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Abstract

Background/Aims: Pancreatic cancer has the poorest survival rate among all cancer types.
Therefore, it is essential to develop an effective treatment strategy for this cancer. Methods: We
performed carbon ion radiotherapy (CIRT) in human pancreatic cancer cell lines and analyzed
their survival, apoptosis, necrosis, and autophagy. To investigate the role of CIRT-induced
autophagy, autophagy inhibitors were added to cells prior to CIRT. To evaluate tumor formation,
we inoculated CIRT-treated murine pancreatic cancer cells on the flank of syngeneic mice and
measured tumor weight. We immunohistochemically measured autophagy levels in surgical
sections from patients with pancreatic cancer who received neoadjuvant chemotherapy (NAC)
plus CIRT or NAC alone. Results: CIRT reduced the survival fraction of pancreatic cancer cells
and induced apoptotic and necrotic alterations, along with autophagy. Preincubation with an
autophagy inhibitor accelerated cell death. Mice inoculated with control pancreatic cancer
cells developed tumors, while those inoculated with CIRT/autophagy inhibitor-treated cells
showed significant evasion. Surgical specimens of NAC-treated patients expressed autophagy
comparable to control patients, while those in the NAC plus CIRT group expressed little
autophagy and nuclear staining. Conclusions: CIRT effectively killed the pancreatic cancer
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Introduction

Pancreatic cancer is typically incurable and characterized by having the poorest
survival rate among all cancer types [1, 2]. The International Agency for Research on Cancer
estimated approximately 10.0 million cancer-related deaths worldwide in 2020, and that
pancreatic cancer was the seventh leading cause of cancer-related deaths (466, 000: 4.7% of
all cancer-related deaths worldwide in 2020) in both sexes [1]. Pancreatic cancer is difficult
to diagnose at an early stage owing to a lack of specific symptoms. In fact, by the time of
diagnosis, pancreatic cancer often metastasizes to the surrounding and/or distant organs
and spreads to the drainage lymph nodes [2]. Because of this, many pancreatic cancers are
diagnosed as unresectable, with only 20% being resectable. A combination of surgery and
chemotherapy has become the standard treatment strategy for pancreatic cancer. However,
the prognosis of this disease remains poor, and the general five-year survival rate is only
10% [2]. Neoadjuvant therapy consisting of chemotherapy and/or radiotherapy is used
for non-metastatic but unresectable locally advanced pancreatic cancer (LAPC) [3]. Some
clinical trials using photon radiation therapy have been inconclusive in patients with LAPC
[4-6]. Thus, a novel and effective treatment strategy for pancreatic cancer is required.

Approximately 90% of pancreatic cancers possess point mutations in the KRAS oncogene
[2, 7]. RAS proteins generated from mutant KRAS constitutively activate their downstream
signaling pathways, such as those involved in the growth, proliferation, and survival of cancer
cells [8]. This may be responsible for the aggressive growth of pancreatic cancer. However,
preclinical trials of inhibitors of the downstream pathways of mutant RAS proteins have
failed to achieve satisfactory results [9, 10].

Carbon ion radiation therapy (CIRT) for cancer started from 1994 at the National
Institute of Radiological Science (currently known as National Institutes for Quantum Science
and Technology, Japan) [3]. Because of their pin-point dose distribution owing to the Bragg
peak, carbon ion beams provide cancer cells with a peak dose radiation without exerting
any adverse effects on normal tissues in the vicinity [11]. Moreover, carbon ion beams have
2-3 folds higher relative biological effectiveness (RBE) than photon beams, such as X-rays
and y-rays, as carbon particles are 12-fold heavier and have higher linear energy transfer
(LET) than proton beams [12]. A higher LET can induce double-strand breaks in DNA. Recent
clinical trials have demonstrated the protective effects of CIRT on patients with pancreatic
cancer [13, 14].

Ionizing radiation, including CIRT, generates multiple cellular responses, such as
generation of reactive oxygen species (ROS) [15], induction of the unfolded protein response
[16], apoptosis [17], metabolic imbalance, and DNA damage, which are responsible for
its anticancer activity. However, ionizing radiation can have pro-cancer effects, while also
facilitating activation of autophagy [18-21]. Some studies have revealed that autophagy
aids in cell survival [18-21] and maintains energy homeostasis [22]. This prompted us to
investigate whether the inhibition of autophagy may improve the therapeutic effects of CIRT
on pancreatic cancer.

Materials and Methods

Cell culture and reagents

Human pancreatic cancer cell lines (MIA PaCa-2, BxPC3, and PANC 1) [23] were purchased from
the American Type Culture Collection (Manassas, Virginia, USA). These cell lines were maintained in the
Roswell Park Memorial Institute 1640 medium purchased from Thermo Fisher Scientific K.K. (Tokyo,
Japan) supplemented with 10% fetal bovine serum and incubated at 37 °C and 5% CO,. Pan02, established
from the pancreatic cancer cells of male C57BL/6 mice treated with the cancer-promoting chemical
3-methylcholanthrene [24], was purchased from the Developmental Therapeutics Program, Division
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of Cancer Treatment and Diagnosis, National Cancer Institute (Frederick, MD, USA). Pan02 cells were
maintained in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific K.K., Tokyo, Japan) with 10%
fetal bovine serum and incubated at 37 °C and 5% CO,. Hydroxychloroquine (sulfate) (HCQ) was purchased
from CAYMAN CHEMICAL (MI, USA). The pro-apoptotic reagent, paclitaxel, was purchased from Selleck
Chemicals (TX, USA). Antibodies against phosphorylated p44/p42 MAPK (T202/Y204), p44/p42 (Erk1/2),
poly ADP-ribose polymerase (PARP), Caspase-3, and microtubule-associated proteins 1A/1B light chain 3B
(LC3B) were purchased from Cell Signaling Technology (MA, USA). Anti-LC3 antibody (clone: LC3 No.6) was
purchased from Cosmo Bio (Tokyo, Japan). Monoclonal antibodies against p62 (SQSTM1) were purchased
from MEDICAL & BIOLOGICAL LABORATORIES (Tokyo, Japan). The anti-f-actin antibody was purchased
from Sigma-Aldrich (MO, USA).

In vitro carbon ion irradiation

For in vitro carbon ion irradiation, cells in T25 culture flasks (IWAKI, Japan) were irradiated with 100
MeV/u horizontal carbon ion beams at the Osaka Heavy lon Therapy Center (Osaka, Japan). The cell culture
surface was placed at about 2 mm before Braggs peak, where the LET was approximately 80 KeV/mm. In
some experiments, the cells were pretreated with HCQ (10 pM) prior to CIRT.

Clonogenic assay

The cells were irradiated with carbon ion beams at (doses of) 0.5, 1, or 2 Gy. Immediately after
irradiation, the cells were detached and counted. Single cells were reseeded into culture dishes at very
low densities. A few weeks after culture, the dishes were fixed and stained with 0.5% crystal violet (Sigma-
Aldrich, STL, USA). Colonies were counted after staining. Survival fractions were calculated as follows:
number of colonies divided by the number of seeded cells and normalized to the plating efficiency of
unirradiated control cells (0 Gy). The resulting dataset was subjected to the linear-quadratic regression.

Apoptosis assay

On days 1 or 3 after carbon-ion beam irradiation, apoptotic cells were measured via flow cytometry. We
detected the appearance of phosphatidylserine on the plasma membrane during apoptosis by staining with
Annexin V-FITC (Thermo Fisher Scientific, MA, USA) [25]. Propidium iodide (PI) (Sigma-Aldrich, STL, USA)
does not permeate the plasma membranes of live cells. When the plasma membrane is damaged by changes
in its composition, PI enters into the cytoplasm and nucleus. Annexin V and PI staining can distinguish
between early apoptotic events (Annexin V*, PI') and late apoptotic events (necrosis) (Annexin V*, PI*) [25].

Cell cycle assay

On day 3 after carbon-ion beam irradiation, dishes were fixed and treated with RNase A (final 250 pg/
mL) and incubated at 37 °C for 15 min. The cells were stained with PI solution (1 mg/mL) at 4 °C for 30 min.
DNA in cells binds to PI stoichiometrically. Flow cytometry analysis was conducted to create a histogram of
DNA content distribution across each step of the cell cycle.

Western blotting analysis

Cells were harvested, washed with phosphate-buffered saline, and lysed using the tissue protein
extraction reagent (Thermo, IL, USA) supplemented with protease inhibitors (Cell Signaling Technology, MA,
USA). Protein concentrations were measured using a TaKaRa BCA Protein Assay Kit (TAKARA BIO INC, Japan).
Equal amounts of proteins were dissolved in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
sample loading buffer and electrophoresed on a polyacrylamide gel (10 or 5-20% gradient gel). After
electrophoresis, the proteins were electrotransferred to 0.45-mm polyvinylidene fluoride membranes
(Immobilon®-P Transfer Membrane, Merck Millipore, MA, USA). Immunoblotting was performed using each
antibody and detected using the ECL-Select reagent (Amersham, MA, USA).

Mouse experiments

Female C57BL/6] mice (6-8 weeks old) were purchased from Japan SLC, Inc. All animal experiments
were performed under specific pathogen-free conditions in accordance with the guidelines of the
Institutional Animal Care Committee of the Hyogo College of Medicine (Hyogo, Japan) (protocol number:
20-060).
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Pan02 cells were cultured in four groups: no treatment (0 Gy), HCQ alone, CIRT (2 Gy) alone, or HCQ
in combination with CIRT 2 Gy. The day after CIRT, cells were harvested and injected with 2.0 x 10°cells per
shot to mice on both flanks. Tumor volume was calculated using the following formula: (long diameter)
x (short diameter)?/2 [26]. Four weeks after inoculation, mice were euthanized, and their tumors were
carefully dissected and weighed.

Patients

Thirty-eight patients with pancreatic cancer did not receive neoadjuvant therapy, while eight patients
received neoadjuvant chemotherapy (NAC) (gemcitabine) between 2014 to 2018. Six patients with
pancreatic cancer received both NAC (gemcitabine with nab-paclitaxel and/or FOLFIRINOX) [27] and CIRT
(total 55.2 Gy by 12 fractionations or total 36.8 Gy by 8 fractionations) between 2019 and 2022. After
receiving each treatment, the patients in the three groups underwent pancreaticoduodenectomy or distal
pancreatectomy. All research protocols in this study using clinical specimens were approved by the Ethics
Committee of Hyogo College of Medicine (approval number: 202208-054).

Immunohistochemistry

Immunohistochemical analysis was performed on pancreatic cancer specimens, as previously
described [28].Briefly, tissue specimens were fixed in 10% Formalin Neutral Buffer Solution (FUJIFILM Wako
Chemicals, 062-01661) and embedded in paraffin wax before sectioning. For epitope retrieval, the sections
were heated in 10 mM Citrate Buffer (pH 6.0) at 95 °C for 40 min using a water bath. Peroxidase blocking
was performed in 0.3% H,0, / MeOH for 30 min at room temperature. The sections were preincubated with
a serum-free protein block (Agilent Technologies X0909) for 30 min at room temperature, and primary
antibodies were added to each slide at 4°C overnight. Secondary antibody staining was performed using
EnVision +/ HRP, Rabbit (Agilent Technologies K4003) for 30 min at room temperature. HRP activity was
visualized using chromogenic substrate 3, 3’-Diaminobenzidine (DAB). Staining was visualized under a
Nikon Eclipse Ni-U microscope (NIKON CORPORATION, Tokyo, Japan). The histochemical intensity was
analyzed using the Image] software version 1.52a (SciJava software ecosystem’s open-source software
project) [29, 30].

Statistical analysis
Multiple comparisons among three or four groups were analyzed using Tukey’s test with free web
software (www.gen-info.osaka-u.ac.jp/MEPHAS /tukey.html). Statistical significance was set at P < 0.05.

Results

Carbon ion irradiation decreases the survival of human pancreatic cancer cells

To test the cytocidal effects of CIRT on pancreatic cancer cell lines (MIA PaCa-2, BxPC3
and PANC 1), we performed a clonogenic assay. On behalf for the pancreatic cancer cell lines,
PANC 1 results were shown (Fig. 1A). The colony number was significantly diminished in
CIRT-treated cells compared with that in the control (0 Gy). The surviving fraction decreased
in a dose-dependent manner (Fig. 1B). The other two cell lines showed the same tendency
(datanotshown). Theseresultsindicate that carbon-ionirradiation reduced the clonogenicity
of pancreatic cancer cells. To investigate whether the CIRT diminution of clonogenicity is
associated with apoptotic cell death, we performed an apoptosis assay 72 h after irradiation.
The PANC I results for the pancreatic cancer cell lines are shown (Fig. 1C). Apoptotic cells
(annexin V*, PI) and necrotic cells (annexin V*, PI*) were detected by flow cytometry. The
apoptotic cell ratio gradually increased in a dose-dependent manner up to 2 Gy, with a sharp
increase after 4 Gy irradiation (Fig. 1D). Consistent with the apoptotic cell ratio, the necrotic
cell ratio increased in a similar manner (Fig. 1E). Other pancreatic cancer cell lines showed
slightly different apoptosis and necrosis ratios, but the trend was the same as that of PANCI
(data not shown). These results suggest that carbon ion irradiation has cytocidal activity via
the activation of apoptosis, resulting in necrosis. Cell proliferation and apoptosis are known
to be highly regulated by cell cycle [31]. To investigate whether CIRT affects the cell cycle,
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we performed a cell cycle assay in
BxPC3 cells 72 h after carbon-ion
irradiation. Irradiation increased
G2/M peak concentration in a
dose-dependent manner (Fig. 1F).
The G2 /M ratio also increased in a
dose-dependent manner (Fig. 1G).
These results suggest that carbon-
ion irradiation arrested the cell
cycle at the G2/M checkpoint.

HCQ treatment increases the

radiosensitivity  of human

pancreatic cancer cells

To  investigate = whether
autophagy inhibition increased
radiosensitivity, we performed an
apoptosis assay following CIRT
with or without HCQ treatment.
On behalf of the pancreatic cancer
cell lines, PANC 1 results are
shown (Fig. 2A and B). Consistent
with the previous data (Fig. 1C-E),
CIRT induced apoptosis in a dose-
dependent manner (blue bar).
Notably, HCQ alone did not induce
apoptosis (orange vs. blue bars
at 0 Gy). Nonetheless, HCQ pre-
treatment further enhanced the
apoptosis ratio when combined
with CIRT (Fig. 2A and B).
Similarly, the necrotic cell ratio
was increased by HCQ plus CIRT
(orange bar) compared with CIRT
alone (blue bar) (Fig. 2C). The
other two pancreatic cancer cell
lines showed a tendency similar
to that of Panc 1 (Fig. S1). Thus,
HCQ and CIRT exerted synergistic
cytocidal actions against human
pancreatic cancer cells. To confirm
this, we performed western blot
analysis for apoptosis-relevant
proteins. Paclitaxel (100 nM) was
used as an inducer of apoptosis.
HCQ alone did not activate the
apoptosis-inducing enzyme
caspase-3, which induces its major
biological product PARP cleavage

Fig. 1. Carbon ion irradiation suppress tumorigenicity in
pancreatic cancer cells. (A) PANC1 cells were carbon ion
irradiated at the indicated dose (LET: 80 KeV/um), and same
numbers of cells were seeded into a 6-well plate. Fourteen days
after irradiation, colony numbers were counted for calculation
of surviving fractions (B). (C) BxPC3 cells were carbon ion
irradiated at the indicated dose (LET: 80 KeV/um). Three days
after irradiation, apoptotic and necrotic cells were detected
via flow cytometry. Apoptotic cell ratio (D) and necrotic cell
ratio (E) are shown. (F) BxPC3 cells were carbon ion irradiated
at the indicated dose (LET: 80 KeV/um). Three days after
irradiation, cell cycle assay was performed. Histogram shows
the DNA content distribution across the steps of the cell cycle.
G2/M ratio is shown (G). Representative photos and data are
shown (A, C, F). Similar results were obtained in two other
experiments. Data are presented as the mean # standard error
of the mean (SEM) of triplicate (B, D, E).

(Fig. 2D). However, CIRT alone moderately activated caspase-3 and cleaved PARP (Fig. 2D).
Consistent with the results of flow cytometry (Fig. 2A-C), CIRT and HCQ strongly induced
caspase 3 activation and PARP cleavage (Fig. 2D). Taken together, these results suggest that
CIRT synergizes with HCQ to induce cell death. Therefore, HCQ may serve as a radiosensitizer.
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To investigate whether CIRT plus HCQ diminished cell survival, we performed a
clonogenic assay using BxPC3 cells (Fig. 2E). The combination of CIRT and HCQ significantly
reduced the colony number compared with CIRT alone, and the survival fraction angle of
cells treated with 2 Gy CIRT in combination with HCQ (orange line) was significantly steeper
than that of cells treated with CIRT alone (blue line) (Fig. 2F). These results suggest that
inhibition of autophagy increases the RBE of CIRT.

Carbon ion irradiation simultaneously inhibits the constitutive activation of the RAS-

mediated signaling pathway, while activating autophagy

Approximately 90% of pancreatic cancers harbor KRAS mutations. ERK is downstream
of KRAS signaling and activated ERK (phosphorylated (p)-ERK) is closely related to cell
proliferation. To address other mechanisms underlying the anticancer properties of CIRT,
we performed western blot analysis for ERK activation, a signature of mutant KRAS (Fig.
3). Consistent with a previous report [32], MIA PaCa-2 cells showed constitutive ERK

Fig. 2. Hydroxychloroquine (HCQ)
treatment enhances the cytotoxicity of
carbon ion irradiation for pancreatic
cancer. (A) PANC1 cells were carbon ion
irradiated at the indicated dose (LET: 80
KeV/um) with or without HCQ (10 uM).
Three days after irradiation, apoptotic
and necrotic cells were detected via flow
cytometry. Apoptotic cell ratio (B) and
necrotic cell ratio (C) are shown. Blue
bar indicates no HCQ treatment. Orange
bar indicates HCQ treatment. (D) BxPC3
cells received five kinds of treatments
(0 Gy, HCQ only, CIRT 2 Gy only, CIRT
2 Gy in combination with HCQ, and
paclitaxel [100 nM]) for 24 h. They were
harvested and lysed for western blotting
analysis. Caspase-3, cleaved-poly(ADP
ribose) polymerase (PARP), and B-actin
(loading control) were examined. (E)
BxPC3 cells were carbon ion irradiated
atthe indicated dose (LET: 80 KeV/um),
and same numbers of cells were seeded
into a 6-well plate. Fourteen days after
irradiation, colony numbers were
counted for calculation of surviving
fractions (F). Blue line indicates no HCQ
treatment. Orange line indicates HCQ
treatment. (A, D, E). Representative
photos and data are shown. Similar
results were obtained in two other
experiments. Data are presented as the
mean * SEM of triplicate (B, C, F).
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Fig. 3. Carbon ion irradiation attenuates KRAS
signaling and activates autophagy in pancreatic
cancer cells. MIA PaCa-2 cells were irradiated with
carbon ions at the indicated dose (LET: 80 KeV/m).
Two hours after irradiation, cells were harvested and

0 05 1 2 4 (Gy)

p-ERK

lysed for western blotting analysis. Protein levels of

extracellular signal-regulated kinase (ERK), p-ERK, ERK
LC-3 (autophagy marker), and p-actin (loading
control) were determined. Representative images are -.‘v “ I
shown. Similar results were obtained in two other : I
experiments.

B-actin

phosphorylation under normal conditions. Upon CIRT, the cells displayed a reduction in
phosphorylated ERK levels in a dose-dependent manner. However, total ERK expression
levels were not affected by CIRT (Fig. 3). These results suggested that CIRT attenuates mutant
KRAS-mediated constitutive ERK activation. Inversely, the levels of autophagy detected
by LC-3 activation increased after the treatment of pancreatic cancer cells with CIRT in a
dose-dependent manner (Fig. 3). Thus, carbon-ion irradiation activates autophagy for cell
survival. These results suggest that carbon-ion irradiation produces therapeutically inverse
effects on pancreatic cancer cells.

Carbon ion irradiation together with HCQ attenuates the tumor growth in isograft models

To investigate the effect of CIRT in combination with HCQ on tumor formation in mice,
we generated a murine pancreatic cancer isograft model. To estimate the optimal CIRT dose
for Pan02 cell death, we performed an apoptosis assay 24 h after CIRT in vitro (Fig. 4A). CIRT
alone (blue bar) increased the apoptotic ratio in a dose-dependent manner (Fig. 4B). Pan02
cells showed an additive apoptosis ratio upon HCQ plus CIRT treatment (orange bar). CIRT
alone (blue bar) did not increase the necrosis ratio, whereas CIRT in combination with HCQ
(orange bar) increased the necrosis ratio in a dose-dependent manner (Fig. 4C). Consistent
with human pancreatic cell lines (Fig. 2), 2 Gy CIRT plus HCQ efficiently killed the Pan02
cells. Thus, we generated an isograft model using Pan02 cells treated with 2 Gy CIRT and/or
HCQ in vitro. Pan02 cells were prepared after four types of treatments:1 untreated control,
0 Gy; 2 HCQ alone, 3 CIRT 2 Gy alone, and 4 HCQ plus CIRT 2 Gy. Then, 24 h after incubation,
the Pan02 cells were inoculated into the syngeneic mice on both franks. The mice were
euthanized 28 days after the isograft, and their tumors were carefully dissected, sized, and
weighed. As shown in Fig. 4D-F, the tumor size and weight in the HCQ plus CIRT group were
minimized among the four groups. The combination treatment attenuated tumor formation
compared to the single treatment (HCQ treatment only or CIRT 2 Gy only). These results
suggest that CIRT and HCQ protect against tumor formation in vivo.

Neoadjuvant therapy together with CIRT abolishes autophagy in human pancreatic cancer

cells

Thus far, all results indicate that CIRT alone cannot fully exert anticancer action against
pancreatic cancer cells by its parallel induction of pro-cancerous autophagy, prompting us to
investigate whether thisis also the case for patients with pancreatic cancer. Currently, patients
with resectable pancreatic cancer receive NAC prior to surgery when the patient is amenable
to treatment (from 2019, Clinical Practice Guidelines in Japan) [33]. We measured the
activities of autophagy in the surgical samples of patients who received NAC followed by CIRT
and compared them with those of patients who received NAC alone. Eight patients received
NAC alone, while 6 patients received NAC followed by CIRT before surgery. To investigate
whether NAC itself affects the activation of autophagy, we performed the same staining on
surgical samples from 38 pancreatic cancer patients without NAC or CIRT (control group).
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Fig. 4. HCQ treatment enhances the suppression of tumor formation by carbon ion irradiation in isograft
models. (A) Pan 02 cells were carbon ion irradiated at the indicated dose (LET: 80 KeV/um) with/without
HCQ. Twenty four hours after irradiation, apoptotic and necrotic cells were detected via flow cytometry.
Apoptotic cell ratio (B) and necrotic cell ratio (C) are shown. Blue bar indicates no HCQ treatment. Orange
bar indicates HCQ treatment. (D) Pan02 cells were prepared after four kinds of treatment: untreated control
0 Gy, HCQ alone, CIRT 2 Gy alone, and HCQ plus CIRT 2 Gy. Twenty four hours after incubation, Pan02 cells
were inoculated in the syngeneic mice on both flanks. Twenty eight days after isografting, tumors were
isolated (photo), measured (B), and weighted (C). Representative photos and data are shown (A, D). Similar
results were obtained in two other experiments. Data are presented as the mean + SEM of triplicate (B, C,
E, F).
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To measure the activation of autophagy, we performed immunohistochemistry for molecules
relevant to autophagy: LC3B and p62 (SQSTM1) [34]. Representative images are shown in
Fig. 5A. To measure the density of these molecules, we performed image processing using
immunohistochemistry images (38 specimens from the control group, eight specimens from
the NAC group, and six specimens from NAC plus CIRT; thus, 52 pancreatic cancer specimens
in total). Image analyses revealed that there was no statistically significant difference
in LC3B or p62 between the NAC and control groups (Fig. 5B and C), indicating that NAC
alone did not profoundly affect autophagy activation. In contrast, NAC plus CIRT treatment
reduced LC3B and p62 expression levels compared to NAC alone, but not significantly. These
results suggest that CIRT alleviates autophagy activity in patients. Thus, in contrast to CIRT
in cancer cells, CIRT in patients profoundly protected against the induction of autophagy,
presumably leading to the effective elimination of pancreatic cancer. Therefore, neoadjuvant
therapy together with CIRT can abolish autophagy in human pancreatic cancer.

Discussion

The present study
evaluated the efficacy
of CIRT in pancreatic
cancer in vitro and in
an isograft model. The
cytocidal action of CIRT
is caused by double-
stranded DNA breaks.
DNA damage may induce
various effects in cancer
cells. We observed
that cell cycle arrest
was induced by CIRT
in pancreatic cancer
cells (Fig. 1F). Cell cycle
progression is highly
regulated by cell cycle
checkpoints. The G2/M
checkpoint is activated
by CIRT-induced DNA
damage. Cell cycle
arrest by CIRT may be
associated with the loss
of cell proliferation, poor
clonogenicity (Fig. 1A
and B), and apoptotic
cell death, followed by
necrosis (Fig. 1C-E).

Autophagy is a
lysosome-mediated
degradation process Fig. 5. Neoadjuvant therapy attenuates the expression of autophagy-
[34]. Recently, some related molecules. (A) Immunohistochemistry was performed on the
studies have reported surgical specimens of patients with pancreatic cancer without neoadjuvant
that activation of therapy, with neoadjuvant chemotherapy (NAC), or with NAC plus carbon
autophagy leads to ionradiotherapy (CIRT) using LC3B and p62 antibodies. (B) LC3B staining
survival when various intensity was analyzed. (C) p62 staining intensity was analyzed. Control (-),
types of cancer cells NAC, and NAC plus CIRT groups included, 38, 8, and 6 patients, respectively.

Representative photos re shown (A). Data are presented as the mean + SEM

of each group sample (B, C).
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are exposed to radiation [18-21]. Radiation induces the bi-directional cell death and cell
survival signaling in cancer cells. Therefore, we hypothesized that the inhibition of cell
survival induced by autophagy enhances the cytotoxic effects of CIRT in pancreatic cancer.
HCQ is an antimalarial drug that is used to treat certain types of autoimmune diseases
(lupus, rheumatoid arthritis). Thus, HCQ can be used to inhibit autophagy [35]. We showed
that HCQ treatment significantly increased the cell cytotoxicity induced by CIRT (Fig. 2A-C).
Similarly, as shown in Fig. 2E and F, the clonogenicity of pancreatic cancer cells was efficiently
suppressed by CIRT in combination with HCQ. Interestingly, in Pan02 in vitro apoptosis
assay (Fig. 4C), CIRT alone did not increase the necrosis ratio, but CIRT in combination with
HCQ increased the necrosis ratio in a dose-dependent manner. It seems that autophagy
complemented necrosis when combined with CIRT only. In the Pan02 isograft model, HCQ
boosted the tumor suppressor effects of CIRT (Fig. 4D-F). These results suggest that the
autophagy inhibitor, HCQ, can be used as a potent radiosensitizer of CIRT. However, HCQ has
several limitations that must be addressed before its use in clinical trials. First, HCQ is trapped
and accumulated in lysosomes to prevent lysosomal acidification that is necessarily required
for the downstream autolysosomal degradation [36], which eventually inhibits many cellular
processes, such as proteolytic degradation and post-translational modification of proteins.
Second, HCQ is not an autophagy-specific inhibitor and also has anti-inflammatory and
immunomodulatory effects [36]. Therefore, we cannot exclude its other pharmacological
actions of HCQ. Further research is required to clarify these limitations and facilitate effective
clinical evaluation of this therapy.

Reportedly, serum- and glucocorticoid-inducible kinase1l (SGK1) is involved in various
pathophysiological processes including tumor biology [37]. SGK1 is highly expressed in
several tumors and induce tumor growth, survival, metastasis and so on, suggesting SGK1
as a promising therapeutic target for cancer [38]. Indeed, several studies revealed that the
pharmacological inhibition of SGK1 sensitizes the tumor cells to radio therapy [39, 40]. This
may implicate that SGK1 inhibitors might enhance anticancer activity of CIRT.

CIRT induces cell death and survival signals in pancreatic cancer cells by three possible
mechanisms. First, autophagy mitigates cell damage stress [41]. Cytotoxic cellular damage
by CIRT (such as DNA double-strand break and ROS generation) potently induces autophagy.
The autophagic response to cellular damage likely facilitates cell survival via the removal of
damaged proteins and organelles. Second, most pancreatic cancers (90%) are KRAS-driven.
KRAS mutations activate the microphthalmia/transcription factor E transcription program,
which regulates autophagy and lysosomal biogenesis. Under stressful conditions, autophagy
scavenges intracellular nutrients, damaged proteins, and organelles to recycle central carbon
metabolism, which sustains cell survival [42, 43]. Third, the autophagic flux (serine/threonine
kinase 11, AMP-activated protein kinase, and Unc-51-like kinase 1), which is responsible for
autophagy induction [32], may be controlled, at least in part, by the KRAS pathway. Kinsey
et. al. showed a link between mitogen-activated protein kinase-1/2 inhibition and activation
of autophagic flux in pancreatic cancer cells [32, 44, 45]. Similarly, we showed a link between
the inactivation of ERK and LC-3 (an autophagy marker) expression by CIRT in pancreatic
cancer cells (Fig. 3A).

There were significant differences in the outcomes of CIRT induction of autophagy
between cellular CIRT and CIRT in patients. Pancreatic cancer cells express higher levels
of autophagy upon CIRT (Fig. 3). In contrast, clinical specimens of pancreatic cancer from
patients treated with NAC plus CIRT rarely expressed autophagy-related molecules (Fig. 5).
There are several possible reasons for this discrepancy. First, after CIRT of the patients with
12 fractions, most cancer cells appeared to undergo cell death. Nuclear staining was negative
in these cells (Fig. 5A). Thus, the absence of autophagy in the cancer cells of patients may be
attributed to cell death rather than failure of autophagy induction. Second, 12-fractionated
irradiation seems to be fatal for cancer cells. Upon a single CIRT at 2 Gy, autophagy was
activated in the pancreatic cancer cells, which rescued their survival fraction from 0.056%
to 27.3% (Fig. 2E). The patients received 12 cycles of CIRT. If patients were subjected to 2
Gy irradiation per fractionation, 12 cycles of CIRT resulted in only a 0.000017% survival
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fraction of cancer cells. Third, CIRT-induced cancer cell mortality depends on the irradiation
dose of CIRT (Figs. 1 and 2). The single irradiation dose of CIRT in the patients was 4.6 Gy,
which is higher than the radiation dose of cellular CIRT (2 Gy). Therefore, with CIRT (55.2 Gy,
12 fractions), the survival fraction of cancer cells may be much smaller than that with CIRT
(24 Gy, 12 fractions). Fourth, CIRT enhances the immune response against pancreatic cancer
via activation of antigen-presentation [46] and systemic anti-cancer immunity [47]. These
events may overcome the induction of CIRT-induced autophagy, which eventually leads to
profound cancer cell death in CIRT-irradiated patients.

Conclusion

Our study demonstrated that the autophagy inhibitor, HCQ, enhanced the cytotoxicity of
CIRT. Thus, this combination therapy may be an effective treatment strategy for pancreatic
cancer. However, these results need to be validated in clinical trials in the future.
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