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c-Jun N-terminal kinase (JNK) is a member of the mitogen-activated
protein kinase (MAPK) family, and it is reportedly involved in the
development of several cancers. However, the role of JNK in pan-
creatic cancer has not been elucidated. We assessed the involve-
ment of JNK in the development of pancreatic cancer and
investigated the therapeutic effect of JNK inhibitors on this deadly
cancer. Small interfering RNAs against JNK or the JNK inhibitor
SP600125 were used to examine the role of JNK in cellular prolifer-
ation and the cell cycles of pancreatic cancer cell lines. Ptf1acre/+;
LSL-KrasG12D/+;Tgfbr2flox/flox mice were treated with the JNK inhibi-
tor to examine pancreatic histology and survival. The effect of JNK
inhibition on tumor angiogenesis was also assessed using cell lines
and murine pancreatic cancer specimens. JNK was frequently
activated in human and murine pancreatic cancer in vitro and
in vivo. Growth of human pancreatic cancer cell lines was sup-
pressed by JNK inhibition through G1 arrest in the cell cycle with
decreased cyclin D1 expression. In addition, oncogenic K-ras
expression led to activation of JNK in pancreatic cancer cell lines.
Treatment of Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2flox/flox mice with the
JNK inhibitor decreased growth of murine pancreatic cancer and
prolonged survival of the mice significantly. Angiogenesis was also
decreased by JNK inhibition in vitro and in vivo. In conclusion, acti-
vation of JNK promotes development of pancreatic cancer, and
JNK may be a potential therapeutic target for pancreatic cancer.
(Cancer Sci 2013; 104: 337–344)

c -Jun N-terminal kinase (JNK) is a member of the MAPK
family, is activated by cytokines, growth factors and envi-

ronmental stress, and controls cell proliferation, differentiation,
apoptosis, and survival(1–4) through the regulation of various
target molecules such as transcriptional factors c-Jun, activat-
ing transcription factor 2 (ATF2), E twenty-six-like transcrip-
tion factor 1 (Elk1), and signal transducer and activator of
transcription 3 (STAT 3).(1,5–7)

c-Jun N-terminal kinase has been reported to play an impor-
tant role in the development of various cancers.(8–11) JNK1-
deficient mice exhibited a decrease in carcinogenesis of
chemically-induced gastric cancer or hepatocellular carci-
noma,(12–15) and JNK2-deficient mice showed reduced forma-
tion of skin tumors.(16) Activation of JNK was reported in
human pancreatic cancer specimens,(17) and growth of a pan-
creatic cancer cell line was reported to be inhibited by pharma-
cological inhibition of JNK in vitro.(18) However, the function
of JNK in pancreatic cancer remains largely unexplored.
Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2flox/flox mice (KrasG12D+

Tgfbr2KO mice) are pancreas-specific Tgfbr2 knockout mice
with active K-ras expression that are generated using the Cre-
loxP system driven by the Ptf1a (pancreatic transcription
factor-1a) promoter. These mice develop murine pancreatic

intraepithelial neoplasia (mPanIN) progressively and, finally,
well-differentiated pancreatic ductal adenocarcinoma (PDAC)
with 100% penetrance and a median survival duration of
59 days.(19) Because the clinical and histopathological manifes-
tations of KrasG12D+Tgfbr2KO mice recapitulate human PDAC,
these mice are considered a good model of human PDAC and
are used for the evaluation of candidate treatment drugs for
PDAC.(20)

In the present study, we examined the role of JNK and the effect
of JNK inhibition in pancreatic cancer using pancreatic cancer
cell lines and KrasG12D+Tgfbr2KO mice. We found that inhibition
of JNK can be a potential therapy for pancreatic cancer.

Materials and Methods

Mice. Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2flox/flox mice (KrasG12D

+Tgfbr2KO mice) and Ptf1acre/+;LSL-KrasG12D/+ mice
(KrasG12D mice) were described previously.(19–21) Genotyping
of Ptf1acre/+, LSL-KrasG12D/+, floxed Tgfbr2 alleles was per-
formed using oligonucleotide primers as described previ-
ously.(22–24) All the experimental protocols were approved by
the ethics committee for animal experimentation and were con-
ducted in accordance with the Guidelines for the Care and Use
of Laboratory Animals of the Graduate School of Medicine at
the University of Tokyo.

RNA interference and plasmids. JNK1 small interfering RNA
(siRNA) or JNK2 siRNA, cyclin D1 siRNA, KRAS siRNA,
and control siRNA were purchased from Qiagen (Hilden, Ger-
many) and transfected into the cells using RNAiMAX (Invitro-
gen Life Technologies, Carlsbad, CA, USA). Wild-type Ha-ras
vector and constitutively active Ha-ras (RasG12V) vector were
purchased from Clontech and subcloned into pTriEx-2 (Nov-
agen, Madison, WI, USA). Cells were seeded into 12-well
plates and, after 24 h, they were transfected with 0.3 lg of
expression plasmids or the control vector (pcDNA3.1) using
Effectene Transfection reagent (QIAGEN).

Cell culture, cell cycle analysis, histology, immunohistochemis-
try, immunofluorescence, the terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay, immunoblotting,
real-time RT-PCR, cytokine array, and Enzyme-linked immunosor-
bent assay (ELISA). Details are described in Suppl. Doc S1.

Drug administration and experimental design in an in vivo
model. The JNK-specific inhibitor SP600125(25) (LC Laborato-
ries, Woburn, MA, USA) was dissolved in DMSO, and then
was diluted in PBS and injected intraperitoneally into
KrasG12D+Tgfbr2KO mice. To examine the effect of SP600125
on PDAC in vivo, we injected 50 mg ⁄kg SP600125 five times
per week from postnatal day 21 for 4 weeks, and then mice
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were killed. To examine survival of the mice, we injected
10 mg ⁄kg SP600125 five times per week from postnatal day
21 until the mice became moribund. D-JNKI1 (Enzo Life
Sciences, Plymouth Meeting, PA, USA), a peptide that specifi-
cally inhibits JNK, was dissolved in PBS and was injected
intraperitoneally into KrasG12D+Tgfbr2KO mice (5 mg ⁄kg once
in every 3 days from postnatal day 21, for 15 days).

Angiogenesis assay. Capillary formation of human umbilical
vein endothelial cells (HUVECs) was assessed using the Fibrin
Gel In Vitro Angiogenesis Assay Kit (Chemicon, Temecula,
CA, USA), as described previously.(26) Details are described in
Suppl. Doc S1.

Statistical analysis. The data were expressed as the
mean � SD. Differences between means were compared using
Student’s t-test; a P-value <0.05 was deemed to indicate statisti-
cal significance. The survival curves were plotted according to
the Kaplan–Meier method and compared by the log-rank test.

Results

JNK activation in human pancreatic cancer. To analyze the
role of JNK in pancreatic cancer, we first examined JNK phos-
phorylation in human pancreatic cancer specimens by immuno-
histochemical staining. As shown in Fig. 1A, we observed
increased levels of phosphorylated JNK in 85 ⁄ 93 of the
pancreatic cancer samples (91.4%), and none of the 18 normal
samples showed positive staining for phosphorylated JNK. The
rate of cases with phosphorylated JNK did not show a
significant difference between pathological stage and histologi-
cal grade (Fig. 1B). Next, we investigated phosphorylation of

JNK in eight human pancreatic cancer cell lines. Phosphory-
lated JNK was observed in all the cell lines (Fig. 1C). These
results indicate that the JNK pathway is activated in most
cases of human pancreatic cancer.

The role of JNK in PDAC cell proliferation. To examine
whether JNK affects tumor growth in vitro, we inhibited JNK
in pancreatic cancer cell lines BxPC-3 and KP-4, which
contain enhanced phosphorylation of JNK, using JNK1 siRNA,
JNK2 siRNA, or the JNK inhibitor SP600125. Cell proliferation
was significantly inhibited following JNK inhibition (Figs 2A,B
and S1A,B). Next, we investigated the cell cycle status of
pancreatic cancer cells by flow cytometry. Cells transfected
with JNK1 or JNK2 siRNA displayed a higher proportion of
cells in the G0 ⁄G1 phase, compared with control siRNA
(Fig. 2C), indicating that JNK inhibition leads to G1 arrest.
Then we examined the expression of genes related to cell
proliferation and cell cycle regulation. The expression of cyclin
D1 was decreased in cells transfected with JNK1 or JNK2
siRNA and SP600125-treated cells (Figs 2D,E and S1C,D).
We next investigated the role of Ras in JNK activation in

pancreatic cancer because oncogenic K-ras mutation is known
to be highly prevalent in pancreatic cancer, and Ras has been
reported to cause activation of JNK.(1,27,28) We overexpressed
wild-type Ras or oncogenic RasG12V in BxPC-3 and KP-4
cells using expression plasmids. The expression levels of phos-
phorylated JNK were higher in RasG12V cells than in wild-
type Ras cells after normalization to Ras expression (Figs 2F
and S1E). Extracellular signal-regulated kinase (ERK) was also
activated, which was considered to be dependent on the Ras
⁄Raf ⁄MEK ⁄ERK pathway. We also knocked down KRAS in

(A)

(B)

(C)

Fig. 1. Activation of c-Jun N-terminal kinase (JNK)
in human pancreatic cancer. (A) Human normal
pancreas (n = 18, left) and pancreatic cancer sections
(n = 93, right) were stained for phosphorylated JNK,
and representative images are shown (original
magnification, 9200; bar, 100 lm). Insets show
detailed areas containing the pancreatic duct
(original magnification, 9400; bar, 50 lm). (B) The
rate of positive cases for phosphorylated JNK in each
clinical stage (left) and tumor differentiation (right).
(C) Levels of phosphorylated and total JNK in human
pancreatic cancer cell lines were determined by
immunoblotting.
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KP-4 cells using KRAS siRNA. The level of phosphorylated
JNK was decreased in KRAS knocked-down cells (Fig. 2G),
and the growth of KP-4 cells was significantly inhibited by
KRAS knockdown (Fig. 2H).
Cyclin D1 is a well-established cell cycle regulator of prolif-

eration,(29) and we confirmed that growth of cell lines was
inhibited by transfection of cyclin D1 siRNA (Fig. 3A). To
investigate the role of Ras activation in cyclin D1 transactiva-
tion, we performed a luciferase assay using the cyclin D1
promoter-containing construct pD1luc(30) and consensus AP-1
binding site-containing AP-1luc. Overexpression of RasG12V
enhanced both the cyclin D1 promoter and AP-1 transcription
factor in KP-4 cells, whereas treatment with SP600125 abol-
ished the enhanced promoter activities (Fig. 3B). We also
observed that cyclin D1 mRNA was decreased by the JNK
inhibitor SP600125 as well as siRNAs against JNK1 and JNK2
in KP-4 cells (Fig. 3C). These results ensured that oncogenic
Ras regulates cyclin D1 transcription via JNK activation. Next,
we examined the expression of cyclin D1 in human pancreatic
cancer tissues. Human pancreatic cancer tissue array showed
positive staining in pancreatic cancer tissue in 15 ⁄20 cases and
0 ⁄ 4 in normal cases (Fig. 3D). These results indicate that JNK
plays an important role in the proliferation of pancreatic cancer
through cyclin D1 regulation, and mutation of K-ras seems to
be one of the mechanisms involved in JNK activation of
pancreatic cancer.

JNK activation in murine PDAC tissue and the effect of JNK
inhibition on PDAC development and survival of the mice.
Although KrasG12D+Tgfbr2KO mice develop PDAC, KrasG12D

mice develop mPanIN and rarely develop pancreatic carcinoma
within 1 year.(19,21) We examined JNK activation in normal,
mPanIN, and PDAC tissue, obtained from wild-type, KrasG12D,
and KrasG12D+Tgfbr2KO mice, respectively. Immunohistochem-
ical staining showed increased expression of phosphorylated
JNK according to the progression of PDAC, in accordance
with cyclin D1 expression (Fig. 4A). A similar result was
obtained in immunoblotting analysis (Fig. 4B). The levels of
phosphorylated c-Jun were also elevated in accordance with
histological progression; however, phosphorylated ERK was
activated in mPanIN and PDAC to the same extent (Fig. 4B).
These results have indicated that the JNK pathway is activated
in the mouse model of PDAC with mutated K-ras and trans-
forming growth factor (TGF)b signaling, and loss of TGFb
signaling seems to have an additional effect on JNK activity
mediated by K-ras mutation in vivo.
To investigate the therapeutic effect of JNK inhibition

in vivo, we treated KrasG12D+Tgfbr2KO mice with JNK inhibi-
tors. Histological analysis showed significantly decreased
tumor areas in the pancreas of the mice treated with SP600125
(n = 9; 55.5 � 20.2%) compared with the control mice
(n = 8; 86.6 � 8.9%) (Fig. 4C). We observed similar results
using another JNK inhibitor, D-JNKI1, which has a mechanism
of JNK inhibition distinct from that of SP600125(31) (Fig.
S2A). Next, we examined whether survival is prolonged by
JNK inhibitor treatment. As shown in Fig. 4D, the survival
time was significantly improved in mice treated with
SP600125 (median survival time, 63 days), compared with the
control vehicle (57.5 days; P = 0.036, log-rank test).

(A) (B) (C)

(D) (E) (F) (G)

(H)

Fig. 2. Effect of c-Jun N-terminal kinase (JNK) and KRAS on the growth of pancreatic cancer cell lines. (A, B) KP-4 cells were transfected with
JNK1, JNK2 or control siRNA (A), or treated with the indicated concentration of the JNK inhibitor SP600125 (B). The cell number was measured
24, 48, and 72 h after transfection or addition of SP600125. Data are plotted as means � SD of triplicate samples (*P < 0.05, **P < 0.005 vs.
control siRNA-transfected cells [A] or dimethylsulfoxide [DMSO]-treated cells [B]). Experiments were performed three times, and representative
results are shown. (C) The cell cycle distribution of BxPC-3 cells transfected with JNK1, JNK2, or control siRNA. The proportion of cells in each
phase of the cell cycle is shown. Data shown represent means � SD of triplicate samples (*P < 0.05, **P < 0.005 vs. control siRNA-transfected
cells). (D, E) Expression levels of indicated proteins in KP-4 cells transfected with JNK1, JNK2, or control siRNA (D) or treated with SP600125 or
control vehicle (E). (F) KP-4 cells were transfected with control plasmid or an expression plasmid encoding wild-type Ras (WT) or RasG12V (V12).
Immunoblotting with antibodies against the indicated proteins and the relative quantity of the blots compared with the control are shown. (G)
KP-4 cells were transfected with 100 nM of control or KRAS siRNA, and then lysed after 48 h. Results of immunoblotting analysis for the
indicated proteins are shown. (H) Cell numbers were measured 24, 48, and 72 h after transfection. Data are plotted as means � SD of triplicate
samples (*P < 0.05 vs. control siRNA-transfected cells).
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The PDAC specimens of the mice were immunohistochem-
ically stained, and we observed decreased expression of phos-
phorylated JNK, c-Jun, cyclin D1, and PCNA in the PDAC
tissues treated with SP600125 (Fig. 4E), suggesting that JNK
inhibition suppressed cell proliferation. We next performed
the TUNEL assay for PDAC sections. The number of
TUNEL-positive cells in PDAC tissue treated with SP600125
was similar to those in control sections, showing that the
anti-tumor effect of JNK inhibitors is not dependent on apop-
tosis (Fig. S2B). These results indicate that treatment with
JNK inhibitors had therapeutic effects on PDAC in
KrasG12D+Tgfbr2KO mice.

The mechanism of the anti-tumor effect by JNK inhibition. To
further investigate the mechanism of the anti-tumor effect of
JNK inhibition, we evaluated the involvement of tumor angio-
genesis. We found fewer blood vessels in PDAC specimens
treated with SP600125 compared with those in control speci-
mens (Fig. 5A). We examined the levels of cytokines in the
supernatant of KP-4 cells treated with SP600125 or control
vehicle using cytokine array. We found that some angiogenic
cytokines, such as interleukin-8 (IL-8), growth-related
oncogene a (GROa), vascular endothelial growth factor
(VEGF), and monocyte chemotactic protein-1 (MCP-1),(32–35)

were reduced by SP600125 treatment (Fig. S3A). We quanti-
tated the levels of these cytokines in the supernatant of KP-4
cells treated with SP600125 or siRNA against JNK1 and 2 by
ELISA, and confirmed that these cytokines are decreased in
the supernatant of KP-4 cells with JNK inhibition (Figs 5B
and S3B).
Next, we incubated HUVECs with the supernatant of KP-4

cells transfected with siRNAs against JNK1 and 2, and found
that capillary formation by HUVECs was significantly reduced
(Fig. 5C). Similar results were obtained with the supernatant
of KP-4 cells treated with SP600125 (Fig. S3C). Incubating
HUVECs with the supernatant of BxPC-3 cells also showed
similar results (data not shown). These results indicate that

JNK inhibition has anti-angiogenic effects on pancreatic cancer
in vitro and in vivo, which may be associated with therapeutic
effect observed in vivo.
CD44 is an adhesion molecule known to be upregulated in

human PDACs,(36) and putative pancreatic cancer stem cells
have been identified based on the expression of CD44, CD24,
and epithelial specific antigen.(37) CD44-positive cells were
found in PDAC of KrasG12D+Tgfbr2KO mice, whereas normal
acinar and ductal cells showed no CD44 staining (Fig. 5D).
We observed higher expression of CD44 in PDAC tissue of
KrasG12D+Tgfbr2KO mice compared with mPanIN and normal
pancreatic tissue (Fig. 5E). CD44-positive cells in PDAC
tissue were decreased by SP600125 treatment (Fig. 5F). The
KP-4 cell line showed decreased CD44 expression when trea-
ted with SP600125 (Fig. 5G). Thus, it is possible that the JNK
inhibitor exerts an anti-tumor effect by decreasing CD44-posi-
tive cells.

Discussion

JNK1 and JNK2 may play different roles depending on the cell
type and condition. For example, JNK1-deficient mice sponta-
neously develop intestinal tumors,(38) but loss of JNK2 shows
no phenotype in the intestine.(39) In the present study, silencing
JNK1 or JNK2 in vitro both showed an inhibitory effect on
the growth of pancreatic cancer cells (Fig. 2A), indicating that
JNK1 and JNK2 may be cooperatively involved in the
proliferation of pancreatic cancer cell lines.
In the pancreatic cancer tissue of KrasG12D+Tgfbr2KO mice,

JNK1 was strongly activated, whereas JNK2 was barely acti-
vated (Fig. 4B). In human PDAC cell lines, mainly JNK2
was activated (Fig. 1C), and JNK1 was activated by K-ras
induction (Fig. 2F). Conversely, histologically normal acinar
cells of KrasG12D mice, which also contain the mutant K-ras
gene knocked in by Ptf1acre, did not show phosphorylated
JNK staining (Fig. 4A middle). Thus, K-ras mutation is

(A)

(C)

(D)

(B)

Fig. 3. Regulation of cyclin D1 by KRAS and c-Jun
N-terminal kinase (JNK). (A) KP-4 cells were
transfected with control siRNA and cyclin D1 siRNA.
Cell numbers were measured as in Fig. 2(A). Data
are plotted as means � SD of triplicate samples
(*P < 0.05 vs. control siRNA-transfected cells). (B)
KP-4 cells were transfected with the pcDNA3.1 or
RasG12V vector together with pD1luc (left) or
AP-1luc (right) for 24 h. SP600125 (SP) or control
vehicle (dimethylsulfoxide [DMSO]) was added to
the supernatant immediately after the transfection.
The ratio of reporter luciferase activity to the
Renilla luciferase control is indicated. Results
represent the means � SD of triplicate samples
(*P < 0.05). (C) KP-4 cells were treated with control
vehicle or SP600125 (SP) (left), or transfected with
control, JNK1, JNK2, or both JNK1 and 2 siRNAs
(right). After 48 h, relative mRNA levels of cyclin D1
were measured by real-time reverse transcription-
polymerase chain reaction (RT-PCR). Data are
plotted as means � SD of triplicate samples
(*P < 0.05 vs. control siRNA-transfected cells).
Experiments were performed three times, and
representative results are shown. (D) Human normal
pancreas (n = 4, left) and pancreatic cancer sections
(n = 20, right) were stained for cyclin D1 and
representative images are shown (original
magnification 9200, bar 100 lm). Insets show
detailed areas containing pancreatic duct (original
magnification 9400, bar 25 lm). Results are
means � SD of six random views (*P < 0.05).
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required for JNK activation but may not be sufficient for
JNK activation in vivo. Presently, we do not have sufficient
data to discuss the differences in JNK1 and JNK2 activation
status between mouse and human cells or between the
in vitro and in vivo model. Because JNK is known to be
activated by various molecules, such as MAPK kinase 4
(MKK4) and MKK7, the difference in JNK activation
between in vitro and in vivo may originate from the balance
of these signals. Experiments using JNK1 or JNK2 knockout
mice may help investigate the difference in JNK activation
by mutant K-ras in vitro and in vivo.
c-Jun N-terminal kinase phosphorylation is stronger in

PDAC than in mPanIN, whereas ERK activation was almost
the same in both tissue types (Fig. 4B). This result also
suggests the critical role of JNK in pancreatic carcinogenesis,

consistent with the report that Ras-induced transformation of
primary murine embryonic fibroblasts (MEFs) requires
JNK.(40) Additionally, JNK signaling might be more important
than ERK signaling in the late phase of carcinogenesis.
Cyclin D1 is one of the molecules that regulates the cell

cycle and is important in many types of human cancer, includ-
ing gastric cancer.(41) Cyclin D1 is overexpressed in a signifi-
cant proportion of human pancreatic cancers, and elevated
cyclin D1 levels correlate with abnormal growth and tumorige-
nicity in human pancreatic cancer.(42,43) Our results that JNK
inhibition leads to decreased cyclin D1 expression and cell
cycle retardation (Fig. 2C–E) are consistent with previous
reports,(44–47) suggesting that the therapeutic effect of JNK
inhibition is dependent on suppression of cyclin D1 expres-
sion.

(A)

(C)

(D)

(E)

(B)

Fig. 4. The therapeutic effect of JNK inhibitors against pancreatic ductal adenocarcinoma (PDAC) in vivo. (A) Immunohistochemical staining for
phosphorylated c-Jun N-terminal kinase (JNK) and cyclin D1 in the pancreas of wild-type (normal), KrasG12D (mPanIN), and KrasG12D+Tgfbr2KO

(PDAC) mice are shown (original magnification, 9200; bar, 100 lm). Insets are magnified images to show nuclear staining (bar, 25 lm). The num-
bers of cells with nuclear staining were counted and averaged (right). Results are means � SD of six random views (*P < 0.05). (B) Immunoblot-
ting analysis of the pancreatic lysate with antibodies against the indicated proteins is shown. Each lane represents an individual case. (C)
Hematoxylin and eosin staining of sections of pancreas tissues from KrasG12D+Tgfbr2KO mice treated with control vehicle or SP600125. Arrow
heads indicate histologically normal areas (original magnification, 9200; bar, 100 lm). Tumor areas in the sections were compared (right). The
data shown represent means � SD (*P = 0.012). (D) Kaplan–Meier survival curves of the KrasG12D+Tgfbr2KO mice treated with control vehicle
(n = 8) or SP600125 (n = 9) (*P = 0.036, log-rank test). (E) Sections of PDAC tissues from KrasG12D+Tgfbr2KO mice treated with control vehicle or
SP600125 were immunostained for indicated antibodies (left) (original magnification, 9400; bar, 50 lm). The number of cells with nuclear
staining with each antibody was counted and averaged (right). Results are means � SD of three random views (*P < 0.05).
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c-Jun N-terminal kinase-targeted cancer therapy has been
investigated mainly in vitro using antisense oligonucleotides
and pharmacological inhibitors.(9,18,48) Regarding pancreatic
cancer, SP600125 inhibits the growth of the pancreatic cancer
cell line MIAPaCa2.(18) We demonstrated that JNK inhibition
suppressed progression of PDAC and prolonged the survival of
mice with PDAC (Fig. 4A–D). As the result of TUNEL stain-
ing showed that apoptosis was not increased in the tumors of
SP600125-treated mice (Fig. S2B), the anti-tumor effect by
JNK inhibition is not dependent on apoptosis in our in vivo
model.
The growth and progression of solid tumors are affected

by angiogenesis,(49) and angiogenesis has been reported to

have a positive correlation with disease progression of pan-
creatic cancer.(50,51) Furthermore, JNK and p38 are essential
for VEGF mRNA stabilization in vitro.(52) In the present
study, we observed decreased angiogenesis by treatment with
SP600125 in vitro and in vivo. Therefore, suppression of
vascularization is probably one of the mechanisms of the
anti-tumor effect by the JNK inhibitor in vivo. Conversely,
stromal cells surrounding tumors can secrete angiogenic
cytokines. We found that some stromal cells are positive for
phosphorylated JNK in immunohistochemical staining
(Figs 1A and 4A). The effect of the JNK inhibitor on fibro-
blasts or macrophages in the PDAC remains to be investi-
gated.

(A) (D)

(B)

(C)

(F)
(G)

(E)

Fig. 5. Mechanism of the anti-tumor effect of c-Jun N-terminal kinase (JNK) inhibition on pancreatic cancer. (A) Pancreatic ductal adenocarci-
noma (PDAC) sections of KrasG12D+Tgfbr2KO mice treated with control vehicle or SP600125 were immunohistochemically stained for vWF (left)
(original magnification 9200; bar, 100 lm). The number of blood vessels in PDAC sections was counted (right). Three random views were chosen
in each case, and the numbers of blood vessels were counted and averaged. Results are means � SD of triplicate samples (*P < 0.05). (B) Enzyme
linked immunosorbent assays of interleukin-8 (IL-8), growth-related oncogene a (GROa), and vascular endothelial growth factor (VEGF) in the
supernatants of KP-4 cells transfected with control, JNK1, JNK2, or JNK1 and 2 siRNAs (100 nM, 48 h). Results are means � SD of triplicate sam-
ples (*P < 0.05). (C) Capillary formation of human umbilical vein endothelial cells (HUVECs) in the supernatant of KP-4 cells transfected with con-
trol, JNK1, JNK2, or JNK1 and 2 siRNAs. The numbers of branch points were counted. Results are means � SD of triplicate samples (*P < 0.05).
Representative images are shown at the left. (D) Pancreatic tissues of wild-type (normal) or KrasG12D+Tgfbr2KO (PDAC) mice were immunohisto-
chemically stained for CD44 (original magnification 9400; bar, 50 lm). (E) Immunoblotting analysis of pancreatic lysate with antibodies against
CD44. Each lane represents an individual case. (F) Pancreatic ductal adenocarcinoma sections of KrasG12D+Tgfbr2KO mice treated with control
vehicle or SP600125 were immunohistochemically stained for CD44 (left) (original magnification 9400; bar, 50 lm). The number of CD44 positive
cells was counted (right). Three random views were chosen in each case, and the numbers of cells were counted and averaged. Results are
means � SD of triplicate samples (*P < 0.05). (G) The expression level of CD44 in KP-4 cells 24 h after treatment with SP600125 (Ctrl: control
vehicle, SP: SP600125).
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We also found that the JNK inhibitor decreased CD44
expression in PDAC of KrasG12D+Tgfbr2KO mice. The CD44
expression level is associated with poor prognosis and gemcit-
abine resistance in pancreatic cancer.(53) Our results indicate
that JNK inhibition may affect CD44-positive cells (Fig. 5D–
G). Because CD44-positive pancreatic cancer cells were previ-
ously shown to increase when treated with gemcitabine,(53) a
combination of JNK inhibition with gemcitabine treatment
may be more effective, by overcoming gemcitabine resistance.
In summary, we showed that JNK has a cancer-promoting

effect in pancreatic cancer, and inhibiting JNK leads to growth
inhibition, cell cycle arrest, and decreased angiogenesis, resulting
in prolonged survival. Thus, JNK is a potential therapeutic target
for pancreatic cancer.
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