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Tumor cells can migrate and invade tissue by two modes of motil-
ity: mesenchymal and amoeboid. X-ray or c-ray irradiation
increases the invasiveness of tumor cells with mesenchymal motil-
ity through the induction of matrix metalloproteinases (MMP), and
this increase is suppressed by MMP inhibitors (MMPI). However,
the effects of X-ray or c-ray irradiation on the invasiveness of
tumor cells with amoeboid motility remain unclear. We investi-
gated the effect of irradiation on amoeboid motility by using cells
of the human pancreatic cancer line, MIAPaCa-2, which exhibits
both modes of motility. The X-ray-induced invasiveness of MIA-
PaCa-2 cells was associated with the upregulation of MMP2 at
both the RNA and protein levels and was inhibited by MMPI treat-
ment. Amoeboid–mesenchymal transition was slightly induced
after irradiation. The MMPI treatment caused mesenchymal–amoe-
boid transition without significant increase in invasiveness, while
the ROCK inhibitor (ROCKI) stimulated amoeboid–mesenchymal
transition and enhanced invasiveness under both non-irradiated
and irradiated conditions. This ROCKI-induced transition was
accompanied by the upregulation of MMP2 mRNA and protein.
Exposure to both irradiation and ROCKI further enhanced MMP2
expression and had an additive effect on the invasiveness of MIA-
PaCa-2 cells. Additionally, exposure to MMPI led to significant sup-
pression of both radiation-induced and the basal invasiveness of
MIAPaCa-2 cells. This suggests that ROCKI treatment, especially
with concomitant X-ray irradiation, can induce invasion of cancer
cells and should be used only for certain types of cancer cells.
Simultaneous use of inhibitors, ROCKI and MMPI may be effective
in suppressing invasiveness under both X-ray-irradiated and non-
irradiated conditions. (Cancer Sci 2011; 102: 792–798)

P ancreatic cancer is one of the most aggressive diseases with
an extremely low 5-year survival rate.(1,2) Most patients

with pancreatic cancer have advanced disease at the time of
diagnosis, and this disease is associated with a high metastatic
potential, which is a major clinical problem.(1,3) Chemotherapy
and radiotherapy are used as adjuvants to surgery and for pallia-
tive purposes in cases where surgical resection is not feasible.
However, it has been reported that there is no clear evidence to
indicate that intraoperative radiotherapy is more effective than
other therapies in treating pancreatic cancer in locally advanced
and metastatic stages.(4) Further characterization of pancreatic
cancer cells exposed to anti-tumor drugs and irradiation is
required to develop methods for improving treatment strategies.

It remains to be determined whether the application of local
radiotherapy affects the characteristics of subsequently appear-
ing metastatic tumors. Several studies have shown that conven-
tional X-ray or c-ray irradiation itself induces the metastasis of
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pancreatic tumor cells both in vitro and in vivo.(1,3,5–7) These
studies revealed that photon-irradiated cells produce proteases,
such as matrix metalloproteinases (MMP), which remodel the
extracellular matrix (ECM) to generate paths for cell migration.
These experiments showed that the use of protease inhibitors,
including MMP inhibitors (MMPI), resulted in the suppression
of the radiation-induced invasiveness. However, the basal
level of invasiveness of the cells used in these studies was not
suppressed, suggesting that mechanisms underlying the basal
and radiation-induced invasiveness of the cells are possibly
different.

Individual tumor cells have two different modes of move-
ments: mesenchymal and amoeboid.(7–13) Some cell lines
derived from tumors show movement by both these modes.
Cells moving in the mesenchymal mode are elongated, and their
movement depends on the proteolytic activity of MMP, which
permits penetration of the ECM. Cells in the amoeboid mode
are round with bleb-like protrusions and their movement is med-
iated by actomyosin contraction, which is regulated by Rho-
kinase (ROCK). Cells can shift between these two modes
depending on the environmental conditions. MMPI and ROCK
inhibitors (ROCKI) suppress the mesenchymal and amoeboid
mode of invasiveness, respectively. Previous studies have shown
that radiation can induce invasiveness of cells that produce pro-
teases.(1,3,5–7) This finding implies that the cells in these studies
were phenotypically mesenchymal. The mesenchymal and
amoeboid modes are inter-convertible depending on the environ-
mental conditions;(7) this may limit the effectiveness of single
therapeutic agents such as MMPI. To our knowledge, no study
has been conduced to examine the invasiveness of cells with
amoeboid movement after exposure to radiation.

In this study, we first analyzed the migration and invasiveness
of cells of the pancreatic tumor lines, Panc-1 and MIAPaCA-2,
under X-ray-irradiated and non-irradiated conditions; our results
showed that MIAPaCa-2 cells have greater invasiveness than
Panc-1 cells under both these conditions. Furthermore, we found
that the MIAPaCa-2 cell line is morphologically heterogeneous,
that is, the cells may be elongated or round and thereby exhibit
the mesenchymal or amoeboid mode of movement, respectively.
The ROCKI-induced inhibition of amoeboid motility of MIA-
PaCa-2 cells increased the invasiveness of these cells. Further-
more, simultaneous exposure to both X-ray irradiation and
ROCKI treatment had an additive effect on the invasiveness of
the cells. Additionally, we demonstrate that the combination of
MMPI and ROCKI suppresses both X-ray-induced and basal
invasiveness of MIAPaCa-2 cells.
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Materials and Methods

Cell culture, reagents and irradiation. Cells of the human pan-
creatic cancer cell lines MIAPaCa-2 and Panc-1 were purchased
from ATCC (Manassas, VA, USA) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Nissui, Tokyo, Japan)
supplemented with 10% fetal bovine serum (FBS) (HyClone,
Logan, UT, USA). GM6001, MMP2 inhibitor III and MMP9
inhibitor I were purchased from Calbiochem-Novabiochem
International Inc. (La Jolla, CA, USA), and Y27632 was
obtained from Wako Ltd (Osaka, Japan).

Cells were irradiated with 0, 2 or 4 Gy of X-rays, as described
previously,(14) at the dose rate of approximately 1 Gy ⁄ min.

Migration assay. The migration of cells was examined using
the Oris Cell Migration Assay kit (Platypus Tech, Fitchburg,
WI, USA).(15) Irradiated cells were incubated for 24 h and
5 · 104 cells per well were seeded, and migration of cells was
performed on day 2 (Fig. 1). Cells were fixed and stained with
propidium iodide (PI) solution on day 3 and counted using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA).(16)

The percentage of both viable and dead cells was determined
with fluorescence-activated cell sorting (FACS) by using a cell-
viability double-staining kit (Dojindo Molecular Technologies
Inc., Tokyo, Japan).(17) We calculated the number of viable cells
among the seeded cells by multiplying the number of seeded
cells with the ratio of viable cells. We then determined the
percentage of migrated cells.

Matrigel invasion assay. The invasiveness of cells was mea-
sured using transwell chambers containing a 6.5-mm filter with
a pore size of 8 lm (Corning, New York, NY, USA).(18) On day
2, an aliquot of 120 lg matrigel (BD Biosciences, Redwood
City, MA, USA) was added to the culture insert, and 1.5 · 105

cells suspended with DMEM with 0.35% BSA were then seeded
onto it. DMEM with 10% FBS was added to the lower well, and
the invasion assay was performed for 24 h (Fig. 1). On day 3,
invasive cells that reached the undersurface of the transwell
membrane were fixed with 70% ethanol and stained with PI.
The number of invasive cells in three random fields was counted
using a fluorescence microscope.

For the inhibitor studies, cells were pre-treated with GM6001
(25 mM), Y27632 (10 mM), MMP2 inhibitor III (12 nM),
MMP9 inhibitor I (5 nM), GM6001 (25 mM) plus Y27632
(10 mM) or MMP2 inhibitor III (12 nM) plus Y27632 (10 mM)
and incubated for 6 h, and then used for the invasion assay.
Inhibitors were also added to each culture inserts immediately
after seeding the cells onto the matrigel. The number of invasive
cells was adjusted by the percentage of viable cells determined
by FACS.

Quantification of cells based on morphology. To quantify
cells based on morphology, the medium was changed to serum-
free DMEM on day 2; the inhibitors GM6001, MMP2 inhibitor
III, Y27632, or GM6001 plus Y27632 were added, and the cells
Fig. 1. An outline of the experimental procedures.
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were incubated for a further 6 h (Fig. 1). Two random fields
from each well were photographed, and the total number of cells
was counted using ImageJ. Cell morphology was classified as
typical amoeboid type (spherical morphology) or mesenchymal
type (spindle-shaped or intermediate shape with protrusion), and
the percentage of cells of each morphological type was deter-
mined (n = 3, 600–900 cells were analyzed for each group).

Immunoblotting. On day 2, the conditioned medium was
replaced with serum-free DMEM and the cells were incubated
for a further 24 h (Fig. 1). On day 3, the cells and conditioned
medium were lysed in ·2 Laemmli sample buffer. Protein
(5 lg) was subjected to SDS-PAGE and western blotting. Mem-
branes were incubated with the primary antibody for human
MMP2 (Daiichi Fine Chemical Co., Toyama, Japan) or MMP14
(Sigma–Aldrich Co., St. Louis, MO, USA). The membranes
were then incubated with anti-mouse IgG conjugated with horse-
radish peroxidase to detect MMP2 (Amersham Biosciences,
Buckinghamshire, UK) or anti-rabbit IgG conjugated with
horseradish peroxidase to detect MMP14 (Amersham Bioscienc-
es). Immunoblots were detected by enhanced chemilumines-
cence and imaged using a Lumino image analyzer, LAS 4000
(Fujifilm, Tokyo, Japan).

Quantitative real-time polymerase chain reaction. Quantita-
tive real-time polymerase chain reaction (qRT-PCR) was per-
formed on a LightCycler 480 with the Probes Master (Roche
Diagnostics, Konzern-Hauptsitz Grenzacherstrasse, Basel,
Switzerland) as described previously.(19) Nested PCR was used
for the detection of MMP2. The Universal Probe Library (UPL)
probes and primer sequences used are shown in Table S1.

Statistical analysis. Statistical analyses were performed using
unpaired Student’s t-test or Mann–Whitney U-test. A P value of
<0.05 was considered significant.

Results

Invasiveness of cells of the pancreatic cancer lines MIAPaCa-2
and Panc-1. Cells of the MIAPaCa-2 and Panc-1 lines were
assayed for migration and invasiveness after irradiation. Under
the non-irradiated condition, the invasive rates of MIAPaCa-2
cells were higher than that of Panc-1 cells. X-ray irradiation
enhanced the migration of MIAPaCa-2 cells and promoted the
invasion of both cell lines (Fig. 2). The invasive rates of
MIAPaCa-2 cells were higher than those of Panc-1 cells at 2
and 4 Gy of X-ray irradiation. For both cell lines, the number
of invasive cells reached a peak at a radiation dose of 4 Gy.
We eliminated the cells killed by radiation from this calcula-
tion by adjusting the total number of seeded cells with the
percentage of calcein-fluorescence-positive viable cells
(Tables S2,S3). Therefore, we used MIAPaCa-2 cells for fur-
ther research on the basal and X-ray-induced invasiveness of
the cells.

Switch between mesenchymal and amoeboid modes. The
MMPI, GM6001, diminished the X-ray-induced invasiveness to
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Fig. 3. The effects of matrix metalloproteinase
inhibitors (MMPI) on the invasiveness of MIAPaCa-2
cells. (A) An invasion assay was performed with the
addition of MMPI (GM6001). Data represent the
mean ± SD of samples (n = 6). *P < 0.05 versus
control. (B) Morphology of MIAPaCa-2 cells. After
incubation for 6 h with the inhibitor, the cells were
photographed. Bar, 200 lm. The cells on the upper
panels were stained with phalloidine and Hoechst
33258. (C) Cells with typical mesenchymal-type or
amoeboid-type morphology shown in (B) were
counted and the percentage of cells of each
morphological type was calculated. *P < 0.05 versus
control.

Fig. 2. Effects of X-ray irradiation on the
migration and invasiveness of MIAPaCa-2 (A) and
Panc-1 (B) cells. The percentage of migrated cells
(left panel) and invasive cells (right panel) from
days 2 to 3 are shown. Data are presented as
mean ± SD of samples (n = 5 or 6). *P < 0.05 versus
control.
nearly that in the non-irradiated condition, which suggests that
the X-ray-induced invasiveness of MIAPaCa-2 cells depended
mainly on MMP activity towards degrading the ECM (Fig. 3A).
The percentage of viable cells used to adjust the total number of
seeded cells is shown in Table S4. The MIAPaca-2 cell line is
morphologically heterogeneous and is composed of both mesen-
chymal (elongated) type and amoeboid (round) type (Fig. 3B,C).
X-ray irradiation affected the amoeboid–mesenchymal transition
to some extent, while GM6001 treatment definitely resulted in
the mesenchymal–amoeboid transition (Fig. 3B,C). However,
the cells with mesenchymal mode attaining amoeboid mode had
little or no potential to penetrate the ECM.

Effects of MMP2 on X-ray-induced invasiveness of MIAPaCa-2
cells with mesenchymal motility. To identify the MMP that
enhanced the X-ray-induced invasiveness of MIAPaCa-2 cells
794
with mesenchymal motility, we used MMP2- and MMP9-spe-
cific protease inhibitors. Figure 4 shows that MMP2I attenuated
the X-ray-induced invasiveness of MIAPaCa-2 cells to some
degree, while MMP9I did not. The percentage of viable cells
used to adjust the total number of seeded cells is shown in
Table S5.

We then investigated the expression of MMP2 protein in irra-
diated cells. Expression of protein with the molecular weight of
the active form of MMP2 increased in the conditioned medium
containing X-ray-irradiated MIAPaCa-2 cells, and this increase
was dose dependent when radiation doses of 0, 2 and 4 Gy were
used, but the MMP2 expression level at 4 Gy was similar to that
at 8 Gy (Fig. 5). Therefore the changes in active MMP2 levels
were associated with the altered invasiveness of the irradiated
cells, but no association with invasiveness was observed in
doi: 10.1111/j.1349-7006.2011.01852.x
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(B)

(D)
Fig. 5. Expression analyses of MMP2 and MMP14.
(A) The expression levels of MMP2 and MMP14
were determined by western blotting. Quantitative
densitometric results are shown for MMP2 (B) and
MMP14 (C), respectively. These data represent the
mean ± SD of samples (n = 5 or 6). Quantification
of mRNA for MMP2 (D) and MMP14 (E) by RT-PCR.
The results for the X-ray-irradiated samples are
shown as arbitrary units calculated from the
standard curve prepared using a serial dilution of
the cDNA library. Data represents the mean ± SD
(n = 3). *P < 0.05 versus control. ND, not detected.

Fig. 4. The effects of MMP2I and MMP9I on the invasiveness of
MIAPaCa-2 cells. (A) An invasion assay was performed with the
addition of a MMP2-specific inhibitor, MMP2 inhibitor III (A), or a
MMP9-specific inhibitor, MMP9 inhibitor I (B). Data are represented as
mean ± SD of samples (n = 6). *P < 0.05.

Fujita et al.
the 8-Gy-irradiated cells, whose migration capability was
suppressed. Furthermore, we analyzed the expression of
MMP14, which mediates MMP2 activation.(20,21) Levels of the
active form of MMP14 were also elevated by irradiation in a
dose-dependent manner, indicating that this factor may mediate
the rapid conversion of pro-MMP2 to its active form in X-ray-
irradiated cells (Fig. 5A,C). Furthermore, we detected that MMP2
enzymatic activity was enhanced upon irradiation (Fig. S1A).

To examine whether the expression of these MMP was regu-
lated at the mRNA level, the amount of RNA coding for MMP2
or MMP14 was measured by the qRT-PCR method. The MMP2
mRNA could not be detected in the non-irradiated cells in our
system, but its level clearly increased in X-ray-irradiated cells
(Fig. 5D); this indicated that X-ray irradiation enhanced MMP2
transcription and ⁄ or stabilized MMP2 mRNA. The mRNA of
MMP14 was slightly increased at 2 Gy and reduced at 4 and
8 Gy (Fig. 5E); this may be sufficient to produce the MMP14
protein, which in turn activates MMP2.

Effects of ROCKI on the invasiveness and morphological
transition of MIAPaCa-2 cells. To suppress the invasiveness of
MIAPaCa-2 cells due to amoeboid motility, we used a ROCKI,
namely, Y27632. Treatment of the cells with the ROCKI unex-
pectedly led to a substantial increase in the number of invasive
cells (Fig. 6A). Cell morphological analysis showed a clear
increase in the number of cells of the mesenchymal (elongated)
type, with an associated reduction in the number of cells of the
amoeboid (round) type, and both the elongated and round cells
expressed filopodia-like shapes (Fig. 6B–D, Fig. S2). We also
observed that most of the invaded cells, which were treated with
ROCKI, express filopodia-like shapes (Fig. S3). The possible
(A)

(C)

(E)
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(C)

(D)

Fig. 6. The effects of matrix metalloproteinase inhibitors (MMPI) and ROCK inhibitor (ROCKI) on the invasiveness of MIAPaCa-2 cells. (A) An
invasion assay was performed with the addition of ROCKI or ROCKI plus MMPI (GM6001). Data represent the mean ± SD of samples (n = 6).
*P < 0.05 versus control. (B) Morphology of MIAPaCa-2. After incubation for 6 h with the inhibitor(s), the cells were photographed. Bar, 200 lm.
(C) Effects of ROCKI and ROCKI plus MMPI on cell morphology. The cells were stained with phalloidine and Hoechst 33258. (D) Cells with the
typical mesenchymal-type or amoeboid-type morphology shown in Figure 6C were counted, and the percentage of cells of each morphological
type were calculated. *P < 0.05 versus control.
invasive potential of the round cells with filopodia could not be
analyzed because we could not isolate and culture this type of
cell from the MIAPaCa-2 cells, which are morphologically hetero-
geneous.

Because ROCKI enhanced the amoeboid–mesenchymal tran-
sition and the invasion of cells, the MMP2 expression was ana-
lyzed. The data showed that ROCKI-treated MIAPaCa-2 cells
exhibited upregulation of MMP2 mRNA, which was followed
by the production of a protein with the molecular weight of the
active form of MMP2 (Fig. 7). We also detected that ROCKI
treatment enhanced MMP2 activity (Fig. S1B). These results
indicate that ROCK activity modulates the transition of cells
between amoeboid and mesenchymal motility, and induces
MMP2 expression in these cells.

This ROCKI-induced amoeboid–mesenchymal transition was
also observed under X-ray-irradiated conditions. The number of
796
the invasive cells increased, indicating the additive effects of
ROCKI treatment and X-ray irradiation (Fig. 6A).

Combined effects of MMP2I and ROCKI. We tested whether
the invasiveness of MIAPaCa-2 cells could be suppressed if the
cells attained mesenchymal motility by treatment with ROCKI
and whether the induced protease activity could be suppressed
by treatment with MMPI. The simultaneous use of both MMPI
and ROCKI significantly suppressed both the X-ray-induced and
basal invasiveness of unirradiated MIAPaCa-2 cells (Fig. 6A,
Fig. S4).

Discussion

Studies have shown that the invasiveness of tumor cells is
enhanced by X-ray irradiation via induction of proteases, which
degrade the ECM.(5,6,22,23) Recent reports suggested that tumor
doi: 10.1111/j.1349-7006.2011.01852.x
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Fig. 7. Induction of MMP2 expression by ROCK inhibitor (ROCKI). The
expression of MMP2 was analyzed by western blotting (A).
Quantitative densitometric results are shown. The data represent the
mean ± SD of samples (n = 3). *P < 0.05 versus control. Quantification
of MMP2 mRNA was performed using RT-PCR (B). The data represent
the mean ± SD of samples (n = 3). ND, not detected.
cells can be classified into those that predominantly take on an
elongated or mesenchymal morphology, a rounded or amoeboid
morphology, or an intermediate (oval) type of morphology.(7–13)

Because the invasion of cells of the mesenchymal morphology
depends on proteolysis, this type of invasion is expected to be
suppressed by treatment of the cells with protease inhibitors.
This was verified in the present study, wherein the inhibition of
MMP activity by using its specific inhibitor decreased the num-
ber of invasive MIAPaCa-2 cells. However, although MMPI
treatment of the cells resulted in the mesenchymal–amoeboid
switch, this transition did not enhance the invasiveness of MIA-
PaCa-2 cells. Further investigation is required to understand the
effect of this transition on the induction of ROCK activity
required for amoeboid-type invasion.

Invasion of cells with the amoeboid mode of motility is
expected to be blocked by ROCKI. Y27632 blocks Rho-medi-
ated activation of myosin and suppresses the invasiveness of
cells of several cancer lines.(24–28) Wyckoff et al.(29) suggested
that ROCKI may be related to the dramatic alteration in the
localization of myosin light chains; instead of forming bundles
around the cell cortex and behind the invasive edge, myosin
light chains spread diffusely in the cytoplasm, except in cer-
tain localized areas around the cell margin. Furthermore, Xue
et al.(30) showed that Y27632 and RhoC siRNA reduced the
expression of MMP2 and MMP9 as well as the chemotactic
migration of tumor cells in a dose-dependent manner. In con-
trast, treatment of MIAPaCa-2 cells with Y27632 stimulated
the amoeboid–mesenchymal transition, induced MMP2, and,
as a result, increased the number of invasive cells. Similar
Fujita et al.
findings have been reported with astrocytoma treated with
Y27632.(24)

Although several reports have indicated that MMP activation
is involved in the altered invasiveness of X-ray- or c-ray-irradi-
ated cells,(5,6,22,23) these reports did not discuss the mode of cell
motility. To our knowledge, this study presents, for the first
time, evidence that ROCKI promotes MMP2 induction and
enhances the invasiveness of cells with the ability to undergo
the amoeboid–mesenchymal transition. MIAPaCa-2 cells exhib-
ited MMP2 expression on exposure to both irradiation and
ROCKI. It has been reported that the transcription factors Sp1,
Sp3 and AP2 are required for constitutive MMP2 expres-
sion.(31,32) Several pathways may be associated with the radia-
tion-induced upregulation of MMP2 mRNA. Zhao et al.(33)

reported that the upregulation of MMP2 is due to increased
mRNA stability and is mediated by redox in rat tubule epithelial
cells. Park et al.(34) showed that c-ray irradiation increased
MMP2 promoter activity through Src-dependent epidermal
growth factor receptor activation, which triggers the p38 ⁄ Akt
and PI3K ⁄ Akt signaling pathways in PTEN-mutant glioma cells.
Our data showed that MMP2 expression is regulated at the
mRNA level by ROCKI treatment as well as by photon irradia-
tion; however, the mechanism underlying ROCKI-induced acti-
vation of MMP2 expression is still unclear and requires further
analysis.

The significance of MMP-2 in the pathogenesis of pancreatic
cancer has been recognized,(35–37) but treatment with MMPI has
not shown much benefit in the survival of pancreatic cancer
patients.(35,38–40) As we demonstrated the role of inter-convert-
ible mesenchymal and amoeboid modes in the invasiveness of
MIAPaCa-2 cells, which is modulated by inhibitors, this could
provide an effective reduction in invasion, which is limited to
the use of a single MMPI; the treatment with MMPI would be
more effective with the use of ROCKI that suppress both X-ray-
induced as well as basal invasiveness of cells.

Despite these findings, it remains unclear why some cells
achieve invasive potential after exposure to irradiation or
ROCKI treatment while others do not. In addition, the character-
istics of the cells resistant to concomitant treatment with ROCKI
and MMPI should be studied to help develop new therapeutic
procedures for pancreatic tumors with invasive potential.

In conclusion, this is the first report indicating that the combi-
nation of X-ray irradiation and the use of ROCKI enhance the
invasiveness of pancreatic tumor cells with stimulation of amoe-
boid–mesenchymal transition, and that the simultaneous use of
inhibitors of both amoeboid and mesenchymal movement of
cells clearly suppresses the invasiveness of cells under both
unirradiated and photon-irradiated conditions.
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