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Background and purpose: Carbon ion (C-ion) beams are concentrated to irradiate pancreatic carcinoma in
the upper abdomen; however, this radiotherapy potentially causes adverse reactions in the gastrointesti-
nal tract. FGF1 is a candidate radioprotector for radiation-induced intestinal damage, but may promote
the malignancy of pancreatic cancer. An FGF1/CPP-C chimeric protein was created to enhance the intra-
cellular signaling mode of FGF1 instead of FGFR signaling. The present study investigated the effects of
FGF1/CPP-C on the intestinal adverse reactions of C-ion radiotherapy as well as its influence on the malig-
nancy of pancreatic cancer.
Materials and methods: FGF1/CPP-C was administered intraperitoneally to BALB/c mice without heparin
12 h before total body irradiation (TBI) with low-LET C-ion (17 keV/lm) at 6–8 Gy. Several radioprotec-
tive effects were examined in the jejunum. The invasion and migration of the human pancreatic carci-
noma cell lines MIAPaCa-2 and PANC-1 were assessed using Boyden chambers after cultures with
FGF1/CPP-C.
Results: The FGF1/CPP-C treatment promoted crypt survival after C-ion irradiation at 7–8 Gy significantly
more than the FGF1 treatment. FGF1/CPP-C also inhibited C-ion radiotherapy-induced apoptosis and
reduced cH2AX foci in crypt cells more than FGF1. However, FGF1/CPP-C inhibited the downstream sig-
naling pathways of FGFRs and suppressed the activation of cell-cycle regulatory molecules in the intes-
tine until 4 h after TBI. Furthermore, IEC6 cells were arrested in G2M after cultures with FGF1/CPP-C or
FGF1, suggesting that DNA repair after irradiation is promoted by FGF1/CPP-C-induced G2M arrest. In
contrast, FGF1/CPP-C appeared to be internalized into MIAPaCa-2 and PANC-1 cells more efficiently than
FGF1. Therefore, FGF1/CPP-C reduced the in vitro proliferation, invasion, and migration of MIAPaCa-2 and
PANC-1 cells significantly more than FGF1 through the cellular internalization of FGF1.
Conclusion: These results suggest that the intracellular signaling mode of FGF1/CPP-C attenuates the
intestinal adverse effects of C-ion radiotherapy without enhancing the malignancy of pancreatic
carcinoma.

� 2018 The Authors. Published by Elsevier B.V. on behalf of European Society for Radiotherapy and
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction
Carbon ion (C-ion) radiotherapy is applied to control localized
pancreatic cancer. The surrounding normal gastrointestinal (GI)
organs are radiosensitive, whereas pancreatic cancer is radioresis-
tant; therefore, radiotherapy is applied at high doses, which
increases the risk of adverse reactions. In contrast, C-ion beams
are concentrated to sufficiently irradiate the target while minimiz-
ing exposure of the surrounding tissues; therefore, C-ion radiother-
apy is associated with fewer GI adverse reactions, such as anorexia,
nausea, and vomiting, than conventional radiotherapy [1,2].
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However, if high-intensity doses of C-ion irradiation affect focal
areas of the GI mucosa, C-ion radiotherapy potentially causes
ulcers, bleeding, and perforation of the GI tract as adverse reac-
tions, which limits radiation doses. Therefore, radioprotectors
against radiation-induced intestinal damage are considered to be
useful for increasing the clinical application of abdominal C-ion
radiotherapy.

Several fibroblast growth factors (FGFs) have been shown to
protect against radiation-induced intestinal damage [3,4]. How-
ever, aberrant FGF signaling has been reported to promote tumor
development by enhancing cell proliferation, cell survival, and
tumor angiogenesis [5]; therefore, FGF radioprotectors may pro-
mote the progression and metastasis of tumors. On the other hand,
FGF signaling has tumor suppressive functions under specific con-
ditions [5]. Thus, the influence of FGFs on the malignancy of each
Fig. 1. FGF1/CPP-C reacts with all FGFR subtypes more weakly than FGF1. (A) The stru
pathway of FGF through cell surface receptors, the cellular internalization of FGF induc
shown. (C) The BaF3 transfectant cell line expressing each FGFR subtype was cultured fo
5 lg/ml heparin. Cell numbers were estimated from optical absorbance at 450 nm (ABS
cancer needs to be clarified in order to apply FGF radioprotectors
to cancer radiotherapy.

FGF has two signaling modes: a signaling pathway via cell sur-
face FGF receptors (FGFRs) and intracellular signaling by internal-
ized FGF. We previously reported that FGF12 is internalized into
cells, and this process depends on two novel cell-penetrating pep-
tide (CPP) domains of FGF12 (CPP-M and CPP-C) [6]. CPP-C, com-
posed of approximately 10 amino acids, is a specific domain of
the FGF11 subfamily (FGF11-FGF14) in the C-terminal region.
FGF1 shares structural similarities with FGF12; however, FGF1 is
internalized into cells markedly less than FGF12 because it lacks
the corresponding CPP-C domain. Since CPP-C delivers FGFs into
cells independently of FGFRs, the FGF1/CPP-C chimeric protein
(FGF1/CPP-C) is internalized into cells more efficiently than wild-
type FGF1 [6] (Fig. 1 and E1). The mitogenic activity of FGF1/CPP-C
cture of the FGF1/CPP-C fusion protein is shown. (B) In addition to the signaling
es other signaling pathways. The potential signaling pathways by FGF1/CPP-C are
r 42 h with FGF1 or FGF1/CPP-C at the indicated concentrations in the presence of
450) using WST-1 reagent. All values are means ± SD (n = 4). *P < 0.05; ***P < 0.001.
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through FGFR1c or 2b was previously shown to be markedly
weaker than that of FGF1 [7]. Nevertheless, FGF1/CPP-C promoted
anti-apoptotic effects and crypt regeneration in the intestines after
c-irradiation more strongly than FGF1 [7]. Therefore, FGF1/CPP-C is
expected to protect against adverse reactions after radiation ther-
apy without enhancing the malignancy of tumors.

The present study investigated the influence of FGF1/CPP-C on
C-ion-induced intestinal damage and the malignancy of human
pancreatic cancer cell lines, and the results obtained demonstrated
that FGF1/CPP-C exerted protective effects against C-ion-induced
intestinal damage with the inhibition of the metastatic capabilities
of human pancreatic cancer cell lines through the cellular internal-
ization of FGF1/CPP-C.

2. Materials and methods

2.1. Cell culture

The rat intestinal epithelial cell line IEC6 was provided by the
RIKEN BioSource Center (Tsukuba, Japan). IEC6 cells were main-
tained in medium consisting of Dulbecco’s modified Eagle’s med-
ium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with
5% fetal calf serum (FCS) (HyClone, Logan, UT, USA) and 4 lg/ml
insulin. The human pancreatic cancer cell lines MIAPaCa-2 and
Panc-1 were purchased from ATCC (Manassas, VA, USA) and cul-
tured in DMEM supplemented with 10% FCS.

2.2. Mice

Seven-week-old male BALB/c mice weighing between 23 and
27 g were obtained from Japan Clea (Tokyo, Japan). Mice were
housed in an air-conditioned room in a specific-pathogen-free
facility and irradiated at 8 weeks old with C-ion beams from the
Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National
Institute of Radiological Sciences. All protocols complied with the
Guidelines on Animal Experiments from the National Institutes
for Quantum and Radiological Science and Technology and were
approved by the Laboratory Animal Safety and Ethics Council of
National Institutes for Quantum and Radiological Science and
Technology. Crypt and TUNEL assays were performed on
paraffin-embedded sections after total body irradiation (TBI) with
C-ion, as described in the Supplementary Materials and Methods.

2.3. Cell growth assay

The proliferation of BaF3 transfectants was assessed using the
tetrazolium salt WST-1 according to the manufacturer’s protocol
(Roche Diagnostics, Mannheim, Germany) (Supplementary Materi-
als and Methods).

2.4. Invasion and migration assays

The invasive capabilities of PANC-1 and MIAPaCa-2 cells were
examined using transwell chambers coated with matrigel (BD Bio-
sciences, Redwood City, MA, USA) and the migration speeds of
MIAPaCA-2 and PANC-1 cells were assessed by the wound healing
assay using IncuCyte (Essen Bioscience), as described previously
(Supplementary Materials and Methods).

2.5. Western blot assay

The expression of MAPKs and a cell cycle regulator in the jeju-
num was analyzed by Western blotting as described in the Supple-
mentary Materials and Methods. The experimental conditions for
each antibody are listed in Supplementary Table 1.
2.6. Microarray analysis

The mRNA expression profiles of the jejunum were obtained by
a DNA microarray analysis 4 h after C-ion irradiation, as described
in the Supplementary Materials and Methods. Microarray data
were submitted to NCBI GEO (Accession no.: GSE113641).
2.7. Irradiation

C-ions were accelerated to 290 MeV per nucleon beam using
the HIMAC synchrotron at the National Institute of Radiological
Sciences and spread out to a width of 6 cm. The desired linear
energy transfer (LET) was obtained by inserting a given thickness.
The desired irradiation field was obtained by the simultaneous use
of an iron collimator and brass collimator. C-ions were obtained
with a dose-averaged LET of 20 keV/lm at the entrance of the pla-
teau, whereas C-ions were located with a dose-averaged LET of
80 keV/lm within the spread-out Bragg peak (SOBP). Mice were
irradiated with a plateau of 6-cm SOBP beams without an energy
reducer with a dose-averaged linear energy transfer (LET) of
17 keV/lm. Pancreatic cancer cell lines were irradiated with an
LET value of 80 keV/lm, corresponding to a monoenergetic beam
with a narrow Bragg peak at a depth of 10 cm.
2.8. Statistical analysis

All values represent the mean ± standard deviation of results,
and values in each group were compared using ANOVA and Fisher’s
protected least significant difference test (*P < 0.05; **P < 0.01;
***P < 0.001).
3. Results

3.1. FGF1/CPP-C is internalized into cells more efficiently than FGF1,
but exhibits less mitogenic activity

An FGF1/CPP-C fusion protein was created to match the
sequence of the FGF12 C-terminal region (Fig. 1A) (Supplementary
Materials and Methods). Since FGF1 has no sequence correspond-
ing to the C terminus of FGF12, which includes CPP-C (Fig. 1A), it
was internalized into cells markedly less than FGF12. Therefore,
the fusion of CPP-C to FGF1 enhanced the cellular internalization
of the FGF1 protein (Fig. 1B and Supplementary Fig. 1) [6]. FGF1/
CPP-C activated all FGFR subtypes, namely, FGF1/CPP-C shared
the same receptor specificity as wild-type FGF1 (Fig. 1C). However,
the reactivity of FGF1/CPP-C with FGFRs was significantly weaker
than that of FGF1 (Fig. 1C); therefore, the addition of CPP-C to
FGF1 reduced the mitogenic activity of FGF1.

3.2. FGF1/CPP-C protects the intestines against C-ion RT-induced
damage more than FGF1

Ten micrograms of FGF1/CPP-C or wild-type FGF1 in the
absence of heparin was intraperitoneally administered to BALB/c
mice 12 h before TBI with a plateau of the SOBP beam of C-ion
(17 keV/lm) at 6, 7, or 8 Gy. FGF1 and FGF1/CPP-C both appeared
to effectively promote crypt survival. After C-ion irradiation at
8 Gy, FGF1/CPP-C increased the relative crypt number significantly
more than saline and FGF1 (Fig. 2AB). FGF1/CPP-C also increased
this number significantly more than saline after TBI with C-ion at
7 Gy. In addition, FGF1/CPP-C strongly inhibited radiation-
induced apoptosis in the crypts of the jejunum 24 h after TBI, while
10 and 100 lg of FGF1/CPP-C resulted in reductions of approxi-
mately 20 and 45%, respectively (Fig. 2C and D). In contrast,



Fig. 2. FGF1/CPP-C protects against intestinal adverse effects induced by C-ion therapy. Each FGF without heparin was administered intraperitoneally to three BALB/c mice
12 h before total body irradiation (TBI) with Carbon ion (C-ion) beams. (A, B) The relative number of surviving crypts in the jejunum of mice treated with 10 lg of FGF was
assessed 3.5 days after TBI at 6, 7, or 8 Gy. All values are means ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. (C, D) TUNEL assays were performed using paraffin-embedded
sections to evaluate apoptosis in the crypts of the jejunum treated with 10 or 100 lg of FGF 24 h after TBI at 8 Gy. Representative histological images from mice treated with
100 lg of FGF are shown. All values are means ± SD (n = 3). *P < 0.05 significantly different from the irradiated control; **P < 0.01 significantly different from the irradiated
control. (E, F) The jejunum of mice treated with 10 lg of FGF was removed 2, 4, or 6 h after TBI at 8 Gy. Staining with an anti-cH2AX antibody was performed using paraffin-
embedded sections and representative histological images from mice 4 h after irradiation are shown. The number of cH2AX+ cells was assessed in each crypt by screening
more than 200 crypts. All values are means ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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100 lg of FGF1 reduced radiation-induced apoptosis by only
approximately 20% from that with saline, whereas 10 lg of FGF1
did not. The repair of double-strand DNA breaks (DSBs) was esti-
mated by staining paraffin-embedded sections of the jejunumwith
an anti-cH2AX antibody (Fig. 2E). FGF1/CPP-C tended to reduce
cH2AX+ cell numbers after TBI, which were significantly lower
than those of the irradiated control 2, 4, and 6 h after irradiation;
however, FGF1 did not reduce cH2AX+ cell numbers 4 and 6 h after
irradiation (Fig. 2F). These results suggested that FGF1/CPP-C
increased DNA repair and the survival of intestinal crypt cells,
thereby promoting recovery from C-ion-induced intestinal
damage.
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3.3. FGF1/CPP-C suppresses invasive and migration capabilities of
pancreatic carcinoma cells

In order to estimate the involvement of FGF1/CPP-C in the
metastasis of pancreatic carcinoma, the in vitro invasiveness of
the human pancreatic carcinoma cell lines, MIAPaCa-2 and
PANC-1, was examined using an invasion assay after the culture
with FGF1/CPP-C. FGF-1/CPP-C reduced the number of MIAPaCa-2
and PANC-1 cells that invaded through Matrigel-coated mem-
branes (Fig. 3A). Although wild-type FGF1 also inhibited the inva-
sion of MIAPaCA-2 and PANC-1 cells, FGF-1/CPP-C reduced the
invasion of pancreatic carcinoma cells significantly more than
FGF1 (Fig. 3B). The migration of pancreatic carcinoma cells was
tracked by the wound healing assay in order to assess their migra-
tion rate (Fig. 3C). FGF1/CPP-C significantly reduced the migration
speed of MIAPaCa-2 cells 24 and 48 h after the culture, whereas
FGF1 only reduced it 24 h after the culture. In contrast, the migra-
tion speed of PANC-1 cells was decreased by FGF1/CPP-C 48 h after
the culture. These results suggested that FGF1/CPP-C decreased the
invasive and migration capabilities of pancreatic carcinoma cells.

3.4. FGF1/CPP-C is internalized into pancreatic carcinoma cells without
mitogenic effects

The transcript levels of FGFRs were assessed in MIAPaCa-2 and
PANC-1 cells using DNA microarrays (Fig. 4A). MIAPaCa-2 and
PANC-1 cells strongly expressed FGFR3 transcripts, and the expres-
sion of FGFR1 transcripts was also observed in PANC-1 cells. How-
ever, both of the cell lines weakly expressed the FGFR2 and FGFR4
transcripts. FGF12B was efficiently internalized into MIAPaCa-2
and PANC-1 cells; therefore, FGF1/CPP-C was internalized into
MIAPaCa-2 and PANC-1 cells more than FGF1 because FGF1/CPP-
C was composed of FGF1 and CPP-C derived from FGF12 (Fig. 4B).
Although MIAPaCa-2 and PANC-1 cells expressed the subfamily
of FGFRs, with which FGF1 and FGF1/CPP-C react, neither FGF1
nor FGF1/CPPC stimulated the growth of MIAPaCa-2 or PANC-1
cells (Fig. 4C). FGF1/CPP-C did not significantly inhibit the prolifer-
ation of MIAPaCa-2 or PANC-1 cells (Fig. 4C). Moreover, FGF1/CPP-
C did not affect the survival abilities of pancreatic carcinoma cells,
when FGF1/CPP-C treatment was combined with C-ion irradiation
(Supplementary Fig. 2). FGF1/CPP-C also did not enhance tumor
formation by MIAPaCa-2 and PANC-1 cells in the xenograft mouse
model, whereas FGF1 promoted the proliferation of PANC-1 cells
(Supplementary Fig. 3). These results suggested that FGF1/CPP-C
did not promote the proliferation of pancreatic carcinoma cells
by inducing intracellular signaling through the cellular internaliza-
tion of FGF1/CPP-C.

3.5. FGF1/CPP-C inhibits the downstream signaling pathways of FGFRs
and G2M transition

The downstream signaling pathways of FGFRs were examined
using a Western blot analysis after C-ion irradiation with a 12-h
FGF1/CPP-C pretreatment. FGF1 activated the signaling of FGFRs
through the pathways of Raf-MEK-Erk1/2, JNK, and p38 until 4 h
after TBI (Fig. 5A and Supplementary Fig. 4). However, FGF1/CPP-
C significantly inhibited the activation of these MAPK signaling
pathways until 4 h after TBI (Fig. 5A and Supplementary Fig. 4).
In order to screen for molecules contributing to the effects of
FGF1/CPP-C on radiation-induced intestinal damage, the mRNA
expression profile of the irradiated jejunum was obtained using a
DNA microarray analysis 4 h after C-ion irradiation with the 12-h
FGF1/CPP-C pretreatment (Fig. 5B). C-ion irradiation reduced the
transcript levels of G2M transition genes and increased those of
G2M inhibition genes. In contrast, the transcript levels of the G1
and G1S transition genes were increased by irradiation, suggesting
that C-ion irradiation induced cell-cycle arrest at G2/M in the
intestines because G2/M transition is tightly regulated by the
cdc2/cyclin B complex [8]. However, neither FGF1 nor FGF1/CPP-
C significantly affected the transcript levels of cell-cycle regulatory
genes after irradiation (Fig. 5B). On the other hand, FGF1/CPP-C
inhibited the expression and activation of cell-cycle regulatory
molecules, whereas FGF1 promoted them (Fig. 5C). The FACS anal-
ysis showed that FGF1/CPP-C and FGF1 slightly induced G2/M
arrest in the rat intestinal cell line IEC6. (Fig. 5D and Supplemen-
tary Fig. 5) (Supplementary Materials and Methods). These results
suggested that FGF1/CPP-C suppressed the downstream signaling
pathways of FGFRs and inhibited G2/M transition, which was con-
sistent with the weak mitogenic activity of FGF1/CPP-C (Fig. 1C).
4. Discussion

C-ion radiation therapy is used for the local treatment of deep-
seated tumors in the body because of physically and biologically
effective dose localization [9,10]. In addition, C-ion beams, which
are high-LET radiation, produce dense ionization along their trajec-
tories to cause irreparable DSBs, resulting in the death of cancer
cells [11,12]. A tumor mass is critically targeted with the high-
LET portion, and, thus, the surrounding normal tissue is exposed
to the low-LET portion outside the spread-out Bragg peak, but
not the high-LET portion [9]. Therefore, the adverse reactions of
C-ion radiotherapy may be potentially ameliorated by some treat-
ments. A previous study showed that FGF1/CPP-C protected
against photon-induced intestinal damage [7], and, in the present
study, the adverse effects of C-ion irradiation were also attenuated
by the FGF1/CPP-C treatment (Fig. 2).

FGF1 exerted potent radioprotective effects against radiation-
induced intestinal damage [3,4]. The receptor specificity of FGF is
important for this role. FGF1/CPP-C reacted with all of the FGFR
subtypes, such as FGF1 (Fig. 1C); therefore, FGF1/CPP-C had the
same receptor specificity as FGF1. However, the mitogenic activity
of FGF1/CPP-C through each FGFR was at least 10-fold weaker than
that of FGF1 (Fig. 1C), and FGF1/CPP-C significantly inhibited the
activation of the downstream signaling of FGFRs in the intestines
after C-ion irradiation (Fig. 5A and Supplementary Fig. 4), suggest-
ing that the biological activity of FGF1/CPP-C through FGFRs was
weaker than that of FGF1. Although the well-established signaling
mode of FGF consists of FGFR binding and activation of the cyto-
plasmic receptor kinase domain [13], the cellular internalization
of FGF is also part of its functional mode of signaling because endo-
cytosed receptor-bound FGF1 reaches the nucleus via a nuclear
localization signal, leading to DNA synthesis and cell proliferation
[14,15] (Fig. 1B). In addition, a pathway analysis showed that the
expression of genes in the renin-angiotensin system was down-
regulated significantly more by FGF1/CPP-C than by FGF1 after C-
ion irradiation (Supplementary Table 2). The renin-angiotensin
system is known to contribute to radiation-induced tissue damage
and is a potential target for preventing and treating damage [16].
Thus, the intracellular signaling mode of FGF independently of
FGFR signaling may contribute to the radioprotective effects of
FGF1/CPP-C [7].

DSBs are the most frequently induced and harmful type of DNA
damage caused by irradiation, and must be repaired by non-
homologous end joining or homologous recombination through
the assembly of DNA repair molecules [17] for the regeneration
of tissues. FGF1/CPP-C significantly reduced cH2AX foci in the jeju-
num after C-ion irradiation (Fig. 2EF). Although C-ion irradiation
increased the expression of homologous recombination genes
(Supplementary Figs. 6 and 7), FGF1/CPP-C by itself did not
increase the protein expression of Rad51 in the intestines (Supple-
mentary Fig. 7). Several FGFs, including FGF1, FGF2, and FGF18, are



Fig. 3. FGF1/CPP-C inhibits metastatic capabilities of pancreatic carcinoma cell lines. (A) The invasiveness of MIAPaCa-2 and PANC-1 cells was examined by invasion assays
24 h after the incubation in Matrigel-coated transwells with 100 ng/ml of FGF1 or FGF1/CPP-C in the presence of 5 lg/ml heparin. Invading cells on the transwell membrane
are shown. (B) The number of invading cells was assessed using the public domain ImageJ program (NIH, Bethesda, MD) and the ratio of invading cells was obtained by
dividing them by the total number of seeded cells. All values are means ± SD (n = 4). **P < 0.01; ***P < 0.001. (C) The migration of MIAPaCA-2 and PANC-1 cells was tracked by
the wound healing assay using IncuCyte (Essen Bioscience, Ann Arbor, MI, USA) during the culture in a 96-well-plate with 100 ng/ml of FGF1 or FGF1/CPP-C. The migration
rate of cells was assessed after 24- and 48-h cultures. All values are means ± SD (n = 3). *P < 0.05.
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Fig. 4. FGF1/CPP-C reduces the proliferation of pancreatic cancer cells. (A) The levels of FGFR1-4 transcripts were quantified in PANC-1 and MIAPaCa-2 cells using DNA
microarrays. (B) The fluorescence levels of PANC-1 and MIAPaCa-2 cells were evaluated by flow cytometry after a 24-h culture with Alexa Fluor 568-labeled recombinant
FGFs in order to examine the internalization of each FGF into cells. (C) PANC-1 or MIAPaCa-2 cells were cultured in 12-well plates at a density of 5 � 104 cells per well for 24 h,
and further incubated for 24 h with FGF1 or FGF1/CPP-C at the indicated concentrations in the presence of 5 lg/ml of heparin. Cell numbers were counted by microscopy. All
values are means ± SD (n = 3). ns: not significantly different from the control.

14 M. Kawano et al. / Clinical and Translational Radiation Oncology 14 (2019) 8–16



Fig. 5. FGF1/CPP-C inhibits downstream signaling pathways of FGFRs and G2M transition. Each FGF without heparin was administered intraperitoneally to BALB/c mice 12 h
before total TBI with C-ion at 8 Gy. (A) Ten or one hundred micrograms of each FGF was administered to mice, and the activation of MAPK genes in the jejunumwas examined
by a Western blot analysis 2 h after TBI. (B) Ten micrograms of FGF was administered to mice, and the expression levels of each cell cycle regulatory gene in the jejunumwere
measured 4 h after TBI using DNA microarrays. These values in the FGF-treated jejunum relative to those in the non-irradiated saline control were shown in the heat map
(n = 2). (C) The levels of activation of cell-cycle regulatory genes were assessed in the jejunum treated with 10 lg of FGF by a Western blot analysis 4 h after TBI. (D) The cell-
cycle distribution of the rat intestinal epithelial cell line IEC6 was examined 24 h after the treatment with 100 ng/ml of FGF1 or FGF1/CPP-C in the absence of heparin by
propidium iodide (PI) staining using flow cytometry. All values are means ± SD (n = 3). ns: not significant.
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known to contribute to G2 arrest [18–20]. Wild-type FGF1 induced
G2M arrest in the intestinal cell line (Fig. 5D), but increased ERK
signaling to promote cell proliferation (Fig. 5A). On the other hand,
FGF1/CPP-C inhibited the expression and activation of G2M transi-
tion molecules (Fig. 5C), and the addition of FGF1/CPP-C to a cul-
ture of intestinal cells appeared to increase their G2M population
(Supplementary Fig. 5). Moreover, FGF1/CPP-C significantly inhib-
ited the activation of the MAPK signaling pathways including
ERK (Fig. 5A). Therefore, the FGF1/CPP-C treatment induced G2
arrest in the jejunum in order to provide more time for DNA repair.

FGFR1b expression in human pancreatic cancer cells inhibited
single-cell movement, in vitro invasion, and in vivo tumor forma-
tion and growth, whereas FGFR1c expression in non-malignant
pancreatic ductal cells resulted in cellular transformation and
in vivo tumor formation [21]. Therefore, some FGF signaling path-
ways may suppress the malignancy of tumors [5]. FGF1/CPP-C
inhibited the invasive and migration capabilities of the pancreatic
cancer cell lines, PANC-1 and MIAPaCa-2 more strongly than wild-
type FGF1 (Fig. 3). However, PANC-1 cells expressed FGFR1,
whereas MIAPaCa-2 cells did not (Fig. 4A); therefore, other signal-
ing pathways besides FGFR1 may be responsible for inhibiting the
malignancy of pancreatic cancer cell lines by FGF1/CPP-C. FGF12
also suppressed the in vitro invasiveness of PANC-1 and
MIAPaCa-2 cells [7] and FGF1/CPP-C was internalized into these
cells (Fig. 4B), suggesting that the cellular internalization of
FGF1/CPP-C inhibited the metastasis of pancreatic cancer cells.



16 M. Kawano et al. / Clinical and Translational Radiation Oncology 14 (2019) 8–16
Moreover, FGF1/CPP-C did not promote the in vitro proliferation
rates or in vivo tumor formation in SCID mice of PANC-1 or
MIAPaCa-2 cells (Fig. 4C and supplementary Fig. 3). There is also
no evidence to indicate that the radioresistance of pancreatic car-
cinoma against C-ion radiotherapy developed after FGF1/CPP-C
treatment (Supplementary Fig. 2). These results suggest that
FGF1/CPP-C mediates the inhibition of pancreatic cancer cell
metastasis via its intracellular functions through cellular internal-
ization; therefore, the clinical usage of the FGF1/CPP-C radiopro-
tector does not exacerbate the malignancy of pancreatic
carcinoma.
5. Conclusions

FGF1/CPP-C increased DNA repair and the survival of intestinal
crypt cells, resulting in the promotion of recovery from C-ion-
induced intestinal damage. In contrast, FGF1/CPP-C decreased the
proliferative, invasive, and migration capabilities of pancreatic car-
cinoma cells. FGF1/CPP-C suppressed the downstream signaling
pathways of FGFRs and inhibited G2/M transition, which was con-
sistent with the weak mitogenic activity of FGF1/CPP-C. Accord-
ingly, the FGF1/CPP-C chimera protein, which is characterized by
the intracellular signaling mode of FGF1, has the potential to pre-
vent and treat adverse reactions in the GI tract after C-ion radio-
therapy for pancreatic carcinoma in the abdomen.
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