

UC6 cells were seeded at 106 cells per well in 6-cm dish
plates and then transfected with 100 nmol/L of control or
MKP-1 siRNA (Santa Cruz Biotechnology) in the pres-
ence of the GFP-carrying vector pEGFP. After 16 hours
of cultivation, cells were harvested and cultured on a
CAM for 3 days. The grafts and the underlying CAM
tissues were removed and homogenized, and their
lyses were used for immunoblotting to analyze MKP-1
expression.
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Gelatin Zymography

Activity and expression of MMP-9 were analyzed by gel-
atin zymography and immunoblotting, respectively.
Equal amounts of concentrated conditioned medium ob-
tained from cell culture experiments or equal amounts of
sample protein (30 mg) of CAM tissue lysates were mixed
with sample buffer (0.25 mol/L Tris-HCl, pH 6.8, 0.4%
sodium dodecyl sulfate, 40% glycerol, and bromphenol
blue) and loaded onto 7.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis containing 1 mg/ml
gelatin (Wako Pure Chemical Industries, Ltd., Osaka,
Japan). After electrophoresis, the gel was stained with
Coomassie Blue solution using Quick-CBB plus (Wako
Pure Chemical Industries, Ltd.) in accordance with the
manufacturer’s protocol, followed by destaining with
destaining buffer (5% acetic acid and 10% ethanol in
distilled water) until bands of gelatinolytic activity could
be visualized. The proteins were transferred to polyvinyli-
dene difluoride membranes and then immunoblotting us-
ing anti-MMP-9 antibody was performed.

Statistical Analysis

The Wilcoxon’s rank sum test was used to analyze the
distribution of percentages of phosphorylated JNK- or
MKP-1-positive cells. Statistical analyses were performed
using the Fisher’s exact test supplemented by the Bon-
ferroni procedures as described previously.37 Results
were considered significant if the P was �0.05.

Results

Overexpression of JNK and MKK7 Enhances in
Vitro Invasion of Urothelial Carcinoma Cells

To examine the role of JNK activation in invasion by
urothelial carcinoma cells, we constructed the urothelial
carcinoma cell line KU7 stably overexpressing JNK or the
specific upstream kinase MKK7 by which JNK can be
constitutively phosphorylated. As shown in Figure 1A,
several clones of stable transfectants were obtained, and

Figure 2. Effects of JNK activation in urothelial
carcinoma cells on invasion and angiogenesis. A
and B: Control clone (HygB), HA-JNK clone 8, and
Myc-MKK7 clone 5 derived from the human
urothelial carcinoma cell line kU-7 were transfected
with pTK-GFP. After 24 hours, cells were pre-
treated with or without 25 �mol/L SP600125 or 1
�mol/L JNK inhibitory cell-permeable peptide for 1
hour and then were seeded on top of the CAMs of
11-day-old chicks and cultured for 3 days. Macro-
scopic findings (left column) and results of immu-
nohistochemical staining of CAM cross sections us-
ing anti-GFP or anti-phosphorylated JNK antibodies
(middle and right columns) are demonstrated in A.
Invasion was assessed by counting the number of
invading cells per high-power field and quantifying
front depth of invasion (three or more cells). Ves-
sels were enumerated by counting vessel branch
points in a double-blinded manner. B: Each value
is the mean � SE of at least three experiments. C
and D: After 3 days of culture, grafting tumor
masses (control, HA-JNK, Myc-MKK7 with or with-
out SP600125 pretreatment for 1 hour) on CAMs
were collected, homogenized, and lysed with lysis
buffer. Expression of phosphorylated JNK, VEGF
(C), or active form of MMP-9 (D) were examined by
immunoblotting using anti-phosphorylated JNK,
anti-VEGF antibodies, or gelatin zymography as
described in Materials and Methods.
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single clones with highly phosphorylated JNK were se-
lected, clone 8 for HA-JNK and clone 5 for Myc-MKK7.
Cell invasion through Matrigel was enhanced by JNK/
MKK7 overexpression, and this was canceled by treat-
ment with the JNK inhibitor SP600125. SP600125 is
known to be cytotoxic, but there were no significant ef-
fects on survival of urothelial carcinoma cells for up to 5
days as assessed by cell viability assay (data not shown).
Even in a control clone, invasion was significantly inhib-
ited by JNK inhibition (Figure 1B).

JNK Activation in Urothelial Carcinoma Cells
Contributes to Two Different Processes,
Invasion and Angiogenesis, in Vivo

We next performed CAM assays to examine whether JNK
affects in vivo invasion and angiogenesis. Macroscopic
findings showed numerous allantoic vessels radiating in
a wheel pattern toward the grafts of cancer cells stably
overexpressing JNK/MKK7, and blood vessel branch
points were up-regulated. Because cancer cells were
transfected with GFP-encoding vector before plating on a
CAM, cancer invasion was immunohistochemically as-
sessed using anti-GFP antibodies. Invasion depth and
invading cell numbers were significantly increased by
constitutive JNK activation in KU7 cells (Figure 2, A and
B). Interestingly, JNK was also highly activated in the
control clone, especially in the invasive areas, even
though the activity was less than that of stable clones
expressing JNK/MKK7 (Figure 2A). We used two JNK
inhibitors, SP600125 and JNK inhibitor cell-permeable
peptide (JNKI), which strongly canceled both processes,
invasion and angiogenesis (Figure 2B). To estimate
downstream signals, we examined activities of matrix
metalloproteinases (MMPs) and expression of VEGF us-
ing gelatin zymography or immunoblotting. Activity of
MMP-9 and expression of VEGF were much higher with
constitutive activation of JNK (Figure 2, A and B). Induc-

tion of both MMP-9 and VEGF was completely canceled
by the JNK inhibitor SP600125. Other MMPs such as
MMP-1, -2, -7, and -13 and other factors that contribute to
tumor angiogenesis, like the fibroblast growth factor and
interleukin-6, were also examined, but these molecules
were not significantly changed by JNK activation or inhi-
bition (data not shown). Taken together, JNK activation
plays an essential role in both invasion and angiogenesis,
through increasing MMP-9 and VEGF in urothelial carci-
noma cells.

MKP-1 Is an Endogenous Inhibitor of
JNK-Dependent Signaling in Two Processes,
Invasion and Angiogenesis

To estimate endogenous molecules that regulate JNK
activity, we compared the less-invasive urothelial carci-
noma cell line UMUC6 with the highly invasive UMUC14.
CAM assays showed clear differences between the two
cell lines: invading cell number, invasion depth and an-
giogenesis of UMUC6 were less than those of UMUC14
(Figure 3A). Consistently, phosphorylated JNK levels in
UMUC14 were much higher than in UMUC6, even though
JNK was not activated before grafting on CAM in both
lines (Figure 3B). Invasion and angiogenesis were
strongly inhibited by JNK inhibition (SP600125 or JNKI) in
UMUC6 and UMUC14, so that the differences between
the two cell lines were canceled (Figure 3, A and B).
Interestingly, expression of an endogenous inhibitor of
MAP kinases, MKP-1, was more up-regulated in UMUC6
compared with UMUC14 (Figure 3C). Other isoforms of
MKPs were not significantly induced (data not shown).
We next examined the effects of knockdown of MKP-1 on
JNK activation and the dependent invasion/angiogene-
sis. UMUC6 cells were transfected with MKP-1 siRNA
ranging from 0 to 100 nmol/L for 24 hours and then cells
were seeded on top of CAMs and incubated for 3 days.
MKP-1 expression was reduced, whereas JNK was phos-

Figure 3. Phosphorylated JNK and the depen-
dent invasion/angiogenesis are inversely corre-
lated with MKP-1 expression in human urothe-
lial carcinoma cells. A and B: The human
urothelial carcinoma cell lines UMUC-6 and
UMUC-14 were transfected with pTK-GFP and
after a 24-hour cultivation were treated with or
without 25 �mol/L SP600125 or 1 �mol/L JNK
inhibitory cell-permeable peptide for 1 hour
then they were seeded on top of CAMs and
incubated for 3 days. A: Immunohistochemical
findings of cross sections using anti-GFP anti-
body are shown. Invasion was assessed by
counting the number of invading cells per high-
power field and quantifying front depth of in-
vasion (three or more cells), whereas vessels
were enumerated by counting vessel branch
points in a double-blinded manner. B: Each
value is the mean � SE from at least three
experiments. C: Samples obtained from UMUC6
and UMUC14 cells cultured in vitro or grafted on
top of CAMs were lysed with lysis buffer as
described in Materials and Methods, and expres-
sion of phosphorylated JNK, JNK, and MKP-1
was examined by immunoblotting using anti-
phosphorylated JNK, anti-JNK, and anti-MKP-1
antibodies.

JNK/MKP-1 and Urothelial Cancer 1007
AJP September 2007, Vol. 171, No. 3



phorylated by siRNA transfection in a dose-dependent
manner (Figure 4A). Macroscopically, tumor mass for-
mation and growth of allantoic vessels toward the
grafts were enhanced by MKP-1 knockdown, as sup-
ported by quantitative assessment of invading cell
number, invasion depth, and blood vessel branch
points (Figure 4, B and C). Total protein expression
level of JNK was not significantly changed between
UMUC6 and UMUC14 cells. Moreover, the amount of
JNK activation or MKP-1 induction by nonspecific ex-
tracellular stresses, such as high osmotic pressure,
radiation exposure, and so forth, was almost equal
between UMUC6 and UMUC14 cells. No promoter
methylation of JNK or MKP-1 genes was observed in
these lines. We concluded UMUC6 and UMUC14 cells
are useful cell lines for evaluation of the physiological
roles of JNK activation and MKP-1 induction or the
interactions between JNK and MKP-1 in invasion and
angiogenesis processes of human urothelial carci-
noma cells.

Expression of Phosphorylated JNK and MKP-1 in
Human Urothelial Carcinoma of the Urinary
Bladder
Finally, immunohistochemical analysis of phosphorylated
JNK (p-JNK) and MKP-1 expression with reference to
grade, invasiveness, and angiogenesis was examined us-
ing human bladder cancer specimens. To examine the
specificities of antibodies used in this study, immunoblotting
was performed using surgical specimens of low-grade/non-
invasive, high-grade/invasive, and carcinoma in situ, all of
which were diagnosed by two urological pathologists. JNK,
phosphorylated JNK, and MKP-1 were observed as a single
or double bands, and nonspecific ones were not found very
often, suggesting antibodies used in the current study are of
high specificities. The expression pattern of these mole-
cules demonstrated in Figure 5A was consistent with the
immunohistochemical analysis: as shown in Figure 5B and
Figure 6, A and B, the percent positivity of p-JNK was much
higher in high-grade (G3) and invasive urothelial carcino-
mas (�pT2) including CIS (G3) than in low-grade (G1 and
G2) lesions with a noninvasive phenotype (pTa and pT1),
even though total expression of JNK was unchanged [G1,
26.6 � 3.3%; G2, 26.7 � 2.8% versus G3, 61.2 � 2.8%
(P � 0.01) and pTa, 25.4 � 2.8%; pT1, 31.9 � 3.8%
versus �pT2, 59.4 � 4.3%, CIS, 62.5 � 4.4% (P � 0.01)].
Microvessel density assessed by CD34 or CD31 immuno-
staining correlated with the positive percentage for p-JNK
(Figure 6C). In contrast, MKP-1 was highly expressed in
low-grade and noninvasive cancers but to a much lesser
extent in high-grade, CIS, and invasive cancers [G1, 54.7 �
5.8%; G2, 34 � 5.3% versus G3, 12.4 � 2.0% (P � 0.01)
and pTa, 25.4 � 2.8%; pT1, 31.9 � 3.8% versus �pT2,
59.4 � 4.3%; CIS, 62.5 � 4.4% (P � 0.01)] (Figures 5 and
6, D and E). Interestingly, the positive percentage for MKP-1
was higher in cancer cells with lower p-JNK (%MKP-1:
58.1 � 9.2% in p-JNK less than 10% versus 22.7 � 3.8% in
p-JNK more than 30% (P � 0.05)] (Figures 5 and 6F). The
intensities for phosphorylated JNK and MKP-1 were as-

Figure 4. Reduction of MKP-1 enhances JNK activation and the dependent
invasion/angiogenesis in human urothelial carcinoma cells. A: The human
urothelial carcinoma cell line UMUC6 was co-transfected with pTK-GFP and
MKP-1 siRNA ranging from 0 to 100 nmol/L. After a 24-hour cultivation, cells
were seeded on top of CAMs and incubated for 3 days. Grafting tissue samples
were collected and lysed with lysis buffer. Knockdown efficacy of MKP-1 and
expression of phosphorylated JNK were examined by immunoblotting using
anti-MKP-1, anti-phosphorylated JNK, and anti-JNK antibodies. B and C: Cells
were transfected with 100 nmol/L of control or MKP-1 siRNA. After a 24-hour
cultivation, they were seeded on top of CAMs and incubated for 3 days. Mac-
roscopic (left column) and immunohistochemical findings (right column) using
anti-GFP antibodies for cross sections are demonstrated in B. Invasion was
assessed by counting the number of invading cells per high-power field and
quantifying front depth of invasion (three or more cells), whereas vessels were
enumerated by counting vessel branch points in a double-blinded manner. C:
Each value is the mean � SE of at least three experiments.
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sessed by 0, �1 (weak), �2 (moderate), �3 (high), and �4
(very high), which showed almost similar results to the data
of positive percentages (Figure 7). In normal urothelial cells,
JNK was highly expressed, but expression of phosphory-
lated JNK and MKP-1 was very low (Figure 5B).

Discussion

In the present study, we demonstrated for the first time
that JNK activation could account for highly invasive
phenotypes of urothelial carcinoma cells and contribute
to cancer development through MMP-9 and VEGF induc-
tion in vitro and in vivo. Interestingly, JNK-mediated en-
hancement of cancer invasion or angiogenesis was con-
firmed by immunohistochemical analyses using human
urothelial carcinoma specimens: JNK was found to be
highly phosphorylated in high-grade (G3) and muscular
invasive phenotypes (�pT2) but to only a much lower
extent in low-grade and noninvasive ones, even though
total expression of JNK was similar. In addition, tumor
vessel counts were increased in bladder urothelial carci-
noma with higher positive percentages for phosphory-
lated JNK. Evidence has accumulated of essential roles

Figure 5. Immunohistochemical findings for JNK, phosphorylated JNK, and MKP-1 in human urothelial carcinomas of the urinary bladder. A: Tissue samples of
urothelial carcinoma obtained by transurethral resection or radical cystectomy were divided into three groups, low-grade (G1, 2)/noninvasive (pTa, pT1)
phenotype, high-grade (G3)/invasive (more than pT2) phenotype, and G3/carcinoma in situ. Two cases for each were collected and lysed and then
immunoblotting using anti-JNK, anti-phosphorylated JNK, and anti-MKP-1 antibodies was performed. B: All samples and normal urothelial cells distant from
cancer foci were stained with these antibodies.

Figure 6. Box plot figures of immunohistochemical analyses (positive per-
centages) of human urothelial carcinomas. A, B, D, and E: Relationships
between percentages of positive cells for phosphorylated JNK or MKP-1 and
grade [G1, 2, and 3)/stage pTis (CIS), pTa, pT1, and �pT2]. C: The relation-
ship between microvessel counts and percentages of cells positive for phos-
phorylated JNK. F: The relationship between percentages of positive cells for
MKP-1 and phosphorylated JNK.
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of upstream and downstream pathways of MAP kinases
in cancer invasion or metastasis, but most attention has
been focused on the function of ERK38–44 without any
pathological evidence using human cancer specimens.
A number of authors have investigated the biological
significance of JNK in detail: MAP kinase kinase kinase
(MEKK) 1, upstream kinase of JNK, has been reported to
exert positive effects on cancer invasion or metastasis
through induction of MMPs or urokinase type tissue plas-
minogen activator (u-PA), FAK activation via co-localiza-
tion-dependent mechanism, or Rho family GTPases, and
so forth.42–44 Recently, Lijnen and colleagues45 indi-
cated that u-PA, upstream of MMP-1, -2, -3, -9, -10, or
-13,46,47 destroys basement membrane integrity, result-
ing in metastasis in vivo.21 The promoter regions of
MMP-2 and MMP-9 feature a binding motif of AP-1 that
can be activated by MAP kinases. Taken together, JNK
activation appears involved in cancer progression, espe-
cially invasion, as indicated in our present study. JNK
phosphorylation is well known to be a downstream signal
of Ras.48–50 In addition, recent reports demonstrated that
JNK activation sensitizes cancer cells including urothelial
carcinomas to anticancer drug-induced cytotoxicity.15,37,51

The studies emphasized anti-tumor functions of JNK,
which seem to be inconsistent with our present results.
There are no critical explanations for this discrepancy,
but Igaki and colleagues52 found that JNK activation
switches its proapoptotic effects to survival effects on
tumor cells in the presence of oncogenic Ras in Drosoph-
ila genetic models. If their theory fits with urothelial car-
cinoma cells, this raises the possibility that activated JNK
switches a noninvasive phenotype with frequently mu-
tated Ras to an invasive one, conferring resistance to
chemotherapy via prosurvival effects. Whatever the case,
it should be emphasized that activated JNK has positive
and negative effects on urothelial carcinoma develop-
ment. As to the role of JNK in tumor angiogenesis, Kim
and colleagues53 reported thrombospondin production
can be mediated through JNK activation, whereas Ennis
and colleagues54 found JNK inhibition to suppress endo-
thelial cell migration and development of vasculature.

Similarly to MMP-2 and -9, the promoter region of VEGF
has an AP-1-binding motif,55,56 and VEGF expression has
been reported to be increased in urothelial carcinomas
with malignant potential.57–59 The results support tumor
angiogenesis via activation of the JNK/VEGF axis as sug-
gested in our study. Because angiogenesis can be fre-
quently seen even in low-grade, noninvasive urothelial
carcinomas, JNK-mediated cancer progression might be
mainly mediated through enhancement of invasion rather
than VEGF-associated angiogenesis. It is well known that
VEGF has a variety of biological functions as well as
angiogenesis; therefore, we should further evaluate the
roles of JNK-dependent induction of VEGF in urothelial
carcinoma development.

One more important finding is that decreased expres-
sion of MKP-1 can lead to enhancement of JNK activation
in urothelial carcinoma cells. CAM assays showed high
invasion of the urothelial carcinoma cell line UMUC14,
which has more activated JNK and lower expression of
MKP-1 than the less invasive line UMUC6, and that
knockdown of MKP-1 resulted in enhancement of two
processes, invasion and angiogenesis, through in-
creased JNK activity. These in vivo results clearly indicate
that MKP-1 inhibits JNK-mediated invasiveness and an-
giogenesis in urothelial carcinoma cells, as supported by
the immunohistochemical analysis showing MKP-1 ex-
pression: it was increased in lower-grade and noninva-
sive bladder cancer but strongly decreased in advanced
cases. Loda and colleagues29 previously showed MKP-1
to be overexpressed in prostate, colon, and bladder can-
cers as compared to normal epithelium but also found
loss of expression with higher histological grade and
metastases on assessing 164 human epithelial tumors.
Our present research suggested that JNK can be acti-
vated by decreased expression of its endogenous
MKP-1, resulting in enhanced invasiveness and angio-
genesis. JNK phosphorylation and MKP-1 expression
were not constitutively induced in either UMUC14 or
UMUC6 cells, and growth capacity of these lines was not
significantly different in vitro (data not shown). However,
they were activated or induced during incubation on
CAM, and the levels differed between the two cases. JNK
activation or MKP-1 expression is well known to be in-
duced by growth factors, UV stimulation, or oxidative
stresses, all of which affect cell migration. Therefore, JNK
activation or MKP-1 expression might be induced in re-
sponse to various growth factors during the invasion
step. Moreover, CAM analyses might give important
pointers to novel mechanisms of two processes, invasion
and angiogenesis, of urothelial carcinomas. Some inves-
tigators have documented that MKP-1 stimulates pro-
gression through the cell cycle43,59,60 and leads to che-
moresistance.61–63 Therefore, we proposed MKP-1 might
contribute to carcinogenesis and resistance to therapy
by itself, whereas it could inhibit urothelial carcinoma
development.

In summary, up-regulation of JNK and the associated
induction of MMP-9 and VEGF were found to be novel
pathways associated with high-grade muscle invasive
urothelial carcinomas. Phosphorylated JNK-mediated in-
vasiveness and angiogenesis were physiologically inhib-

Figure 7. Box plot figures of immunohistochemical analyses (intensities) of
human urothelial carcinomas. A–D: Relationships between intensities of
positive cells for phosphorylated JNK or MKP-1 and grade [G1, 2, and
3)/stage pTis (CIS), pTa, pT1, and �pT2].
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ited by the phosphatase, MKP-1, that is highly expressed
in low-grade and noninvasive urothelial carcinoma (Fig-
ure 8). We conclude that MKP-1 induction and decreased
JNK activity contribute to determination of the noninva-
sive or invasive phenotypes of urothelial carcinoma cells.
Moreover, it is necessary to examine not only MKP-1
expression but also phosphorylated JNK for prediction of
malignant behavior or prognosis in urothelial carcinoma,
and MKP-1 and activated JNK might be key targets for
cancer therapy.
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