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Continuous low-dose irradiation by I-125 seeds
induces apoptosis of gastric cancer cells regardless
of histological origin
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The efficacy of conventional radiation therapy for gastric cancer is controversial. In this study, we evaluated the in
vitro and in vivo effects of continuous low-dose-rate irradiation by I-125 seeds on different histological types of gastric
cancer cell lines. Three human gastric cancer cell lines (MVKN74, MKN45, and NUGC4) were treated with or without con-
tinuous low-dose irradiation by 1-125 seeds in vitro and in vivo. Cell viability, apoptosis, caspase-3 assay, and cell-cycle
distribution were examined in vitro. Body weight and tumor volumes of BALB/c nude mice bearing MKN74, MKN45, and
NUGC4 gastric cancer xenografts were measured, and in vivo cell proliferation and apoptosis assays were performed
by Ki67 and TUNEL staining, respectively. Continuous low-dose-rate irradiation by I-125 seeds reduced cell viability and
induced cell apoptosis through the activation of caspase-3, and led to the accumulation of cells in the G_/M phase in vitro.
It also suppressed the growth of gastric cancer xenografts in nude mice, while inhibiting cell proliferation and induc-
ing apoptosis as demonstrated by Ki67 and TUNEL staining. Therefore, our data suggest that continuous low-dose-rate
irradiation by I-125 seeds could be a promising new option for gastric cancer treatment, regardless of histological origin.

Introduction

Gastric cancer is the fourth most frequent malignancy and the
second leading cause of cancer-related mortality in the world.!
Although the incidence of gastric cancer has been decreasing, it
remains a common malignancy worldwide, especially in Asia.>?
Endoscopic submucosal dissection has recently emerged as a com-
mon treatment for early-stage IA gastric cancer,*> while surgi-
cal resection remains a standard therapeutic approach for early
gastric cancer. However, for stages III and IV advanced gastric
cancers, surgical treatment alone is not regarded as the definitive
standard treatment. This is because the 5-y survival rates of stages
I and IV patients were reported to be less than 50% even when a
curative operation was performed.®” The high rate of relapse after
surgical treatment makes it important to consider adjuvant treat-
ment for patients with advanced gastric cancer. Several studies
of chemotherapy for advanced gastric cancer were reported, but
adjuvant chemotherapy has not resulted in higher survival rates
than surgical treatment alone. As a result, chemoradiotherapy is
being evaluated as an alternate treatment for gastric cancer.

Several studies, including the clinical trial INT0116,% have
reported that postoperative chemoradiotherapy could be a
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powerful treatment for controlling tumor progression in advanced
gastric cancer.”'! This led to the inclusion of radiotherapy as a
standard treatment for patients with a high risk of recurrence'*
in the National Comprehensive Cancer Network (NCCN)
guidelines on gastric cancer treatment. Therefore, in the USA
and Europe, postoperative chemoradiotherapy has becoming a
standard treatment for advanced gastric cancer. However, there
are some drawbacks of radiation therapy for gastric cancer. These
include the difficulty of establishing the area to irradiate because
of peristaltic movement, complications affecting the surrounding
organs, risk of perforation and ulceration by high-dose radiation,
and ineffectiveness against adenocarcinoma with low radio-
sensitivity. Therefore, in Japan, radiation therapy has not been
established as a standard treatment for advanced gastric cancer.
Indications for radiation therapy are limited, and it is performed
only as a palliative therapy.”"” Because of this, more effective and
safer therapeutic strategies for advanced or unresectable gastric
cancer are expected.

In recent years, I-125 seed implantation providing continu-
ous low-dose-rate irradiation has been widely used to treat pros-
tate cancer and other kinds of tumors in several Asian countries

because oflittle trauma, strong effect, and fewer complications, '8!
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while in Japan, I-125 seed implantation therapy is provided only
for prostate cancer. In this study, we investigate the effect of con-
tinuous low-dose-rate irradiation by I-125 seeds on several types
of gastric cancer in vitro and in vivo to determine its potential as
a novel therapeutic strategy for advanced and unresectable gastric
cancer.

Results

I-125 seeds reduced cell viability and induced cell apoptosis
in vitro

To determine the direct effects of I-125 seeds in gastric cancer
cell lines, three gastric cancer cell lines (MKN74, MKN45, and
NUGC4) were assayed after treatment with (2-3 Gy) or without
(0 Gy, no seeds as a control) irradiation. Cell viability was signifi-
cantly lower than in the control group in each of the three gastric
cancer cell lines following irradiation (P < 0.05) (Fig. 1A). To
analyze the induction of apoptosis by irradiation, double stain-
ing of cells with annexin V-FITC and propidium iodide (PI)
was performed. Annexin V-positive/PI-negative cell staining was
considered to denote early apoptosis, while annexin V/PI-double-
positive cell staining was considered to denote late apoptosis
(Fig. 1B). Figure 1B shows the total apoptosis rate (annexin
V-positive rate) in all cell lines. The total apoptosis rate induced
by irradiation was significantly increased in each of the three gas-
tric cancer cell lines as compared with the control (P < 0.05).
Recent studies have identified caspases, including caspase-3, as
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growth of gastric cancer in vivo
Tumor xenografts consisting of
transplanted human gastric cancer cell lines MKN45 (derived
from poorly differentiated adenocarcinoma) or NUGC4 (derived
from signet-ring cell carcinoma) were used to evaluate the anti-
tumor effects of I-125 seeds in vivo (Fig. 3A, data not shown
for NUGC4). When tumors of both cell lines reached around
400 mm? at day 28, cold and hot seeds were implanted. Tumors
which I-125 seeds were implanted were smaller rather than cold
seeds or the control at day 52 (Fig. 3B). There were no signifi-
cant changes in tumor volumes during the first 2 weeks after
seed implantation, but after that, I-125 irradiated tumors were
significantly smaller than the non-irradiated tumors (2 < 0.05)
(Fig. 3C). This indicated that I-125 seeds significantly inhibited
tumor growth during the 3- to 4-week treatment. As shown in
Figure 3D, the body weights of mice were not affected by the
[-125 irradiation. Besides, none of the mice died during the treat-
ment, and no obvious radiation-induced damage was observed in
vital organs (data not shown). These results underscore the safety
of 1-125 seed treatment.
I-125 seeds inhibited cell proliferation and induced apopto-
sis in vivo
To quantitatively compare the proliferation and apoptotic
rates, MKN45 and NUGC4 xenograft tumor sections were taken
from mice in the control, cold seed, and 1-125 seed implanted
groups, and immunostained for Ki67 and TUNEL. In addi-
tion, before immunostaining, cells were isolated as described,
stained with annexin V-FITC and PI, and analyzed using a
flow cytometer to clarify the induction of apoptosis. There were
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region than conventional external

beam radiation therapy, then they may serve as a new radiation
therapy, which reduces the adverse effects of radiation on the
surrounding organs.

According to a recent report, continuous low-dose-rate irra-
diation by I-125 seeds plays an important role in apoptosis induc-
tion and cell-cycle arrest. However, this remains controversial'®*
and, moreover, this was reported in only one histological type

www.landesbioscience.com

of gastric cancer or cancer of other organs**?” Undifferentiated
cancer cells are generally more sensitive to radiation. Thus, radia-
tion effects may vary with cancer histology. Therefore, three his-
tologically different gastric cancer cell lines (well to moderately
differentiated adenocarcinoma, poorly differentiated adenocarci-
noma, and signet-ring cell carcinoma) were tested in vitro and in
vivo in our study.

Cancer Biology & Therapy 83

Do not distribute.

I0Science.

©2014 Landes B



Control

(no seeds) | Day28

eﬁ Implant
22’ au
seeds

¢ Implant

!)/og &/ hot

seeds

Day51

Inject subcutaneously
2.5x10% MKN45 cells

radiosensitivity in all histological types
of gastric cancer in vitro. Furthermore,
[-125 irradiation impairs the cell’s
ability to repair the damage, thereby
promoting cell apoptosis, which is
consistent with our data.

A subsequent study using a subcu-
taneous implantation model of gastric
cancer cells demonstrated that tumor
growth was significantly suppressed
only in the I-125 seed implanted
group. Subsequent Ki67 and TUNEL

3

C 20004 -e- no seeds
-8 cold seeds
-+ hot seeds

1500+

Body weight [%] &
)

Tumor volume [mm?]
8
2

staining demonstrated that I-125 irra-
diation significantly suppressed the
proliferation of cancer and induced
apoptosis in the residual tumors
within the

non-necrotic  regions.

901 seeds
500+ ; zgld coads These results suggest that the 1-125
go ot seeds irradiation-induced cell death was
0 20 40 60 0 20 40 60 caused by both necrosis and apoptosis
Days Days in all three histological types of gastric

cancer in vivo.

the 3 groups (D).

Figure 3. Protocol for animal experiments using the MKN45 cell line (A). 2.5 x 10° cells in 0.2 ml PBS
were injected subcutaneously into the dorsa of each mouse. When tumors reached around 400 mm?*
at about 3-4 weeks, |-125 seeds or cold seeds were implanted into each 5 mice per group via a needle.
The untreated mice served as the no seed control group. The tumor’s macroscopic appearance was
imaged on the day of implantation before the mouse was sacrificed (representative data was shown in
[B]). Tumor size was measured once every 4 d. There were no significant changes in tumor volume dur-
ing the first 2 weeks after seed implantation, but after that, I-125-irradiated tumors were much smaller
than the others, and significant differences in tumor volumes were observed between the |-125 seed
implanted group and the other 2 groups (P < 0.05) (C). The body weight of the animals was also mea-
sured every 4 d and mortality was monitored daily, but there were no significant differences between

Thus, I-125 irradiation caused radi-
ation-induced cell death in tumors,
but did not significantly damage sub-
cutaneous tissue and intra-abdominal
organs in this experiment. Over the
course of the study, the body weights
of the mice did not significantly differ
and all the mice survived, suggesting
that 1-125 irradiation is safe with few
complications. Sugawara et al.® con-

Our results demonstrated that I-125 irradiation reduced cell
viability and activated caspase-3 to induce apoptosis in all histolog-
ical types. Apoptosis induction rates tended to be higher for poorly
differentiated cells, although no significant difference was noted.

Apoptosis is a specific form of cell death characterized by sev-
eral morphological and biochemical events.?* Apoptosis plays
an important role in a wide variety of biological processes includ-
ing immune system and homeostatic system development.?’
Atypical cells that survive by inhibiting apoptosis are expected
to contribute to tumor progression and oncogenesis, and cancer
cells often gain a selective growth advantage by blocking apopto-
sis. Therefore, we hypothesized that induction of apoptotic cell
death must be an important mechanism in the anticancer proper-
ties of I-125 irradiation.

Cell-cycle analysis demonstrated that I-125 irradiation signifi-
cantly decreased cells in the G /G, phase and increased cells in
the G,/M phase. It is well recognized that the radiation sensi-
tivity of cells is highest in the G,/M phase.’"* Our results also
demonstrated that I-125 irradiation inhibited the G, to M phase
transition during the cell cycle, delaying cell division through
the accumulation of cells in the G,/M phase to enhance cell
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ducted a study of patients with 1-125

seeds that had migrated to a site other
than the prostate among 267 patients who underwent brachy-
therapy for prostate cancer. The I-125 seeds leaked directly into
the abdominal and pelvic cavities and migrated to the lungs,
gastrointestinal tract, and kidneys through the bloodstream.
However, none of the patients suffered serious complications,
demonstrating that I-125 irradiation therapy is very safe. The late
adverse effects of radiation and administration methods for hol-
low organs should be further investigated.

In conclusion, I-125 seed irradiation exerts anti-tumor effects
by inducing apoptosis and suppressing proliferation in histologi-
cally varied gastric cancers (adenocarcinoma and signet-ring cell
carcinoma). Thus, I-125 irradiation can serve as a novel radiation
therapy for gastric cancer, with minimal adverse effects on the
surrounding organ.

Materials and Methods

Cell culture
Three gastric cancer cell lines (MKN74, MKN45, and

NUGC4), kindly provided by RIKEN BRC Cell Bank through
the National Bio-Resource Project of the Ministry of Education,
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Figure 4. Histological experiments with MKN45 xenografts. Tumor sections were immunostained for Ki67 and a TUNEL assay was performed. Ki67 and
TUNEL immunostaining are shown at 100x and 200x magnification (representative data was shown in [A]). Ki67 and TUNEL-positive cells were quanti-
fied in 20 randomly selected, high-power fields in each tissue section. The average number of Ki67-positive cells in the I-125 implanted group was clearly
less than those in the control and cold seed implanted groups. In contrast to the proliferation rate, the average number of TUNEL-positive apoptotic cells
in the I-125 implanted group was significantly increased over those in the control and cold seed implanted groups (*P < 0.05) (B). Tumor tissue samples
were isolated and stained with annexin V-FITC and PI, then analyzed using a flow cytometer to clarify the induction of apoptosis. The apoptosis rate in
the 1-125 implanted group was significantly increased compared with those of the control and cold seed implanted groups (P < 0.05) (representative

data was shown in [C]).

Culture, Sports, Science and Technology, Japan, were used in
this study. MKN74 was derived from differentiated adenocar-
cinoma, MKN45 from poorly differentiated adenocarcinoma,
and NUGC4 from signetring cell carcinoma. Cells were cul-
tured in a RPMI 1640 (Invitrogen, Life Technologies Corp.)
medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 pg/ml streptomy-
cin (Invitrogen, Life Technologies Corp.) at 37 °C in a 95%/5%

humidified mixture of atmospheric air and CO,.

www.landesbioscience.com

I-125 seed irradiation model in vitro

Model 6711 1-125 seeds were kindly provided by GE
Healthcare Medi-Physics, Inc.. The seeds were 0.97 mm in diam-
eter, 4.55 mm long, with a surface activity of 15.3 MBgq, a half-
life of 59.4 d, and average energy of 27.4-35.5 Kev. We used our
in-house in vitro I-125 seed irradiation model as described previ-
ously with minor modifications.’** Parafilm® (Pechiney Plastic
Packaging Company) was laid on the bottom of a 6-cm diam-
eter cell culture dish. Eight 1-125 seeds were evenly embedded

Cancer Biology & Therapy 85

. Do not distribute.

loscience

©2014 Landes B



within recesses (4.55 mm x 0.97 mm) around a 35-mm diameter
circumference, with one I-125 seed placed in the center of the
6-cm dish, to obtain a relatively homogeneous dose distribution
at the surface of the cell culture dish. A 6-cm culture dish was
placed on the in-house I-125 irradiation model during the experi-
ment. From each cell line (MKN74, MKN45, and NUGC4),
1 x 10° cells were seeded into separate dishes, and incubated for
96 h under constant cell culture conditions. The culture dishes
were rotated clockwise at specific time intervals to guarantee
even irradiation of the cells. The cultured cells were divided into
two groups: control group (0 Gy, without the embedded seeds),
and 1-125 seed irradiated group (described as hot seeds).

Preparation of cells for further experiments

Cells from the control and I-125 seed irradiated groups were
digested with trypsin and gently washed with a serum-contain-
ing medium followed by a phosphate-buffered saline (PBS)
wash. After that, cells were centrifuged at 190 x g for 5 min. The
supernatant was discarded, and the cells were resuspended for
counting.

Viability assay

Cell viability was assessed with the CellTiter-Glo® assay
(Promega).*® Cells were added to a 96-well plate (opaque-walled
multi-well plates) at 2 x 10° cells per well in 100 pL media, and
control wells containing only the medium were prepared to
measure background luminescence. One hundred microliters of
CellTiter-Glo® reagent was added to each well and the contents
were mixed for 2 min on an orbital shaker to induce cell lysis.
The plate was incubated at room temperature for 10 min. Data
were then recorded using a plate-reading fluorometer Infinite®
F200 PRO (Tecan Group Ltd.). Experiments were performed at
least three times to ensure reproducibility.

Apoptosis analysis by flow cytometry

Cell concentrations were adjusted to 2 x 10 cells/ml for apop-
tosis analysis by flow cytometry. Cell suspensions were centri-
fuged at 190 x g for 5 min, and supernatants were discarded.
Apoptosis assay was performed using the MEBCYTO® Apoptosis
Kit (AnnexinV-FITC Kit) (Medical and Biological Laboratories
Co, Ltd.)¥ for flow cytometry as described by the manufacturer.
Cells were resuspended in 85 pL of binding buffer, followed by
the addition of 10 pL of annexin V-FITC and 5 pL of prop-
idium iodide, mixed well and incubated at room temperature
(20-25 °C) for 15 min in the dark. After 100 pL of binding buf-
fer was added, stained cells were analyzed using a flow cytometer
(FACS Canto II; Becton Dickinson) and the data were analyzed
using FlowJo software (Tree Star Inc.). Experiments were per-
formed at least 3 times to ensure reproducibility.

Caspase-3 activity assay

Caspase-3 activity was assessed with the Caspase-Glo® 3/7
assay (Promega).’® Cells were added to a 96-well plate (opaque-
walled multi-well plates) at 2 x 10° cells per well in 100 pL media,
and control wells containing only the medium were prepared to
measure background luminescence. One hundred microliters of
Caspase-Glo® reagent was added to each well and contents were
mixed for 2 min on an orbital shaker to induce cell lysis. The
plate was incubated at room temperature for 30 min. Data were
then recorded using a plate-reading fluorometer Infinite® F200
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PRO (TECAN Group Ltd.). Experiments were performed at
least three times to ensure reproducibility.

Cell-cycle analysis by flow cytometry

Cell-cycle assay was performed using the Cell Cycle Phase
Determination Kit® (Cayman Chemical Company)® for flow
cytometry according to the manufacturer’s instructions. The
cell concentration was adjusted to 1 x 10° cells/ml for cell-cycle
analysis by flow cytometry. Cell suspensions were centrifuged at
190 x g for 5 min, and supernatants were discarded. Cells were
washed with an assay buffer twice, and then fixed and permeabi-
lized with fixation solution at -20 °C overnight. The fixed cells
were centrifuged at 500 x g for 5 min, and the fixation solution
was discarded. The cell pellet was suspended in 0.5 ml staining
solution (200 wL RNase A with 200 L PI, 10 ml assay buffer),
and incubated for 30 min at room temperature in the dark. The
DNA content was determined by flow cytometry (FACS Canto
I1, Becton Dickinson) and the data were analyzed using FlowJo
software (Tree Star Inc.). Experiments were performed at least
three times to ensure reproducibility.

Animal experiments

Female BALB/c nude mice, 3542 d old and weighing 17-20 g,
were purchased from CLEA Japan, Inc. Mice were maintained
under specific pathogen-free conditions in the Animal Care
Facility of Keio University School of Medicine. All experiments
were approved by the regional animal study committee and were
performed according to institutional guidelines and home office
regulations. Animals were anesthetized via inhalation of diethyl
ether and 2.5 x 10° MKN45, or NUGC4 cells in 0.2 ml PBS
was injected subcutaneously into the dorsa of each mouse. When
tumors reached around 400 mm? at about 4 weeks, the mice were
randomly assigned to 3 groups (7 = 5/group). The visible mass
in mice from two of the groups was punctured by the 18-gauge
needles of the Mick-applicator through which I-125 seeds or cold
seeds were implanted. The remaining group served as the non-
implanted control group. Tumor size was measured once every
4 d, and expressed as tumor volume using the formula: tumor
volume (mm?) = (major axis) x (minor axis) x (height) x 0.52.
The body weight of the animals was measured once every 4 d and
mortality was monitored daily. After the treatment, all mice were
sacrificed and weighed, and tumors were harvested and weighed.

Isolation of tumor cells from tumor xenografts

Tumor cells were isolated from tumors as described previ-
ously*®#! with minor modifications. Briefly, tumors were cut into
fragments 2-3 mm in width, and incubated in a RPMI 1640
medium containing 10% FBS, collagenase type I (300 U/ml;
invitrogen, Life Technologies Corp.) and DNase I (50 U/ml;
Sigma-Aldrich Corp.) at 37 °C for 90 min. Thereafter, the
digested fragments were teased through a steel mesh and single-
cell suspensions were resuspended in 40% Percoll (Biochrome)
and layered over 75% Percoll prior to centrifugation at
500 x g for 45 min. Interphase tumor cells were stained with the
MEBCYTO® Apoptosis Kit (AnnexinV-FITC Kit) (Medical and
Biological Laboratories Co, Ltd.) for flow cytometry analysis.

Ki67 and TUNEL staining of tumor samples

Tumor samples were fixed in PBS containing 10% neutral-
buffered formalin. For the detection of apoptotic cells, tissue
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sections were subjected to a TUNEL assay using the In Situ Cell
Death Detection Kit (Roche) according to the manufacturer’s
instructions. Cell proliferation was assessed by quantitative mor-
phometric analysis of proliferating cell nuclear antigen (Ki67)
expression. Tissue sections were deparaffinized with xylene, rehy-
drated with graded ethanol, and fixed in 4% paraformaldehyde.
The tissue sections were incubated in an EDTA pH 9.0 buffer
solution at 95 °C for 20 min and 0.3% H,O, for 3-5 min. The
slides were washed three times in PBS and incubated for 60 min
at room temperature with a mouse monoclonal Ki67 antibody
(Thermo Fisher Scientific, Inc.) at a 1:100 dilution. After that,

slides were washed three times in Tris-buffered saline (TBS), and

incubated for 30 min at room temperature with a peroxidase-con-
jugated anti-mouse IgG polyclonal antibody (Nichirei Bioscience
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