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Abstract. ����������� ������� ��� �������������� ��� ����������Pancreatic cancer is characterized by intraperi-
toneal dissemination and often by large volumes of ascites. 
Aminobisphosphonates exhibit potent antitumor effects and are 
currently being tested against human solid tumors. Several amino-
bisphosphonates inhibit cancer cell migration by preventing the 
activation of Rho through inhibition of the mevalonate pathway. 
We evaluated the ability of an aminobisphosphonate, incadronate, 
to inhibit the growth of disseminated pancreatic cancer in vivo. 
We established an in vivo pancreatic cancer model with i.p. 
carcinomatosis in nude mice. Incadronate administration started 
from the day of tumor inoculation, and reduced tumor burden 
and ascites accumulation. Further, we evaluated the effect of 
incadronate on the inhibition of pancreatic cancer cell prolifera-
tion, migration and invasion in vitro. Incadronate induced growth 
inhibition and apoptotic death of pancreatic cancer cells. It also 
inhibited migration presumably by preventing the activation of 
Rho by lysophosphatidic acid. Thus, the in vivo antitumor effect 
may result from the inhibition of cancer cell proliferation and 
migration. The potent effects of incadronate in reducing tumor 
burden and ascites suggest that it will be of value in regimens for 
the treatment of pancreatic cancer.

Introduction

Pancreatic cancer is the fourth most common cause of cancer 
death in men and women in the United States, with a 5-year 
survival for all stages of the disease of less than 5% (1). 
Pancreatic cancer has no clear early warning signs or symptoms 
and is usually silent until the disease is well advanced. During 
the progression of pancreatic cancer, hepatic metastasis and peri-

toneal dissemination are frequently seen as a distant metastasis, 
which results in a short survival period. Patients have a median 
survival of 4-8 months after diagnosis due to the advanced stage 
of disease by the time it has been discovered and treatment has 
begun. The anti-metabolite agent gemcitabine is currently being 
employed to treat pancreatic cancer (2). While gemcitabine has 
shown a significant benefit in clinical applications, its ability to 
impact pancreatic cancer is limited. Therefore, new therapeutic 
approaches need to be investigated to improve the treatment of 
this neoplasm (3).

One new therapeutic strategy is to clarify the mechanism 
of metastasis of cancer cells and to identify agents that prevent 
cancer cells from invading or migrating into the peritoneum. 
Among many growth-promoting factors known to be present in 
pancreatic cancer ascites, lysophosphatidic acid (LPA) is found 
in significant levels and may play an important role in the devel-
opment or progression of ovarian (4,5) and pancreatic cancer 
(6). LPA has been reported to induce many cellular effects, 
including mitogenesis, the secretion of proteolytic enzymes, and 
migration activity (7).

Cell migration is regulated by a combination of different 
processes: the contraction of actomyosin, the formation of stress 
fibers, and the turnover of focal adhesions (8). Contraction of 
the actomyosin system is important for cell migration, and 
LPA induces myosin light-chain phosphorylation through the 
activation of the small GTP-binding protein (G protein) Rho, 
leading to the stimulation of cell contractility and motility (9). 
Another fundamental component affecting cell motility is focal 
adhesions (cell-extracellular matrix adhesions) (8). Rho is a key 
mediator in the assembly of structures involved in focal adhe-
sion. Changes in the expression and activities of the components 
of focal adhesions may contribute to cancer invasion (10). 
Interfering with the LPA signal transduction pathway by modu-
lating Rho activity may be an attractive strategy for improving 
the outcome of pancreatic cancer.

Aminobisphosphonates (N-BPs) are potent inhibitors of bone 
resorption used for the treatment and prevention of osteoporosis. 
N-BPs have been shown to inhibit the cholesterol biosynthesis 
pathway as well as isoprenylation (farnesylation and geranylgera-
nylation) by inhibiting either isopentanyl diphosphate synthase 
or a downstream enzyme, farnesyl diphosphate synthase, or both 
(11). Protein targets of isoprenylation include small G proteins 
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such as Rho, Ras, Rac, and Rab, which require post-translational 
modification to undergo a series of changes that lead to their 
attachment to the plasma membrane and their full activation. The 
activation of small G proteins is essential for cancer cell growth 
and invasion (12,13). Accordingly, N-BPs have the potential to 
inactivate the small G proteins that regulate cancer cell growth, 
motility, and invasion (14,15). Treatment of ovarian cancer cells 
with alendronate, an N-BP, resulted in the inactivation of Rho, 
changes in cell morphology, loss of stress fiber formation, and 
focal adhesion assembly (16). Furthermore alendronate mark-
edly inhibited the invasiveness of human ovarian cancer cells in 
a model of i.p. ovarian carcinomatosis (17).

In the present study, we evaluated the ability of incadronate 
(INC), an N-BP, to inhibit the growth of disseminated pancre-
atic cancer in vivo. We established an in vivo pancreatic cancer 
model with i.p. carcinomatosis in nude mice. INC administration 
started from the day of tumor inoculation, and reduced tumor 
burden and ascites accumulation. Additionally, we evaluated the 
effect of INC on the inhibition of pancreatic cancer cell prolifera-
tion, migration, and invasion in vitro.

Materials and methods

Cell culture. SUIT-2, AsPC-1, and BxPC-3 cell lines were derived 
from a human pancreatic ductal adenocarcinoma (PDAC). They 
were cultured in a RPMI-1640 medium (Invitrogen, Carlsbad, 
CA, USA) supplemented with 5% fetal bovine serum (FBS) and 
50 U/ml penicillin and 50 µg/ml streptomycin in a humidified 
atmosphere under 5% CO2 at 37˚C.

In vitro cell proliferation assay. Cell proliferation was measured 
using an MTT dye reduction method (18). Briefly, human PDAC 
cell lines were seeded into 96-well plates (5x103 cells/100 µl) 
and allowed to attach for 24 h. Cells were treated with various 
concentrations of INC (Astellas Pharma, Tokyo, Japan) for 
48 h in 100 µl culture medium. At the end of drug exposure, 
5 µl MTT stock solution (5 mg/ml PBS) was added to each 
well, and the cells were further incubated for 4 h at 37˚C. Then, 
100 µl of DMSO was added to dissolve the dark blue crystals. 
Absorbance was measured with an MPR-A4 microplate reader 
(Tosoh, Tokyo, Japan) at test and reference wavelengths of 540 
and 620 nm, respectively.

Analysis of apoptosis. SUIT-2 cells were cultured in slide 
chambers to no more than 50-60% confluence and treated with 
various concentrations of INC, as described in in vitro cell 
proliferation assay. After 48-h treatment, apoptosis was assessed 
using an in situ cell death detection kit (Roche Applied Science, 
Mannheim, Germany), following the manufacturer's recommen-
dations. Briefly, cells were washed with PBS once, fixed with 4% 
buffered paraformaldehyde for 1 h, washed again with PBS, and 
permeabilized on ice with 0.1% Triton X-100 in 0.1% sodium 
citrate for 2 min. Slides were rinsed twice with PBS and then 
incubated for 60 min at 37˚C with terminal deoxynucleotidyl 
transferase enzyme in reaction buffer. The slides were rinsed 
three times with PBS and mounted with PermaFluor (Thermo 
Fisher Scientific, Waltham, MA, USA). Samples were analyzed 
by fluorescence microscopy. TUNEL-positive nuclei were 
detected by a bright color in condensed or ruptured nuclei. The 
rate of apoptosis was calculated as the ratio of the number of 

apoptotic cells to the total number of cells (both apoptotic and 
non-apoptotic cells).

Cell migration and invasion assays. Transwell cell migration and 
invasion were evaluated using a 24-well chemotaxis chamber 
with a membrane of 8 µm pore size (BD Biosciences, Franklin 
Lakes, NJ, USA). For migration and invasion assays, SUIT-2 cells 
were incubated in serum-free culture medium with the various 
concentrations of INC for 24 h and transferred to the upper 
chamber (2.5x105 cells/500 µl) with the various concentrations 
of INC and allowed to migrate through control (non-coated) and 
Matrigel-coated (8.7 mg/ml) membranes for 24 h, respectively. 
The lower chambers were filled with culture medium containing 
5% FBS with the various concentrations of INC. Non-migrated 
cells were wiped off with a cotton swab, the filter was stained 
with Diff-Quik stain solution (Siemens, Munch, Germany), and 
the number of remaining cells was counted under the micro-
scope. To determine the percent of invasion, the mean number 
of cells invading through the Matrigel-coated insert membrane 
was divided by the mean number of cells migrating through the 
control insert membrane and multiplied by 100.

Rho pull-down assay. The Rho pull-down assay was performed 
using a Rho activation assay kit according to the manufacturer's 
instructions (Cytoskeleton, Denver, CO, USA). Briefly, cells 
(3x105/ml) were cultured under serum-free conditions with 
or without various agents for 24 h. After incubation, the cells 
were stimulated with 2.2 µM LPA for 1 min and lysed in Mg2+ 
lysis buffer. Equal volumes of cell lysates were incubated with 
Rhotekin-RBD beads. Bound Rho proteins were detected by 
Western blotting using a monoclonal antibody against RhoA. 
Western blotting of the total amount of Rho in cell lysates was 
performed for comparison with Rho activity (level of GTP-bound 
Rho) in the same samples.

In vivo peritoneal dissemination model of pancreatic cancer.
Five-week-old male nude mice (BALB-cAJcl-nu/nu, Clea Japan, 
Tokyo, Japan) were housed in filtered-air laminar-flow cabinets 
and were manipulated using aseptic procedures. Procedures 
involving animals and their care were conducted in conformity 
with the guidelines of the National Kyushu Cancer Center. To 
prepare the in vivo peritoneal dissemination model, SUIT-2 
cells were injected i.p. as a cell suspension into nude mice 
(1x106 cells in 200 µl PBS per animal). This model using SUIT-2 
is not only simple and reproducible, but also has characteristics 
that resemble those of human pancreatic cancer. The treatment 
regimens started on the day of tumor inoculation and continued 
for 4 weeks. INC was delivered using a PBS vehicle and was 
administered i.p. every day. The daily doses of INC used were 
as follows: 0, 0.1, 1, 2, and 3 mg/kg/d. At the end of the treat-
ment period, mice were sacrificed. The volume of ascites was 
measured, and tumor tissue was excised, weighed, fixed in 10% 
neutral buffered formalin, and embedded in paraffin. Paraffin 
sections (5 µm) were used for histological analysis. Sections 
were stained with hematoxylin and eosin, examined, and photo-
graphed under a microscope. Blood samples were collected from 
the left heart ventricle and assayed for serum CA19-9.

Statistical analysis. Results are reported as the average ± SEM. 
Group comparisons were performed using a one-way analysis 
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of variance (ANOVA) followed by the Tukey-Kramer multiple 
comparison test. Differences were considered significant at 
P<0.05.

Results

INC induces antiproliferative effects and apoptosis in human 
PDAC cell lines. The effect of INC on BxPC-3, AsPC-1, and 
SUIT-2 PDAC cell lines was investigated in vitro using the 
MTT assay. Treatment with INC (1-1000 µM) produced a 
dose-dependent reduction in cell growth after 48 h of treatment 
(Fig. 1A) and the IC50 was calculated in a range of 50-500 µM. 
To clarify the mechanisms of INC-induced growth inhibition, 
we performed a TUNEL assay on SUIT-2 cells, which were the 
most sensitive to this compound among the three PDAC cell 
lines tested. Thereafter, we used SUIT-2 cells exclusively in the 
other experiments. Upon 48-h exposure to INC, the occurrence 
of apoptosis in 10 and 100 µM INC-treated cells was 3.3 and 
7.1% respectively, and was significantly higher than that in 
untreated cells (1.1%) (Fig. 1B). SUIT-2 cells presented typical 
apoptotic morphology with cell shrinkage, nuclear condensation 
and fragmentation, and cellular rupture into debris (Fig. 1C).

Effect of INC on migration and invasion of SUIT-2 in culture. 
INC was unable to perturb cellular migration toward 5% FBS in 
chemotaxis chambers at 1 µM (Fig. 2A). At 10 and 100 µM, the 
inhibition was 49 and 73%, respectively. INC was also potent 

in its action against the invasion of cells through Matrigel with 
a 71% inhibition occurring at 10 µM and a 90% inhibition at 
100 µM (Fig. 2B). These results are not due to cell cytotoxicity 
because the degree of cell death after 48-h treatment with INC 
did not exceed 5 and 10% at 10 and 100 µM INC, respectively. 
The percent of invasion was 9.6, 10, 5.5, and 3.7% at 0, 1, 10, and 
100 µM, respectively (Fig. 2C). Collectively, INC inhibited both 
migration and invasion of SUIT-2 at a concentration between 10 
and 100 µM.

The activation of Rho by LPA is suppressed by INC, and restored 
by the addition of GGOH in SUIT-2. It is now well established 
that cell migration is induced by Ras-related GTPases (especially 
Rho). Soluble factors from serum, such as lysophosphatidic acid 
(LPA), are thought to activate Rho based on their ability to 
induce actin stress fibers and focal adhesions in a Rho-dependent 
manner (19). To evaluate whether LPA induces Rho activity in 
SUIT-2 cells, we used a pull-down assay with the fusion protein 
GST- Rhotekin-RBD, which recognizes only Rho-GTP, the 
active form of Rho. An increase in Rho-GTP was observed in 
SUIT-2 cells treated for 1 min with LPA (2.2 µM). The inhibitory 
effect of INC (30 µM) and abrogation by the addition of GGOH 
(30 µM) suggests INC may inhibit cancer cell migration through 
Rho geranylgeranylation (Fig. 3).

Effects of INC in a SUIT-2 peritoneal dissemination model. To 
assess the effect of INC on intraperitoneal dissemination in vivo, 

Figure 1. INC induces antiproliferative effects and apoptosis in human PDAC cell lines. (A) BxPC-3, AsPC-1, and SUIT-2 were treated with INC for 48 h. Cell 
growth inhibition was expressed as a percentage of the absorbance of control cultures measured at 540 nm with a microplate reader. N=6 for each experiment. 
(B) The rate of apoptosis in SUIT-2 cells treated with INC for 48 h was calculated as the ratio of the number of apoptotic cells to the total number of cells. N=3 
for each experiment. *p<0.05, **p<0.01 vs. untreated cells. (C) Representative microscopic photos of SUIT-2 cells treated with INC for 48 h. Phase-contrast 
microscopy (upper panels) and fluorescent microscopy of TUNEL staining (white) showing apoptotic cells (lower panel). Bar, 200 µm.
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we used a pancreatic cancer model with i.p. carcinomatosis in 
nude mice. We started the administration of INC on the day of 
cancer cell inoculation. Preliminary experiments revealed that 
tumor-bearing mice began to exhibit abdominal swelling with 
ascites ~2.5 weeks after cancer cell inoculation and died from 
cachexia after the 5th week without any treatment. Therefore, 
we sacrificed and examined mice 4 weeks after cancer cell 
inoculation. At the autopsy examination, tumors were found 
on the surface of the peritoneum, diaphragm, intestines, liver, 
spleen, pancreas, and kidney, with massive ascites in the control 
group. The extent of tumor burden varied among the different 
treatment groups (Fig. 4A). Mean tumor weight in the peritonea 
of the untreated group was 1.58±0.29 g, and was significantly 
reduced by ~40% in the group given 1 mg/kg/d (0.63±0.14 g; 
p<0.05), by ~40% in the group given 2 mg/kg/d (0.63±0.15 g; 
p<0.05), and by ~39% in the group given 3 mg/kg/d (0.62±0.13 g; 
p<0.05) (Fig. 4B). Fig. 4C shows the effects of INC treatment 

on ascites formation. The inhibitory effect of INC on ascites 
formation was dose-dependent. The mean volume of ascites in 
the untreated group was 2.91±0.26 ml, and was significantly 
reduced by ~49% in the group given 1 mg/kg/d (1.42±0.40 ml; 
p<0.05). Strikingly, INC treatment at 2 mg/kg/d and 3 mg/kg/d 
reduced ascites formation by ~23% (0.67±0.49 ml; p<0.01) and 
by ~21% (0.60±0.28 ml; p<0.01), respectively. The concentra-
tion of CA19-9, which was expressed from SUIT-2 (20), was 
examined in the serum collected from the left heart ventricle 
(Fig. 4D). The effect of INC treatment on the mean concentra-
tions of CA19-9 was dose-dependent, although this did not 
reach statistical significance. Fig. 4E shows the histological 
appearance of the tumor nest formed after dissemination in the 
peritoneum from the untreated group. It shows how the tumor 
severely invaded into the peritoneum.

Discussion

Pancreatic cancer remains one of the most difficult malignan-
cies to treat. Even patients who are eligible for curative surgical 
resection gain only moderate benefits. Furthermore, the lack of 
effective chemotherapeutic and targeted agents highlights the 
urgent need to better understand pancreatic cancer biology in 
order to guide the development of novel treatment strategies. 
During the progression of pancreatic carcinomas, cancer cells 
released from the surface of the tumor can adhere to and invade 
tissues and organs in the peritoneal cavity. Consequently, the 
poor outcome is, at least in part, due to peritoneal dissemina-
tion caused by the aggressive migration activity of pancreatic 
cancer cells (21,22). To undergo peritoneal dissemination, 
pancreatic cancer cells need to detach from the primary 
tumor, attach to the cell-extracellular matrix of other tissues, 
and migrate into the stroma. Once cancer cells migrate into 
the stroma, angiogenesis occurs from pre-existing capillaries 
or venulae. Currently available anticancer drugs, even if they 
are very effective at killing cancer cells, can be used only 
at limited concentrations because of their toxicity to normal 
cells. Accordingly, it is worthwhile looking for drugs that 
inhibit the progression of pancreatic cancer affecting these 
properties, in addition to cell proliferation.

Figure 2. INC inhibits migration and invasion activities of SUIT-2. (A) For migration activity, SUIT-2 (2.5x105) cells were incubated with the indicated concen-
tration of INC for 24 h and allowed to migrate through non-coated transwell plates for 24 h. (B) For invasion activity, SUIT-2 (2.5x105) cells were incubated with 
the indicated concentration of INC for 24 h and allowed to migrate through Matrigel-coated (8.7 mg/ml) transwell plates for 24 h. In either case, after fixing 
and staining with Diff-Quik stain solution, the number of migrated or invaded cells was counted. Bar, 200 µm. N=3 for each experiment. *p<0.05, **p<0.01 vs. 
untreated cells.

Figure 3. The activation of Rho by LPA is suppressed by INC, and restored by 
the addition of GGOH in SUIT-2. SUIT-2 cells were cultured under serum-free 
conditions with or without the various agents indicated  for 24 h. After incuba-
tion, the cells were stimulated with LPA. The cell lysates were incubated with 
Rhotekin-RBD beads. Bound Rho proteins were detected by Western blotting 
using a monoclonal antibody against RhoA (upper panel). Western blotting 
of the total amount of Rho in cell lysates (lower panel) was performed for 
comparison with Rho activity (level of GTP-bound Rho) in the same lysates. 
Blots are representative of three experiments. Relative amounts of active Rho 
normalized with the amounts of total Rho were determined by densitometric 
scanning and shown. The concentrations of agents that were used are as 
follows: LPA 2.2 µM; INC 30 µM; GGOH 30 µM.
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Previous reports on the direct effects of N-BPs on cancer 
cells in vitro focused on cell viability and migration/invasion, 
and the effective concentrations of N-BPs were relatively high 
(14,16,23,24). According to these reports, the concentrations of 
alendronate, ibandronate, pamidronate, and zoledronate that 
induced apoptosis and inhibited invasion of breast, prostate, 
and ovarian cancer cells were 10-100 µM. The present study 
also demonstrated that the effective concentrations of INC on 
the induction of apoptosis and the inhibition of migration/inva-

sion of pancreatic cancer cells were 10-100 µM, whereas the 
concentration of INC that significantly inhibits osteoclast-like 
cell formation in vitro is 0.01-0.1 µM, which is a clinically used 
concentration of INC (25). Although it is difficult to treat patients 
with N-BPs at concentrations of around 10-100 µM because 
of toxicity, clinical doses may be effective in the treatment of 
tumors for the following reasons. Tumor-associated macrophages 
(TAMs) play a pivotal role in tumor growth and metastasis by 
promoting tumor angiogenesis. Phagocytosis of N-BPs by TAMs 

Figure 4. INC inhibits intraperitoneal dissemination in an in vivo pancreatic cancer model. (A) A SUIT-2 cell suspension (1x106/200 µl/ mouse) was injected 
i.p. into nude mice and treated with the indicated amounts of INC everyday. Mice were sacrificed at 28 days after implantation and ascites, peritoneum, and 
blood sera were collected. The volumes of ascites (B), the weights of tumors disseminated on the peritoneum (C) and the concentrations of CA19-9 (D) were 
measured. N=6-10 (B and C); n=5 (D). *p<0.05, **p<0.01 vs. untreated mice. (E) Histologic appearance of the tumor nest formed after dissemination in the 
peritoneum from a SUIT-2-implanted nude mouse. Nude mice were injected i.p. with SUIT-2 cells, sacrificed at 28 days after implantation, and the peritonea 
were collected. Tissue was fixed, sectioned, and stained with hematoxylin and eosin. T, tumor nest; P, peritoneum, Bar, 200 µm.
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could lead to its depletion by apoptosis and elevate the concentra-
tion of N-BPs around the tumor (26).

We evaluated the ability of INC to inhibit the progression 
of disseminated pancreatic cancer in vivo. To accomplish this, 
we established an in vivo peritoneal dissemination model of 
pancreatic cancer in nude mice. In this model, cancer cells are 
injected i.p., and, as such, do not reproduce the early events of 
peritoneal dissemination, i.e. cancer development and detach-
ment from a primary tumor. However, our previous results from 
a SUIT-2 orthotopic implantation model were nearly identical 
to those from the i.p. injection model (27), so we decided to 
use this simple and reproducible model in the present study. 
Similar to our in vivo results from pancreatic cancer cells, the 
N-BP alendronate, markedly inhibited tumor growth, invasive-
ness, and ascites formation of human ovarian cancer cells in a 
model of i.p. ovarian carcinomatosis (17). Such in vivo antitumor 
effects by N-BPs may be derived from the suppression of cancer 
cell proliferation by apoptosis as well as migration/invasion 
through the inhibition of molecules in the mevalonate pathway, 
especially Rho, in the target cancer cells.

This is the first report showing that an N-BP inhibited 
pancreatic cancer cell invasion to visceral organs in vivo and 
may provide the basis for a new therapy to control the dissemi-
nation of pancreatic cancer.
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