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Abstract. The use of carbon ion therapy for cancer treatment
is becoming more widespread due to the advantages of carbon
ions compared with X-rays. Breast cancer patients may benefit
from these advantages, as the surrounding healthy tissues
receive a lower dose, and the increased biological effectiveness
of carbon ions can better control radioresistant cancer cells.
Accumulating evidence indicates that the Hedgehog (Hh)
pathway is linked to the development and progression of breast
cancer, as well as to resistance to X-irradiation and the migra-
tory capacity of cancer cells. Hence, there is an increasing
interest in targeting the Hh pathway in combination with
radiotherapy. Several studies have already investigated this
treatment strategy with conventional radiotherapy. However,
to the best of our knowledge, the combination of Hh inhibitors
with particle therapy has not yet been explored. The aim of the
present study was to investigate the potential of the Hh inhib-
itor GANT®61 as an effective modulator of radiosensitivity and
migration potential in MCF-7 breast cancer cells, and compare
potential differences between carbon ion irradiation and X-ray
exposure. Although Hh targeting was not able to radiosensitise
cells to any radiation type used, the combination of GANT61
with X-rays or carbon ions (energy: 95 MeV/n; linear energy
transfer: 73 keV/um) was more effective in decreasing MCF-7
cell migration compared with either radiation type alone. Gene
expression of the Hh pathway was affected to different degrees
in response to X-ray and carbon ion irradiation, as well as in
response to the combination of GANT61 with irradiation. In

Correspondence to: Dr Marjan Moreels, Radiobiology Unit,
Institute for Environment, Health and Safety, Belgian Nuclear
Research Centre, Boeretang 200, Antwerp, 2400 Mol, Belgium
E-mail: marjan.moreels@sckcen.be

Key words: carbon ion irradiation, radiosensitisation, Hedgehog
pathway, cell migration, gene expression, GANT61

conclusion, combining Hh inhibition with radiation (X-rays
or carbon ions) more effectively decreased breast cancer cell
migration compared with radiation treatment alone.

Introduction

The use of charged particles, such as protons or carbon ions, in
radiotherapy offers several advantages compared with conven-
tional radiotherapy with X-rays. One of these advantages is the
superior dose deposition due to the physical properties of
the particles (1,2). Therefore, the healthy tissue surrounding
the tumour receive a lower radiation dose and, consequently,
fewer side effects are expected. In addition, carbon ions have
increased relative biological effectiveness (RBE), which
indicates that these particles are more effective in inducing
DNA damage, cell cycle arrest and cell death compared
with X-rays (1,3,4). Due to these advantages, the number of
cancer patients receiving carbon ion therapy, particularly for
radioresistant tumours, is increasing (5).

Breast cancer is the most common cancer in women world-
wide, and the majority of these patients are treated with surgery
and/or radiotherapy (6). Radiotherapy-related long-term effects
include cardiopulmonary toxicity and secondary malignan-
cies (7). Particle therapy may benefit breast cancer patients
by decreasing the exposure of the heart and lungs, thereby
decreasing cardiotoxicity (8). In Japan, carbon ion therapy has
already been used to treat stage I breast cancer (9). The rationale
for using carbon ions in early-stage breast cancer is the fact that
radical conventional radiotherapy is associated with an inferior
cosmetic outcome, unsatisfactory results and technical difficul-
ties, which are not observed with carbon ions (9). In Europe,
however, breast cancer has only been treated with proton
therapy and in only few particle therapy centres (10).

Despite the fact that primary breast cancer is associated
with a good local control rate, 25-50% of breast cancer patients
will ultimately develop metastases (11), which is considered
to be an incurable disease state (12). The migration and inva-
sion of cancer cells is a complicated process that involves
the interplay of different molecular pathways, including the
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Hedgehog (Hh) signalling pathway. This is an important
developmental pathway that has also been implicated in the
growth and progression of different tumour types, including
breast cancer (13-15). Several studies have observed overex-
pression of the Hh pathway genes sonic Hedgehog (SHH),
glioma-associated oncogene (GLI)I and patched 1 (PTCHI1)
in breast cancer cells (15,16). Moreover, in a study by Cui et al,
upregulation of SHH was observed in early-stage breast
cancer, which may be an indication that Hh pathway activation
is an early event in breast cancer development (17). Several
in vitro and in vivo studies have also reported that active Hh
signalling is associated with increased migration and invasion
of different types of cancer cells (18-23), while inhibition of
GLI1/2 has been found to decrease the migration of ovarian
cancer and medulloblastoma cells (24,25). In addition, the
Hh pathway has also been implicated in resistance to photon
radiation (18,26,27).

Hence, there is an increasing interest in targeting the Hh
pathway for different tumour types. Furthermore, combining
Hh inhibitors with radiation therapy may sensitise cancer
cells to radiation. Several studies have already investigated
this treatment strategy with conventional radiotherapy, mostly
using inhibitors that target the Hh pathway further upstream,
such as smoothened (SMO) inhibitors (28-35). However, resist-
ance to SMO inhibitors has already been observed (36-38).
Therefore, targeting the Hh pathway further downstream, at
the level of the GLI1/2 transcription factors, appears to be a
more promising approach (29,39,40).

Thus far, the combination of targeted drugs with particle
therapy has not been explored to the same extent as with
X-rays. One example is the combination of poly(ADP-ribose)
polymerase inhibitors with carbon ion radiation, which
has demonstrated an increased sensitivity of cancer cells to
particle radiation (41). However, to the best of our knowledge,
the combination of particle therapy with Hh inhibitors has not
been previously investigated.

The aim of the present study was to compare the effect
of X-rays and carbon ions on cell survival, migration and Hh
pathway gene expression in breast cancer cells, and determine
how this gene expression may be associated with cellular
behaviour, such as migration. In addition, the potential of the
Hh inhibitor GANT61 as an effective modulator of cancer cell
radiosensitivity and migration potential was explored.

Materials and methods

Cell line and drug preparation. Huoman breast cancer cells
(MCF-7) were obtained from the American Type Culture
Collection (ATCC). The MCF-7 cells are breast cancer cells
derived from a pleural effusion (metastatic site) (42). The
MCEF-7 cell line was selected because different components of
the Hh signalling pathway are expressed in these cells (data not
shown). The cells were cultured in Eagle's minimal essential
medium (ATCC) supplemented with 10% foetal bovine serum
(FBS), and maintained in a humidified incubator (37°C and
5% CO,). Mycoplasma testing was performed periodically.
The GLI1/2 inhibitor GANT61 (Selleck Chemicals)
was selected to inhibit the Hh pathway. Two concentrations
of GANT61 (1 and 10 gmol/l) were dissolved in dimethyl
sulphoxide (DMSO), aliquoted and stored at -20°C. Only data
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relating to 10 ymol/l GANT61 will be discussed, since this
was the only concentration where significant changes were
observed compared with the DMSO-treated control (Fig. 1).
Control cells were treated with the drug solvent, with a final
dilution of DMSO in the cell medium of 1:1,000. The drug
was added 72 h prior to irradiation with either X-rays or
carbon ions, based on previous studies using GANT61 (29,39).
The drug was present in the medium during irradiation until
the cells had to be processed for the different assays. After
processing of the cells for the different assays, the drug was
removed.

Cytotoxicity screening. The effect of the Hh inhibitor GANT61
on MCF-7 cell cytotoxicity was assessed by means of a
sulphorhodamine B (SRB) assay. MCF-7 cells were seeded in
96-well plates (2,500 cells/well). After 72 h of treatment with
DMSO (1:1,000), 1 gmol/l GANT61 or 10 gmol/l GANT6I
cells were fixed with trichloric acid and stained with 0.4%
SRB (Sigma Aldrich; Merck KGaA) in 1% acetic acid. The
cells were washed five times with 1% acetic acid, after which
time 10 gmol/l Tris-Base was added. The absorbance was
measured at 570 nm with a CLARIOstar microplate reader
(BMG Labtech).

X-irradiation. To irradiate MCF-7 cells with X-rays, the
Xstrahl 320 kV generator (250 kV, 12 mA, 3.8 mm Al and
1.4 mm Cu) was used at the SCKeCEN facility (Mol, Belgium).
Cells were irradiated at room temperature with different X-ray
doses (0, 0.25,0.5, 2, 4 and 6 Gy) at a calculated dose rate of
0.5 Gy/min. The culture medium was replaced prior to irradia-
tion in a horizontal position (perpendicular to the vertical X-ray
beam). The irradiation of biological samples was performed
with the Xstrahl 320 kV tube, using the ISO 4037 H-250 beam
quality in the following configuration: Inherent filtration:
0.21 mm Al; additional filtration: 3.8 mm Al + 1.4 mm Cu +
dose-area product meter; tube voltage: 250 kV; tube current:
12 mA; distance: 50 cm. A Farmer NE2571 chamber was
used for dosimetry measurements. The calibration in terms of
K, of this chamber was based on the primary standards of the
Physikalisch Technische Bundesanstalt, Germany.

Carbon ion irradiation. Carbon ion beam time was granted by
the iPAC committee of the Grand Accélérateur National d'Tons
Lourds (GANIL). The cells were transported from Belgium to
France by car, inside a transportable incubator, in completely
filled flasks. Upon arrival, fresh culture medium was added,
and the cells were placed in a humidified incubator over-
night. Four days prior to irradiation, the cells were seeded in
12.5-cm? flasks (Falcon, VWR). Immediately prior to irradia-
tion, the cell culture flasks were completely filled with medium
due to the vertical position (perpendicular to the horizontal
carbon ion beam) during irradiation. Irradiation of the cells
was performed at room temperature, with an initial carbon
ion beam energy of 95 and 26-27 MeV/u on target. A poly-
methylmethacrylate degrader of 16.9 mm was used to obtain
a linear energy transfer (LET) of 73 keV/um. The carbon ion
beam had a range in water of 2.5-2.4 mm. The doses applied
were 0, 0.25, 0.5, 1, 2, 3 and 4 Gy, with a calculated dose
rate of ~2 Gy/min. Carbon ion dosimetry was performed as
previously described (43).
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Figure 1. Effect of Hedgehog pathway inhibition by different concentra- QE) E g E 8 @) 6 O 2 8 % E 8 ?:D ﬁ
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cells in the culture flasks, the cells were trypsinized and
seeded in triplicate in 6-well plates at low densities (ranging ©)
from 800 cells/well when exposed to the lowest dose to [ g ﬁ
24.000 cells/well when exposed to the highest dose). At 14 days 8 :tt :E
after seeding, the cells were fixed with 6% glutaraldehyde and Q &) Q < Q E
0.5% crystal violet solution (Sigma-Aldrich; Merck KGaA). CR>. % OO % Z0oe0 8
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Gene expression analysis. RNA was isolated at 8 and 24 h 8 E 8 :ﬂ: (q.:) :E 8 5 8 E 8 8 8 é
after irradiation using the Allprep DNA/RNA kit (Qiagen)
in accorda.nce with the manufa.cturer‘s protocol. The% RNA A %‘: ECgnXuen oA g N
concentration was measured using DropSense 16 (Trinean), 25 | 243FSEE CEEREATRE T
and RNA quality was controlled using the Agilent 2100 ) Aavnoaaarn ©&oovd
Bioanalyzer (Agilent Technologies, Inc.). Subsequently,
RNA was reverse-transcribed to cDNA using the GoScript™ %
Reverse Transcription System (Promega Corporation). Finally, 8
gqPCR reactions were performed by the 7500 Fast Real Time % é
PCR System (Applied Biosystems; Thermo Fisher Scientific, §0 E
Inc.) using MESAGreen gPCR Master Mix Plus for SYBR® ] %‘
Assay Low ROX (Eurogentec). The following thermocycling :;» 2 8
conditions were used: 5 min at 95°C followed by 40 cycles “ QE) 82 — A 8
of 3 sec at 95°C and 45 sec at 60°C. The primers for the Hh % g g % v ez =
pathway genes [SHH, PTCH1, SMO, GLI1, GLI2, GLI3 and =) % z ®
suppressor of fused homolog (SUFU)] and target genes of & 2l g 222 ah 3
the Hh pathway [cyclin D1 (CCND1), vascular endothelial «E 2 c% g _8 _8 _8 -§ = o 2
growth factor (VEGF)A, B-cell lymphoma (BCL)-2, SNAIL1 £ 3 ?0 & _‘% .‘q-'é _‘q‘é 2 é) g Qé
and matrix metallopeptidase (MMP)9] are listed in Table I. 3 =2 ’§0 - 388% -§ % =
Specific target genes of the Hh pathway were selected based 5 § g = — % 2 2 g § A o a g
on their involvement in cell cycle regulation (CCNDI), apop- % £ g % E = 2 Eg 8 = =z =
tosis (BCL-2), epithelial-to-mesenchymal transition (EMT; z é’, e 'g 2 g £8.9 §§ % 1 Tg =
VEGFA and MMP-9) or migration (SNAIL). The gene expres- .E OZTAAanO000nl>mw =
sion was normalized to two housekeeping genes (GAPDH and & =
HPRT1) and calculated using the Pfaffl method (45). The Pfaffl — S E S E = R
method was selected, as it takes into account the individual _% % % § % E § S S S LS % 8 d § E
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reaction efficiencies of the housekeeping genes and the target
genes (45).

Boyden chamber assay. The Boyden chamber assay
(Neuroprobe) was used to investigate the migratory potential
of cancer cells after irradiation. Briefly, cells were seeded in
serum-free medium in the upper wells of the Boyden chamber
24 h after irradiation. The lower wells were filled with medium
containing 0.1% FBS. The upper wells were separated from
the lower wells by a polycarbonate membrane with 8-ym
pores (Neuroprobe). The membrane was precoated with
collagen I (Gibco; Thermo Fisher Scientific, Inc.). After the
cells had been allowed to migrate for 16 h, they were fixed
with methanol and stained with 0.5% crystal violet solution.
Images were captured with a Leica MZ12 microscope (Leica
Microsystems, Ltd.), and the migrated cells were counted in
five separate fields using Image J software (National Institutes
of Health).

Statistical analysis. The experiments were repeated at least
three times for X-ray experiments and at least twice for carbon
ion experiments. More specifically, for carbon ion irradiation,
the colony survival assay was performed in three different
experiments with two technical repeats per dose. The Boyden
chamber assay was performed twice with three technical repeats
per dose. The gene expression experiments were performed in
two independent beam times with four technical repeats per
dose. The results are expressed as means + standard error of
the mean. Statistical analysis was performed using GraphPad
Prism 7 (GraphPad Software, Inc.). For all experiments,
one-way ANOVA with Tukey's multiple comparison test or a
two-tailed Student's t-test was performed. P-values <0.05 were
considered to indicate statistically significant differences.

Results

X-ray and carbon ion radiation decrease the migration of
MCF-7 cells. Both X-rays and carbon ions were able to induce
a dose-dependent decrease in the migration of MCF-7 cells
(Fig. 2). No significant differences were observed between the
two radiation types, except at 0.25 Gy, where X-rays decreased
cell migration significantly more notably compared with
carbon ions.

Each radiation type induces a specific gene expression profile
of the Hh pathway and its target genes. Altered expression
of the investigated Hh pathway genes and certain selected
target genes was observed after irradiation with either X-rays
or carbon ions when compared with non-irradiated controls
(Fig. 3). In addition, both irradiation types induced their own
specific expression profile of the Hh pathway and its target
genes. Significant downregulation of GLI1 was observed
at 8 h after X-ray radiation (P<0.0001). In addition, GLI3
also exhibited a persistent downregulation (until 24 h after
a 4-Gy dose of X-rays). Carbon ions significantly decreased
PTCHI expression at 8 h after exposure (0.5 Gy: P=0.0005;
2 Gy: P=0.0024; and 4 Gy: P=0.002). GLI3 and SUFU, both
of which are Hh pathway inhibitors, exhibited a significant
upregulation at 24 h after a 2- and 4-Gy dose of carbon ions
(GLI3: P<0.0001; SUFU 2 Gy: P=0.0003 and 4 Gy: P=0.01).
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Figure 2. Migration of MCF-7 cells after irradiation. The migratory potential
of MCF-7 cells was assessed after irradiation with X-rays (black) or carbon
ions (grey) by means of a Boyden chamber. The number of migrated cells
after treatment was counted and compared to the number of cells migrated
after control treatment (relative migration). The results are presented
as means =+ standard error of the mean of three independent experiments
performed in triplicate. “P<0.0001 compared with 0.25 Gy of X-rays.
"P<0.0001 compared with 0 Gy of carbon ions. “P=<0.01 compared with 0 Gy
of X-rays. ““P<0.001 and “""P<0.0001.

For the Hh pathway target genes BCL-2 (2 and 4 Gy)
and VEGFA (all doses), X-rays significantly downregu-
lated their expression at 8 h after irradiation (BCL-2 2 Gy:
P=0.0019 and 4 Gy: P<0.0001; VEGFA 0.5 Gy: P=0.03,
2 Gy: P=0.0026 and 4 Gy: P=0.0028). Carbon ions (2 and
4 Gy) also significantly downregulated BCL-2 and VEGFA
expression at 8 h after exposure (BCL-2 2 Gy: P=0.001 and
4 Gy: P=0.0007; VEGFA 2 Gy: P=0.02 and 4 Gy: P=0.001).
At 24 h after carbon ion irradiation, an upregulation in the
target genes was observed, particularly CCNDI1, VEGFA and
MMPO, while both up- and downregulation were observed
after X-ray irradiation.

GANTO61 does not affect the sensitivity of MCF-7 cells to
X-ray or carbon ion radiation. A dose-dependent decrease in
MCF-7 cell survival was observed after irradiation with either
X-rays or carbon ions (Fig. 4A). Carbon ions, however, were
more effective than X-rays in terms of lowering the surviving
fraction, with a calculated RBE of 2.12 for carbon ions at 10%
survival (RBE,).

The combination of the Hh pathway inhibitor GANT61
with different doses of X-rays or carbon ions was not able to
exert a radiosensitising effect on MCF-7 cells (Fig. 4B and C).
No significant differences in the dose enhancement factor
at 10% survival (DEF 0.1) were observed, based on a DEF
0.1 of 0.97 and 1.02 for X-rays and carbon ions, respectively.
The plating efficiencies were calculated and were found to be
0.71 for the combination of X-rays with 10 zmol/l GANT61
and 0.64 for the combination of carbon ions with 10 gmol/l
GANT®61.

Combining radiation with GANTG6I1 affects migration
differently compared with either radiation type alone. The
combination of GANT61 with X-rays was able to significantly
suppress the migration of MCF-7 cells compared with X-rays
alone, at a dose of 0.5 (P=0.049) and 4 Gy (P=0.0087) (Fig. 5).
However, GANT61 in combination with carbon ions was only
able to significantly decrease the migration of MCF-7 cells at a
dose of 0.5 (P<0.0001) and 4 Gy (P=0.0007) (Fig. 5).
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Figure 3. Hedgehog (Hh) pathway gene expression in MCF-7 cells after irradiation. MCF-7 cells were irradiated with different doses of X-rays or carbon ions.
The expression of the Hh pathway genes and target genes was investigated at 8 and 24 h after irradiation. Different colours represent statistical significance
(compared with control, 0 Gy): Light red, non-significant decrease; bright red, significant decrease; light green, non-significant increase; and bright green,
significant increase.
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Figure 4. Effect of different radiation types with or without GANT61 on the survival of MCF-7 cells. (A) MCF-7 cells were irradiated with different
doses of X-rays or carbon ions and colony formation was assessed 14 days after exposure, as stated in Materials and methods. Colony survival curves of
GANTG61-pretreated MCF-7 cells irradiated with (B) X-rays or (C) carbon ions were drawn. DMSO-treated cell cultures were used as control. The results are
presented as means + standard error of the mean of three independent experiments performed in triplicate.
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Figure 5. Migration of MCF-7 cells following combination of GANT61 with irradiation. The migratory potential of MCF-7 cells was assessed by Boyden
chamber after X-rays and DMSO (black), X-rays and GANT61 (black shaded), carbon ions and DMSO (grey) and carbon ions and GANT61 (grey shaded).
The number of migrated cells after treatment was counted and compared to the number of cells migrated after control treatment (relative migration). The
results are presented as means + standard error of the mean of two to three independent experiments performed in triplicate. “P<0.05 vs. control cells; “P<0.01;

“*P<0.001; “**P=<0.0001.

GANTO6I induces a differential expression in Hh pathway and
Hh target genes in combination with X-rays or carbon ions. The
combination of GANT6! with X-rays was able to induce more
significant changes in the expression of the Hh target genes
compared with the combination of GANT61 with carbon ions
(Fig. 6; control: DMSO-treated cells). The majority of the Hh
pathway genes exhibited a significant (SHH: P=0.04, PTCHI:
P=0.01, GLI2: P<0.0001 and GLI3 P=0.0005) downregulation
8 h after 4 Gy of X-rays and GANT®61, apart from SMO, which
exhibited a significant upregulation (P=0.002). At 24 h after
the combination of X-rays and GANT6I, a significant down-
regulation was observed only for SMO, whereas the remaining
genes were upregulated. Carbon ions were able to significantly
downregulate SHH at 8 h post-irradiation (2 Gy: P<0.0001),
PTCHI (0.5 Gy: P<0.0001 and 2 Gy: P=0.0002) and SMO
(0.5 Gy: P=0.03, 2 Gy: P=0.0002 and 4 Gy: P<0.0001), whereas
upregulation of these genes was observed at 24 h after exposure.

One of the target genes of the Hh pathway, CCND1, exhib-
ited a significant downregulation, which persisted for up to 24 h
after exposure to X-rays and GANT61 (at 8 h 0.5 Gy: P=0.02,
2 Gy: P=0.01 and 4 Gy: P=0.01; at 24 h 0.5 Gy: P=0.04, 2 Gy:
P=0.0003 and 4 Gy: P=0.003). By contrast, VEGFA exhibited
a significant upregulation at 8 h after X-ray and GANT61
exposure (all doses P<0.0001), whereas at 24 h after exposure
a significant downregulation (except at 2 Gy) was observed
(0.5 Gy: P=0.002 and 4 Gy: P=0.0007). The combination of
carbon ions and GANT61 was able to significantly upregulate
CCNDI1 (0.5 Gy: P=0.01, 2 Gy: P=0.04 and 4 Gy: P=0.01)
and BCL-2 (2 Gy: P=0.0001 and 4 Gy: P<0.0001) expression
(except at 0.5 Gy) 8 h after exposure, whereas a downregulation
was observed at 24 h (except for BCL-2 at 4 Gy).

Discussion

Carbon ions are superior at sparing normal tissues due to
their physical characteristics, and are also known to have a

higher biological effectiveness compared with X-rays (1). As
such, carbon ions may be a promising treatment option for
breast cancer patients. Therefore, the aim of the present study
was to investigate whether carbon ions are superior to X-rays
in decreasing breast cancer cell survival and migration and
modulating Hh pathway gene expression. Furthermore, we
aimed to investigate the potential modulatory effect of the
Hh inhibitor GANTG61 in combination with different radiation
types for these end points.

The migration of cancer cells after radiotherapy remains
a subject of debate, since contradictory results have been
reported following photon irradiation: Certain studies have
observed an increase in cell migration after radiation, while
others have demonstrated a decrease in migration (46). For
particle radiation, more specifically carbon ions, cell migra-
tion has been shown to decrease (47,48). In the present study,
a dose-dependent decrease in migration was observed for
both X-rays and carbon ions. However, no differences were
observed between carbon ions and X-rays. This is in contrast
to a study published by Matsumoto et al, where a significant
difference in melanoma cell migration was observed between
X-ray and carbon ion irradiation (49). The lack of difference
in migration after X-ray or carbon ion irradiation observed
in the present study may be explained by the similar expres-
sion profile of the migration-related gene VEGFA after both
X-ray and carbon ion irradiation. In addition, the presence
of a cancer stem cell (CSC) subpopulation in the MCF-7 cell
line may account for the lack of difference. Moreover, it is
known that CSCs are characterised by an increased resist-
ance to radiotherapy and play an important role in treatment
failure and recurrence (metastasis) (50). By contrast, a study
by Zhang et al reported increased migration of MCF-7 cells
after X-ray radiation (51). However, these cells were irradiated
with a total dose of 20 Gy administered in daily fractions of
1 or 2 Gy, whereas a single irradiation dose was used in the
present study. Although different survival levels are observed
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Figure 6. Hedgehog (Hh) pathway gene expression in MCF-7 cells following combination treatment with irradiation and GANT61. The expression of Hh
pathway genes and target genes was assessed at 8 and 24 h after irradiation combined with GANT6I. Different colours represent the statistical significance
compared with the DMSO-treated control. Light red, non-significant decrease; bright red, significant decrease; light green, non-significant increase; and bright

green, significant increase.

after X-ray and carbon ion irradiation (Fig. 4), migration is not
affected in a similar manner (Fig. 2). This may be attributed
to the fact that live cells were only counted prior to seeding
the MCF-7 cells in the Boyden chamber. Therefore, although
more cells may die after carbon ion irradiation, the difference
that may exist between X-rays and carbon ions is at least partly
filtered out. In addition, both assays were assessed at different
time points after 14 days (colony survival assay) and 24 + 16 h
(Boyden chamber assay). Considering the fact that different
responses are observed after 0.5 Gy carbon ions, as shown in
Fig. 2 (decreased migration) and Fig. 5 (increased migration),
DMSO may exert an effect on MCF-7 cells, although we do not
consider this to be significant. It has been previously reported
that 0.5% DMSO may exert radioprotective effects (52,53);
however, at the concentration used herein (1:1,000), this would
not be expected to have a major impact. In addition, both
experiments [radiation alone (Fig. 2); radiation and GANT61
(Fig. 5)] were performed separately, which may account for
the differences observed. For the radiation alone experiments,
no DMSO was used or added to the medium, whereas for the
experiments using the combination of radiation and GANT61,
DMSO was added to the medium of the different conditions.
Furthermore, the present study demonstrated a time- and
radiation type-dependent response in the gene expression
of the Hh pathway and selected Hh target genes that are
specifically involved in cell cycle regulation, apoptosis or
cell migration. While the significantly altered genes mostly

exhibited a significantly decreased expression at 8 h after
irradiation for both radiation types, the majority of the genes
exhibited a significantly increased expression at 24 h after
irradiation with either X-rays or carbon ions. In a previous
study by Fushimi et al, a significantly increased CCNDI
expression at 24 h was observed after carbon ions (4 Gy),
but not after X-rays (4 Gy), in oral squamous cell carcinoma
cells (54). By contrast, a significant downregulation in CCNDI1
was observed after 4 Gy of X-rays (54). In addition, as the
combination of X-rays and GANTG6I1 differentially affected
CCNDI expression compared with the combination of carbon
ions and GANT®61, it may be of interest to also investigate the
effect of both treatments on the cell cycle. Overall, radiation
induced a variable response in the gene expression of the Hh
pathway genes and its target genes. Moreover, the observed
changes in gene expression after the different treatments indi-
cate that the investigated genes may not play a principal role in
cell migration. In future experiments, it may be interesting to
focus on the protein expression of the genes to achieve a better
understanding of how the cell may be affected in functional
terms.

Although the role of VEGFA and MMP?9 is not specifically
in migration, they do play a role in the entire EMT process.
Together with the expression of SNAIL, these three genes
provide an overview of the different EMT regulators and
migration, possibly indicating in what way the EMT process
is directed (pro/anti-migration). A significantly increased
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expression of VEGF and MMP9 was observed in MCF-7
cells 24 h after carbon ion exposure. This is consistent with a
study by Kamlah et al, in which the gene expression of VEGF
was increased in lung cancer cells 24 h after a 2-Gy dose of
carbon ions (55). Gan et al reported an increased expression of
SNAILLI at 24 h after X-irradiation (56), whereas in the present
study only non-significant changes in SNAIL expression
were observed 24 h after X-ray exposure. In contrast to these
migration-related gene expression data, MCF-7 cells exhibited
a dose-dependent decrease in migration after carbon ion expo-
sure. This may, however, be explained by the fact that we only
investigated some of the genes involved in migration and inva-
sion. For example, a microarray study was performed on PC3
cells, which also demonstrated that several other genes related
to cell migration were significantly more downregulated after
carbon ion irradiation rather than after X-rays (57). Therefore,
it would be of interest to expand the panel of genes involved
in migration and invasion, including ZEB1 and 2, N-cadherin,
E-cadherin, MMP-2, fibronectin 1 and nexilin.

At present, only a few studies have been performed that
compare the effect of X-rays and carbon ions on breast
cancer cell survival (58,59). Our results are consistent with
these studies, showing that carbon ions are more effective
compared with X-rays in decreasing MCF-7 cell survival
(RBE ~2 at 10% survival for our data). Similar RBE values
have also been observed for other cell lines treated with
carbon ions with similar LET values (~70 keV/um) (60,61).
In addition, PTCH1 and GLII, two indicators of Hh pathway
activity, did not display significant changes in gene expres-
sion up to 24 h after irradiation with either X-rays or carbon
ions. The Hh pathway is indirectly involved in cell survival,
as some of its target genes are involved in cell survival.
However, our data demonstrated that the Hh pathway, due
to its low activity, only plays a minor role in the survival
of MCF-7 cells in response to either X-ray or carbon ion
exposure.

Combining radiation therapy with targeted therapies
may decrease radiation-induced side-effects, as these drugs
may sensitise cancer cells to radiation, thereby making it
possible to use lower radiation doses to achieve the same
tumour control rate. Thus far, only a few targeted therapies
have been tested in combination with particle irradiation
in vitro. The combination of radiation with the Hh inhibitor
GANTGI has only been studied in vitro in combination with
photon radiation in a limited number of cancer types. To the
best of our knowledge, this is the first study to investigate
the effect of X-ray and carbon ion radiation in combination
with GANT61 on breast cancer cell survival. We observed
that neither the combination of GANT61 with X-rays nor
with carbon ions was able to sensitise MCF-7 cells. This
is in contrast to previous studies, where GANT61 was
able to sensitise renal cancer and prostate cancer cells to
X-irradiation (29,40). A possible explanation as to why there
was no observed radiosensitising effect of GANT61 may
be because GANT61 at 10 gmol/l induces cytotoxicity in
~80% of MCF-7 cells (Fig. 1). Therefore, the 20% of MCF-7
cells that survived GANT61 treatment (resistant MCF-7
cells) were studied, rather than the entire cell population.
Although the majority of previous studies used a GANT61
concentration of ~10 ymol/l to treat cancer cells, this
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concentration may still be too low to reveal changes in cell
radiosensitivity. In addition, the lack of a radiosensitising
effect may be due to the fact that, 24 h after the combination
of X-rays or carbon ions with GANTG6], the genes of the Hh
pathway were not significantly downregulated (Fig. 6). This
may indicate that the cancer cells would be able to prolif-
erate in a manner similar to the cells without prior GANT61
treatment and, therefore, no differences were observed
between the two treatments. For future experiments, it may
be of interest to analyse the Hh pathway gene expression at
72 and 72 h + 24 h of the GANT61 treatment alone.

In conclusion, the present study demonstrated that
carbon ions are more effective in decreasing MCF-7 cell
survival compared with X-rays, while MCF-7 cell migration
was similarly affected by both radiation types. Furthermore,
X-rays were able to induce more significant changes in Hh
pathway gene expression compared with carbon ions. In
addition, GANT61 was not able to sensitise MCF-7 cells
to X-ray or carbon ion radiation. However, the combina-
tion of GANT61 with X-ray or carbon ion radiation was
more effective in decreasing cell migration compared with
either radiation type alone. Further studies are required to
determine whether breast cancer cells are a good model for
investigating the combination of Hh inhibition and particle
radiation. Moreover, additional cell lines must be included
for further verification of these results in a wide spectrum of
breast cancer types.
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