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Background: Liver metastasis is a common problem after pancreatectomy for pancreatic cancer. In
pancreatic cancer cells, nuclear factor-kB is activated constitutively. Nuclear factor-kB activates matrix
metalloproteinase-2/9, which plays an important role in cancer metastasis. Because the serine protease
inhibitor FUT-175 suppresses nuclear factor-kB, we hypothesized that perioperative treatment with FUT-
175 for pancreatic cancer may help to prevent liver metastasis.
Methods: We compared in vitro cell viability, cell invasiveness, nuclear factor-kB signaling, and the
expression levels of matrix metalloproteinase signals between the control group (C group) and the
FUT-175 group (F group) using the murine pancreatic cancer cells PAN02. In addition, we evaluated the
in vivo effect of pretreatment with FUT-175 using an established model of liver metastasis in mice.
Metastatic liver lesions were assessed with magnetic resonance imaging. Liver recurrence and overall
survival were evaluated. Also, the antimetastatic effect of systemic administration of FUT-175 was
examined.
Results: FUT-175 did not suppress the cell viability of PAN02 cells at or after 24 hours of treatment
(P > .05); however, cell invasion was suppressed in the F group compared with the C group (P < .05).
The levels of nuclear factor-kB activation, membrane type-1 (MT-1) matrix metalloproteinase (MMP)/
matrix metalloproteinase-14 (MMP-14), and matrix metalloproteinase-2/9 (MMP-2/9) were lower in
the F group compared with the C group. In vivo, both disease-free and overall survivals were pro-
longed in the F group compared with the C group. Systemic administration was also effective in
suppressing the number of metastases.
Conclusion: Perioperative treatment with FUT-175 may help to prevent early liver metastasis after
pancreatectomy for pancreatic cancer.

© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Pancreatic cancer is the fourth leading cause of cancer-related
death in developed countries.1 Even if pancreatic cancers are
resected early, further recurrence in the liver is common. Impor-
tantly, nuclear factor-kB (NF-kB) is activated constitutively in
most pancreatic cancer cells. The NF-kB pathway seems to play a
very important role in cancer metastasis.2 NF-kB upregulates
matrix metalloproteinase (MMP)-2/9,3,4 intracellular adhesion
molecule (ICAM),5 and vascular endothelial growth factor
(VEGF).6 Degradation of the basement membrane by MMP-2/9
leads tumor cells to be able to infiltrate into various organs.7e10

As we have shown in a previous study, the serine proteinase
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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inhibitor nafamostat mesilate (FUT-175) decreases the activation
levels of MMP-9 and ICAM by suppressing the NF-kB pathway.11

We hypothesized that perioperative administration of FUT-175
for pancreatic cancer may help to inhibit early liver metastasis
and improve postoperative survival.

Materials and Methods

Cell culture

The murine pancreatic cancer cell line PAN02, purchased from
the National Cancer Institute (Frederick, MD), was maintained in
Roswell Park Memorial Institute (RPMI) medium-1640 (Wako Pure
Chemical Industries, Ltd, Osaka, Japan) containing 10% fetal bovine
serum (Gibco, Grand Island, NY) and 1% penicillin/streptomycin
(Pen Strep, Gibco). The cells were cultured at 37�C with 5% CO2.

Reagents

FUT-175 was purchased from Torii Pharmaceutical Co, Ltd
(Tokyo, Japan) and was dissolved in distilled water and stored at
e20�C until use.

Antibodies

Monoclonal antibodies to the inhibitor of kBa (IkBa), phos-
phorylated IkBa, NF-kB (p65), MMP-2/9, and CD54 (ICAM-1) were
purchased from Cell Signaling Technology (Beverly, MA). Antieb-
actin antibody was purchased from Sigma-Aldrich (St. Louis, MO).
Monoclonal antibody against VEGF (A-20) was purchased from
Santa Cruz Biotechnology, Inc (Santa Cruz, CA). AntieMMP-14
antibody was purchased from abcam PLC (Cambridge, UK).

Animals

Seven-week-old male mice (C57BL/6JJcl) purchased from CLEA
Japan, Inc (Tokyo, Japan) were housed under specific
pathogenefree conditions in a biologic cabinet at the Laboratory
Animal Facility of the Jikei University School of Medicine. The
protocol for the animal experiments was approved by the institu-
tional animal care and use committee of the Jikei University (no.
2017-031) and adhered to the guidance set forth in the Guidelines
for the Proper Conduct of Animal Experiments, published by the
Science Council of Japan in 2006. All the protocols are based on the
Declaration of Helsinki.

In vitro experimental protocol

PAN02 cells were treated in 2 conditions: FUT-175 (80 mg/mL) as
the treatment group (F group) and vehicle only (distilled water) as
the control group (C group) for the appropriate time in each anal-
ysis. The concentration of FUT-175 was determined according to
previous studies.12,13

In vivo experimental animal model and protocol

A well-characterized model of liver metastasis in mice was
used.14 The mice were anesthetized continuously with 2% iso-
flurane (Pfizer Japan, Tokyo, Japan), and a 5-mm incision was made
in the left flank on the splenic silhouette. PAN02 cells (1�106 cells)
pretreated with FUT-175 (F group) for 24 h or with vehicle only (C
group) were suspended in 40 mL of phosphate-buffered saline and
injected into the spleen (n ¼ 10 for each group). After injection, the
abdominal wound was closed in 2 layers. Liver metastases were
evaluated sequentially once aweek bymagnetic resonance imaging
(MRI). When the general condition of the mouse reached the
criteria described below, they were killed within 24 h, and the liver
tumors were evaluated by various assays.

Effects of systemic administration of FUT-175 on liver metastasis

The experiment above is an experiment by pretreatment.
Meanwhile, the effects of systemic administration were also
examined. 1�106 PAN02 cells suspended in 40 mL of phosphate-
buffered saline were injected into the spleen of mice (n ¼ 10 each
for the C and F groups). For the F group, FUT-175 was administrated
intraperitoneally at 30 mg/kg 3 times a week starting the day after
the operation. Because esterase activity is strong in mice and
intravenous injection is not desirable, intraperitoneal administra-
tion was used.15 For the C group, 0.9% NaCl was administered
intraperitoneally in the same schedules as in the F group. Seven
days later, the mice were killed and the number of metastatic liver
nodules counted. The observation period was determined with
reference to the disease-free survival (DFS) in the original
experiment.

Criteria for killing the animals either before or at the end of the
experiment

The animals were killed when they either reached the estab-
lished criteria or if they become unwell. Mice were killed before the
planned end of the experiment if they fulfilled the following con-
ditions: (1) The mouse could not eat or drink for 24 to 48 hours;16

(2) the mouse lost 20% of their body weight or maintained a body
weight loss of 15% for 72 hours compared with age-matched con-
trols16; and (3) the mouse developed marked abdominal distention
or the ascites burden exceeded an estimated 10% of the body
weight of age-matched controls.16,17

Cell proliferation assay

The cells were seeded into 96-well plates (5�103 cells/well)
treated with FUT-175 (80 mg/mL) for 48 hours. The cell proliferation
was measured using a CellTiter-Blue Cell Viability Assay Kit
(Promega, Madison, WI), according to the manufacturer’s in-
structions. The stained cells were analyzed with a Perkin Elmer
EnSpire plate reader (Perkin Elmer, Inc, Waltham, MA).

Invasion assay

PAN02 cells (5�106) were seeded into a 6-cm dish. After the
cells had reached 90% confluence in 3 days, they were treated with
FUT-175 (F group) or with vehicle alone (C group) for 24 hours.
Controlled scratches 10 mm in width were made in each dish, and
the media were changed to a serum-free medium. Changes in the
width of the scratch were observed at 0, 24, and 48 hours after the
scratch was made.

Western blotting

PAN02 cells (1�106) were seeded into a 6-cm dish. After a 24-
hour incubation, the cells were treated with FUT-175 (80 mg/mL)
as the F group or treated with vehicle alone (distilled water) as the
C group for 24 hours. Whole-protein extracts from both in vitro and
in vivo experiments were prepared according to the protocol
described previously.18 The lysate protein was extracted by 2% so-
dium dodecyl sulfate, electrophoresed on 4% to 20% acrylamide
gradient gels in Tris-glycine buffer, and transferred onto a nitro-
cellulose membrane. After incubating the blots with each primary
antibody (IkBa, phosphorylated IkBa, NF-kB [p65], MMP-2/9, CD54
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Fig 1. (A) Cell viability was measured with an MTT assay at 0, 24, and 48 hours after treatment. F group was treated with FUT-175 (80 mg/mL) and C group was vehicle only (distilled
water). No difference was observed at any treatment time points between the F group and the C group. (B) Representative photographs of the scratch assay of “invasion” (�4 fields).
(C) In the scratch assay, cell immigration across the scratched area was decreased in the F group compared with the C group (P < .01) at both 24 and 48 hours after treatment with
FUT-175. **P < .01. MTT, 3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, yellow tetrazole; FUT, nafamostat mesilate.
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[ICAM-1], antieb-actin, VEGF [A-20], and MMP-14; 1:1,000 dilu-
tion) overnight, the membranes were then incubated with sec-
ondary antibody (1:10,000 dilution, Histofine; Nichirei, Tokyo,
Japan). A luminol enhancer and the peroxide solution, Clarity Max
(Bio-Rad Laboratories, Inc, Hercules, CA), were used to detect the
protein bands with a ChemiDoc XRSþ system and Image Lab soft-
ware (Bio-Rad).

Zymography

In addition to the MMP-2/9 expression levels, the activation
levels of MMP-2/9 in the supernatant were analyzed with a gelatin
zymography kit (Primary Cell, Hokkaido, Japan). PAN02 cells were
treated for 24 hours with FUT-175 (80 mg/mL) as the F group or with
vehicle alone (distilled water) as the C group. After treatment, the
conditionedmediumwas concentrated 10-fold using Amicon Ultra-
4 filter units (Merck, Darmstadt, Germany). Each sample was sub-
jected to electrophoresis on a gelatin-containing gel. The gels were
washed and incubated for 40 hours in an incubation buffer at 37�C.
After Coomassie blue staining, the gels were scanned using a
ChemiDoc XRSþ system and Image Lab software (Bio-Rad). The
experimental procedure given earlier was conducted according to
the manufacture’s instructions and our previous study.11,19

MRI protocol

The animals were imaged in the prone position inside a clinical
9.4 T MRI system (Biospin 94/20 USR; Bruker, Ettingen, Germany)
using a coronal, multislice, T2-weighted protocol (TurboRARE-T2)
(Paravision 5.1; Bruker). Metastatic lesions were detected as a high
signal area with a T2-weithted image. Although 9.4 T MRI can
detect lesions <1mm, however, in this study, liver metastases were
defined as a long axis of >1 mm, which was not detected in pre-
vious studies or increased with time.
Statistical analysis

The experimental data are means ± standard deviations. The
presence or absence of the differences were evaluated by the
nonparametric Mann-Whitney U test with SPSS 23.0 (IBM Japan,
Tokyo, Japan). DFS and overall survival (OS) were analyzed with
GraphPad Prism, version 7.00 (GraphPad Software, San Diego, CA)
using the Gehan-Breslow-Wilcoxon test.
Results

Cell proliferation and invasion assay

At 24 hours after treatment, there was no difference in cell
proliferation between the C group and the F group (Fig 1, A). The
"invasive ability" of the cells to move across the scratch was sup-
pressed in the F group compared with the C group (P < .01) (Fig 1, B
and C).
Suppression of NF-kB levels

The expression of IkBa was increased in the F group, and its
phosphorylated counterpart (pIkBa) was decreased in the F group
compared with the C group, most probably because FUT-175 sta-
bilized IkBa and inhibited its phosphorylation.20 Accordingly, the
expression level of NF-kB was decreased in the F group compared
with the C group (Fig 2, A).
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FUT, nafamostat mesilate; NF-kB, nuclear factor-kb; MT, membrane type; MMP,
matrix metalloproteinase; VEGF, vascular endothelial growth factor; ICAM, intra-
cellular adhesion molecule.
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Downregulation of NF-kB resulted in suppression of the expression
of MMP-9, VEGF, and ICAM

As shown in Fig 2, B and C, the expression levels of VEGF, ICAM,
and MMP-9 were suppressed in the F group compared with the C
group, probably because ICAM and VEGF are downstream of NF-kB
signal transduction and MMP-9 has an NF-kBebinding site in its
activation site.
A

Fig 3. (A) Representative MRI images (T2 weighted) for both the C and the F groups. In the T2
that the rate of liver metastases is less in the F group. (B) Western blotting from the excis
magnetic resonance imaging; VEGF, vascular endothelial growth factor; ICAM, intracellular
Downregulation of NF-kB activation leads to suppression of
membrane type-1 MMP/MMP-14 and MMP-2 protein

NF-kB activates membrane type (MT)-MMP (MT-1 MMP/MMP-
14), which causes the activation of pro-MMP-2. Our results showed
a decrease of protein concentration in both MT-1 MMP/MMP-14 and
MMP-2 in the F group compared with the C group (Figure 2, C).

Gelatin zymography

Zymography shows the activation levels of MMP-2/9 in the
supernatant of the cell culture. The activity of both MMP-2 and
MMP-9 was decreased in the F group compared with the C
group (Fig 2, D). This result suggests that FUT-175 suppressed
not only the protein levels but also the enzymatic activity levels
of MMPs.

In vivo study

Representative data by MRI are shown in Fig 3, A. FUT-175
delayed tumor formation and hepatic metastasis. The expression
levels of VEGF and ICAM were also decreased in the F group
compared with the C group (Fig 3, B).

Treatment of cancer cells using FUT-175 before implantation
improve both DFS and OS

The increases in both DFS and OS were statistically significant in
the F group compared with the C group (Fig 4, A and B). In the C
group, most of the recurrences were observed within a week;
however, in the F group, median DFS was 3 weeks (P < .05) (95%
confidence interval 1.249e7.208). OS in the C group was 5 weeks
after the operation; OS in the F group was longer, with a median of
7 weeks (P < .05).

Systemic administration of FUT-175 inhibited the formation of liver
metastasis

As shown in Fig 5, the average number of metastatic lesions was
2.4 for the C group and only 0.5 for the F group (P < .01), suggesting
B

-weighted image, the tumor appears as a white mass (arrows). These MRI images show
ed liver tumor revealed the levels of VEGF and ICAM were lower in the F group. MRI,
adhesion molecule.
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that systemic administration of FUT-175 also has the effect of
decreasing the number of liver metastasis.

Discussion

FUT-175 is a broad-spectrum, serine protease inhibitor that
directly suppresses serine type proteolytic enzymes.21,22 One of the
anti-inflammatory mechanisms of FUT-175 is known to inhibit NF-
kB signaling.23e25 We also have reported on NF-kBerelated studies
on improving anticancer, drug-induced chemo-resistance and
inhibiting peritoneal dissemination in mice.11,13,20,26

Regarding NF-kB and invasion or metastasis, several studies
have demonstrated the relationship between NF-kB and MMP-
9.27,28 The promoter region of theMMP-9 gene contains the binding
site of NF-kB; therefore, MMP-9 expression decreases when NF-kB
is suppressed.29,30

Also, some reports argue that NF-kB suppresses MMP-2
expression.31e34 Few reports, however, focus on the molecular
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Fig 5. The number of metastatic foci in the group treated with FUT-175 is shown. The
number of metastatic lesions was counted 7 days after operative inoculation of PAN02
cells. In the C group, the average number of metastasis nodules was 2.4, whereas in the
F group, it was 0.5 (P < .01). **P < .01. FUT, nafamostat mesilate.
mechanisms between NF-kB and MMP-2.35 MMP-2 expression is
activated by pro-MMP-2, and pro-MMP-2 is activated by MT MMP/
MT-1 MMP/MMP-14.36e38 Furthermore, MT-1 MMP/MMP-14
expression is activated by NF-kB.9 Therefore, MMP-2 and NF-kB
have a relationship via MT-1 MMP/MMP-14.

MT-1 MMP/MMP-14 has been reported to activate MMP-2, a
basement membraneedegrading enzyme, especially in cancer tis-
sues.36 MT-1 MMP/MMP-14 is overexpressed, especially in cancer
cells, and MT-1 MMP/MMP-14 itself acts as a growth factor in
malignant cancer cells, human breast carcinoma cells, human gli-
oma cells, and hamster ovary cells.39 Proliferation of cancer cells is
suppressed when MT-1 MMP/MMP-14 activity was inhibited in
pancreatic cancer, squamous carcinoma, and fibrosarcoma cells.40

Recently, MT-1 MMP/MMP-14 in endothelial cell nuclei has been
a target for cancer treatment because MT-1 MMP is key for tumor
angiogenesis.41

Our study demonstrated that all the expression levels of NF-kB,
MT-1 MMP/MMP-14, and MMP-2 were decreased by FUT-175. This
finding suggests that in addition to suppression of MMP-9, FUT-175
suppressed both the expression and the activity of MMP-2, appar-
ently via inhibition of the MT-1 MMP/MMP-14 pathway. Therefore,
FUT-175 may act by suppressing both MMP-2 and MMP-9 activity,
thereby helping to decrease liver metastasis in this murine model
of pancreatic cancer metastases. To the best of our knowledge, this
is the first report that has shown a close relationship of NF-kB, MT-1
MMP/MMP-14, and MMP-2 in association with FUT-175.

ICAM, which is a target gene of NF-kB, plays a crucial role in cell
adhesion.42 Furthermore, ICAM is also involved in the formation of
cancer metastasis by helping circulating tumor cells adhere to
endothelial cells.43 Also, VEGF causes angiogenesis and plays an
important role in the formation of metastases.44 Once NF-kB
expression is inhibited, the expressions of MMP-2/9, ICAM, and
VEGF are suppressed, resulting in suppression of metastatic lesions.

The limitations of our current research are the route of admin-
istration and dose, which differ between mice and humans owing
to differences in esterase activity. For clinical application, these
problemswould need to be solved. Nevertheless, FUT-175 is already
in clinical use and has minimal adverse effects compared with the
usual cytotoxic anticancer agents used for both unresectable
pancreatic cancer and for adjuvant chemotherapy.45 Introduction
and standardization of early clinical trials are expected.
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