
Abstract. Background/Aim: Cell migration and invasion are
fundamental components of tumor cell metastasis that
represent the biggest threat to the survival and quality of life
of cancer patients. There is clear evidence that ionizing
radiation can differently modulate migration and invasiveness
of cancer cells depending on the cell lines, the doses and the
radiation types investigated. This suggests that motile cells are
able to adopt different migration strategies according to their
molecular characteristics and external signals. Materials and
Methods: In this study, a morphological analysis was
performed on pancreatic cancer Aspc-1 cells to evaluate the
amoeboid–mesenchymal mobility transition in several
experimental conditions considering the role played by factors
released by normal and tumor cells, in basal conditions and
after low and high Linear Energy Transfer (LET) irradiation.
Results and Conclusion: The migratory behavior of Aspc-1
cells is modulated by factors released by normal fibroblasts
and tumor cells, and this is in turn modulated by both the
radiation dose and the radiation quality.

Single cell migration and invasion play pivotal roles in cancer
cell invasion and metastasis which are essentially responsible
for the dismal prognoses of a majority of cancer patients. 

During migration tumor cells show a great variety of
morphological changes, even simultaneously (1-3), and the
modalities of single-cell migration can be subdivided into

amoeboid- and mesenchymal-type. Cells moving in the
mesenchymal mode are elongated, and their movement
depends on the proteolytic activity of matrix
metalloproteinases (MMP), which permits penetration of
the extracellular matrix (ECM). Cells in the amoeboid
mode are round with bleb-like protrusions and their
movement is mediated by actomyosin contraction, that is
regulated by Rhokinase (ROCK). Some cell lines derived
from tumors show both these modes of movement. Cells
can shift between these two modes also depending on the
environmental conditions (4, 5).

Suppression or enhancement of the activity of specific
molecular pathways determines plasticity of tumor cell
migration, allowing to rapidly switch from one type of
invasiveness to the other (mesenchymal–amoeboid
transition – MAT or amoeboid–mesenchymal transition –
AMT). Thus, analysis of the morphological appearance
during migration may provide useful information on the
cell migration process itself and the influence of the tumor
microenvironment on this process. Indeed, growth factors
and cytokines released by normal and tumor cells represent
central extracellular triggers which control these migration
programs and thus regulate adaptive invasion strategies.
These processes are based on a number of biological
characteristics associated with various molecular changes
involving proteinases, adhesion molecules, and cell motility
factors (6).

In the last years, several studies have described
modulation of tumor cell migration and invasiveness after
low and high Linear Energy Transfer (LET) irradiation via
induction of proteases (4, 7-10). A comprehensive evaluation
of the tumor-stromal conditions that may trigger MAT/AMT
could help us elucidate the mechanisms of plasticity in the
migration strategies of tumor cells after radiotherapy.
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In the present study we, therefore, investigated the
morphological plasticity of pancreatic cancer cells migration
and invasion in response to different doses of low (photons)
and high (carbon ions) LET radiations under well-defined in
vitro conditions aiming to mimic the tumor microenvironment.

Materials and Methods

Cell cultures. Human pancreatic cancer Aspc-1 cells were
purchased from Istituto Zooprofilattico Sperimentale della
Lombardia e dell'Emilia Romagna (IZSLER, Italy) and cultured in
RPMI 1640 medium containing glutamine and supplemented with
100-U/ml penicillin and streptomycin, 1% of sodium pyruvate and
20% of fetal bovine serum (FBS). Human fibroblasts AG01522
were cultured in Minimum essential medium (MEM) alpha-
modified supplemented with 2 mmol/l L-glutamine, 1% penicillin
and streptomycin and 20% of FBS. Because human fibroblasts
senesced, they were used at early passage numbers (passages 11-
18). All cells were grown at 37˚C in a humidified atmosphere
containing 5% CO2 and splitted using 10% trypsin when confluent.
All media, supplements and chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Conditioned medium used as chemoattractant in the lower
compartments was collected from flasks 24 h after radiation and
filtered with 0.2 μm cellulose filters. 

Irradiation. Aspc-1 cells and AG01522 cells were irradiated with 6
MV X-rays with a Siemens Primus linear accelerator (2 Gy/min as
dose rate) at the Oncological Radiotherapy Department at San
Matteo Hospital in Pavia. Cells were grown in T25 flasks and
horizontally irradiated at 0 Gy, 0.5 Gy, 1 Gy, 2 Gy or 4 Gy. Carbon-
ions irradiations were performed at CNAO synchrotron facility in
Pavia with a dose rate of 1.39 Gy/min/cm2, using scanning beams
and same doses used for photons. Cells were vertically irradiated in
fulfilled T12.5 flasks in a water phantom at the depth of middle
Spread-Out Bragg Peak (energy range=246 -312 MeV/u). 

Transwell migration assay. Irradiated or control Aspc-1 cells were
harvested and 2.5×105 cells suspended in 0% FBS medium were
seeded in duplets on inserts. In the lower compartments 1.5 ml of
20% fresh complete medium was added. In case of the transwell
migration assay to test migration induced by factors released by
irradiated pancreatic cancer cells, 1.5 ml conditioned medium
collected from irradiated Aspc-1 cells was placed in the lower
well as a chemoattractant. Transwell migration assay to test
migration morphology induced by irradiated fibroblasts was
performed by seeding irradiated Aspc-1 cells in the upper
compartment and irradiated AG01522 cells in the lower
compartment. AG01522 cells were harvested after radiation and
5×104 cells were seeded in the lower compartment of the
transwell plate. After 8 h, cells were attached on the bottom of
the compartment and inserts with 2.5×105 irradiated Aspc-1 cells
of the corresponding dose were added.

All plates tested for migration assay were left in the incubator
for 48 h. Then cells on the upper surface of the insert were removed
by scrubbing with a cotton tipped swab. Invading cells in the lower
surface of the membrane were washed twice with PBS, fixed with
70% cold ethanol for 3 min, washed and stained for 10 min with
Gentian Violet solution. 

Matrigel Invasion assay. Corning BioCoat Matrigel invasion
chambers with matrigel coated porous filters (8 μm) were used in a
transwell assay to test the invasive morphology of irradiated Aspc-
1 cells in the same conditions described for the migration assays. 

Morphological analysis. Five random fields (400×) from each well
were photographed, and the proportion of mesenchymal to
amoeboid morphology was assessed by visual blinded analysis by
two independent observers. Cell morphology was scored as
amoeboid type (spherical morphology with no apparent cellular
protrusions) or mesenchymal type (spindle-shaped) (4), and the
percentage of cells of each morphological type was determined.

Statistical analysis. Data were analyzed by Student t-test using
GraphPad software. The mean±s.d. was determined with a
significance level of p<0.05.

Results 

In our culturing conditions Aspc-1 cells were morphologically
heterogeneous, with a strong preponderance of mesenchymal
phenotypes compared to the amoeboid ones.

As a first approach, we scored the number of mesenchymal
and amoeboid patterns in low and high LET irradiated Aspc-
1 cells that migrated towards FBS-enriched medium (Figure
1). Irradiation induced significative changes in the
amoeboid/mesenchymal ratio compared to control conditions
(not irradiated Aspc-1 cells). In particular, photon radiation
determined an increase in amoeboid-mesenchymal transition
that was maximum after 0.5 Gy: 11.6% of irradiated migrated
cells showing mesenchymal type of motility, compared to
4.7% of non-irradiated cells. The number of mesenchymal-like
migrating cells was slightly increased also with higher doses.
Also, carbon ion irradiation determined an increase in
mesenchymal motility in the irradiated Aspc-1 cells: this
switch towards AMT is correlated with the increase of the
dose reaching the maximum value of 18.9% of Aspc-1 cells
with a mesenchymal-type motion after 4 Gy of carbon ions.

Subsequently, to better simulate a condition where
irradiated cancer cells and irradiated surrounding fibroblasts
influence each other in a sustained crosstalk following
treatment, irradiated or not irradiated AG01522 cells were
seeded in the lower compartment and the mesenchymal- and
amoeboid-like motility of accordingly irradiated Aspc-1 cells
was scored (Figure 2). Interestingly, comparing the scoring
in the control conditions presented in graphs of Figure 1 and
Figure 2, the presence of unirradiated fibroblasts did not
influence the modality of migration of unirradiated
pancreatic cancer cells. Considering photon radiation, the
presence of irradiated fibroblasts in the lower compartment
determined a more evident increase in mesenchymal-like
mode of single-cell migration in irradiated Aspc-1 cells
which was correlated with the radiation dose. A similar trend
was observed with carbon ion radiation, although the effect
was higher: in the presence of 4 Gy-irradiated normal
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fibroblasts 35,9% of mesenchymal-like pattern of migration
was scored in 4 Gy-irradiated Aspc-1 cells.

Finally, in order to better evaluate the role the tumor
microenvironment secreted factors played on migration
modality we used as a chemoattractant for the irradiated
pancreatic cancer cells the conditioned medium collected
from low and high LET irradiated Aspc-1 cells (Figure 3).

Concerning photon radiation, the highest percentage
(11.4%) of mesenchymal-type morphology was scored in 

0.5 Gy irradiated Aspc-1 cells migrating towards the
medium collected from 0.5 Gy-irradiated Aspc-1 cells. No
significant increases in mesenchymal patterns were
observed with the other doses of photons. We observed a
peak (20.6%) in AMT transition also with carbon ion
radiation, although with this type of radiation the dose was
1 Gy. Also, doses higher than 1 Gy of carbon ions
determined a significant increase in mesenchymal-like
motility compared to 0 and 0.5 Gy.
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Figure 1. Effects of X-ray or Carbon ion irradiation on the migration morphology of Aspc-1 cells. Irradiated Aspc-1 cells were seeded in the upper
well in 0% FBS medium. Medium with 20% FBS was used as a chemoattractant (A). Migrated cells were stained with gentian violet and scored for
mesenchymal- or amoeboid-morphology, 800× (B). The percentage of mesenchymal-type migrating Aspc-1 cells was calculated for each dose and
radiation type tested (C). Each value represents the mean±SD of triplicate experiments. *Statistically significant difference compared to 0-Gy
condition (p<0.05). 



The analysis of invaded Aspc-1 cells toward FBS enriched
medium revealed that almost the totality of these cells, either
irradiated or not-irradiated, either photons or carbon ions,
shows an amoeboid-like motility (between 0 and 5.5% of
cells with mesenchymal appearance with all doses tested and
the two radiation types). In parallel, the motility of irradiated
pancreatic cancer cells that invaded the matrigel coated
membrane toward non-irradiated AG01522 normal

fibroblasts was scored along with the mesenchymal pattern.
A dramatic switch to mesenchymal-type motility of carbon
ion irradiated Aspc-1 cells migrating toward carbon ion
irradiated normal fibroblasts. In particular, with the
maximum dose tested, i.e. 4 Gy, the mesenchymal cell
motility reached 48.2% of the scored cells and 29.4% after
1 Gy of carbon ion irradiated Aspc-1 cells and AG01522
(Figure 4). No AMT was observed in pancreatic cancer
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Figure 2. Effects of X-ray or Carbon ion irradiation on the migration morphology of Aspc-1 cells co-cultured with irradiated normal fibroblasts.
Irradiated Aspc-1 cells were seeded in the upper well and same-dose, same-radiation-type irradiated AG01522 cells in the lower well (A). Migrated
cells were stained with gentian violet and scored for mesenchymal- or amoeboid-morphology 800× (B) The percentage of mesenchymal-type
migrating Aspc-1 cells was calculated for each dose and radiation type tested (C). Each value represents the mean±SD of triplicate experiments.
*Statistically significant difference compared to 0-Gy condition (p<0.05).



invaded cells in case of photon radiation of both Aspc-1 and
AG01522 cells (data not shown).

Discussion

Several in vitro and in vivo studies have reported that
irradiation may subsequently alter tumor aggression by

reducing or promoting the migration and/or invasiveness of
the remaining cancer cells, which appear to differ depending
on the form and dose of radiation, as well as the investigated
cell line (7, 11). During the last few years, significant
attention has been given to the ability of individual cells to
switch between different motility modes, in particular
between mesenchymal and amoeboid mobility, and vice
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Figure 3. Effects of secreted factors released by irradiated pancreatic cancer cells on the morphology of migrated Aspc-1 cells. Irradiated Aspc-1
cells were seeded in the upper well and medium collected from same-dose, same-radiation-type irradiated Aspc-1 cells used as a chemoattractant
(A). Migrated cells were stained with gentian violet and scored for mesenchymal- or amoeboid-morphology, 800× (B) The percentage of
mesenchymal-type migrating Aspc-1 cells was calculated for each dose and radiation type tested (C). Each value represents the mean±SD of
triplicate experiments. *Statistically significant difference compared to 0-Gy condition (p<0.05).



versa (12-18). Cells moving in the mesenchymal mode have
elongated and spindle shaped morphologies, and their
movement depends on the proteolytic activity of MMPs,
which permits penetration of the ECM. Cells in the
amoeboid mode are largely rounded with bleb-like
protrusions (blebby amoeboid migration) and their
movement is mediated by actomyosin contraction, which is
regulated by ROCK and is independent from ECM
proteolytic degradation (4). Most tumor cells use both cell
migration modalities in an adaptive manner (5): changes in
migratory strategies can occur rapidly as a form of reply and
adaptation by tumor cells to microenvironmental property
alterations and intracellular signaling events (15, 16).

One very detailed study by Fujita and colleagues
investigated the influence of low LET radiation on amoeboid
motility of MIAPaCa-2 pancreatic cancer cells (4). In basal
conditions they observed a slight induction of AMT after X-
ray radiation. Nevertheless, the role of secreted factors
released by, irradiated or unirradiated, normal and tumor
cells and how they cooperate to trigger these migration
modalities has not been investigated properly. The present
study evaluated the effects of the tumor microenvironment
signals on the amoeboid-mesenchymal transition plasticity
of migrating and invading Aspc-1 cells with regard to
radiation dose and type.

Our results collected in basal conditions, i.e. low or high
LET-irradiated cancer cells migrating toward FBS enriched
medium, showed a switch of Aspc-1 cells to mesenchymal
motility after radiation exposure with important differences
according to the radiation type. While the mesenchymal
transition proved to be maximal after 2 and 4 Gy of carbon
ions, the exposure to photons determined the highest level of
cells with mesenchymal morphology after the lowest dose
tested (i.e. 0.5 Gy) and then decreased with the higher doses,
however remaining above the control values. These data
collected with low LET radiations are in agreement with the
single study published on irradiated pancreatic cancer cells
migration modalities so far (4) where their morphological
analysis showed a slight increase in the number of migrating
mesenchymal type cells in x-rays-irradiated (2 and 4 Gy)
MIAPaCa-2 cells.

To exploit the relevance of interactions between pancreatic
cancer cells and surrounding stromal fibroblasts on the
migration modality, we scored the amoeboid and mesenchymal
migrated Aspc-1 cells cocultured with either irradiated or
unirradiated, low and high LET, AG01522 normal fibroblasts.
Interestingly the presence of unirradiated fibroblasts did not
influence the modality of migration of unirradiated Aspc-1
cells. Ohuchida and colleagues in 2004 investigated the
invasiveness of pancreatic cancer cells in response to coculture
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Figure 4. Effects of X-ray or Carbon ion irradiation on the morphology of invaded Aspc-1 cells co-cultured with irradiated normal fibroblasts.
Irradiated Aspc-1 cells were seeded in the upper well with matrigel coated porous membrane and same-dose, same-radiation-type irradiated
AG01522 cells in the lower well (A). Invaded Aspc-1 cells were stained with gentian violet and scored for mesenchymal- or amoeboid-morphology
400× (B). Arrows indicate mesenchymal-like migration morphologies. 



with gamma-ray irradiated fibroblasts (19). They observed that
coculture with non-irradiated fibroblasts significantly increased
the invasive ability of pancreatic cancer cells and this was
further accelerated when cocultured with irradiated fibroblasts.
Our study also demonstrates that the ATM of pancreatic cancer
cells is increased with the presence of cocultured irradiated
fibroblasts. Indeed, the presence of cocultured carbon ion
irradiated fibroblasts causes an up to seven-fold increase in the
percentage of mesenchymal-type cells in carbon ion irradiated
cancer cells compared to control conditions. Also, photon-
irradiated fibroblasts increased the transition toward
mesenchymal morphology however this was not dose-
correlated reaching a sort of plateau level already after 0.5 Gy.
Analysis of the invasiveness have highlighted that Aspc-1 cells
invading the matrigel membrane have almost exclusively
amoeboid morphology but, surprisingly, the presence of
cocultured carbon ion irradiated fibroblasts determines a
dramatic switch towards the mesenchymal morphology.

These peculiar differences correlated with the radiation
type confirm the different biological mechanisms of response
of cells irradiated with either low or high LET radiations. 

In conclusion, our present results demonstrate, for the
first time,  that the migratory and invasive behavior of
Aspc-1 cells is modulated by the factors released by normal
fibroblasts and tumor cells and this is in turn modulated by
both the radiation dose and the radiation quality. These data
are of particular importance also in the context of the
radiation-induced bystander effects, where even low
radiation doses can induce significant effects on normal and
cancer neighboring cells through the release of extracellular
signals. Surely further studies are necessary to elucidate the
molecular mechanisms related to the modulation of
pancreatic cancer cells motility by radiation quality and by
cell-released factors.
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