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Radiodynamic therapy with acridine
orange local administration as a new
treatment option for primary and
secondary bone tumours

Y. Matsuyama, Aims

T. Nakamura, Acridine orange (AO) demonstrates several biological activities. When exposed to low doses
K. Yoshida, of X-ray radiation, AO increases the production of reactive radicals (radiodynamic therapy
T. Hagi, (AO-RDT)). We elucidated the efficacy of AO-RDT in breast and prostate cancer cell lines,
T. lino, which are likely to develop bone metastases.

x ls\lsla:;;uma, Methods

From Mie University,
Tsu, Japan

We used the mouse osteosarcoma cell line LM8, the human breast cancer cell line MDA-
MB-231, and the human prostate cancer cell line PC-3. Cultured cells were exposed to AO
and radiation at various concentrations followed by various doses of irradiation. The cell
viability was then measured. In vivo, each cell was inoculated subcutaneously into the backs
of mice. In the AO-RDT group, AO (1.0 pg) was locally administered subcutaneously around
the tumour followed by 5 Gy of irradiation. In the radiation group, 5 Gy of irradiation alone
was administered after macroscopic tumour formation. The mice were killed on the 14th day
after treatment. The change in tumour volume by AO-RDT was primarily evaluated.

Results

The viability of LM8, MDA-MB-231, and PC-3 cells strongly decreased at AO concentration of
1.0 ug/ml and a radiation dose of 5 Gy. In xenograft mouse model, the AO-RDT also showed
a strong cytocidal effect on tumour at the backside in osteosarcoma, breast cancer, and pros-
tate cancer. AO-RDT treatment was more effective for tumour control than radiotherapy in
breast cancer.

Conclusion

AO-RDT was effective in preventing the proliferation of osteosarcoma, breast cancer, and
prostate cancer cell lines in vitro. The reduction in tumour volume by AO-RDT was also con-
firmed in vivo.
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We hypothesized that radiodynamic
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could be effective against breast and
prostate cancer cell lines, which are likely

Key messages
AO-RDT was effective in preventing the
proliferation of osteosarcoma, breast
cancer, and prostate cancer cell lines
both in vitro and in vivo.
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Strengths and limitations
We believe that we are the first to report the efficacy
of AO-RDT in breast and prostate cancer cell lines,
which are likely to develop bone metastases.
Our lack of power calculation and lack of reporting
side effects of the AO-RDT should be addressed in
future studies.

Introduction

Acridine orange (AO), a fluorescent dye extracted from
coal tar, demonstrates several biological activities.
AO emits fluorescence after excitation with blue light
(466.5 nm)."? AO also has a strong cytocidal effect on
cancer cells after strong light excitation or X-ray irradia-
tion.>* When AO is excited by strong light, it produces an
excited singlet state that can lose energy via fluorescence
or cross the intersystem barrier to the triplet state, which
can then undergo an energy-transfer mechanism to triplet
oxygen, producing single oxygen. AO accumulates in
acidic environments. Cancer cells with many large acidic
vesicles readily absorb AO, whereas normal cells with
basic environments and weakly acidic lysosomes quickly
exclude AO.? It has been clarified that the inhibition of
V-ATPase activity by bafilomycin causes a decrease in AO
accumulation into the lysosome, suggesting that AO
accumulates into the lysosome in an acidity-dependent
manner.>¢ Previous studies have shown that AO quickly
accumulates in mouse osteosarcoma cells as well as in
normal cells in muscles or adipose tissue after intraper-
itoneal injection, and AO was subsequently excluded
from normal cells within two hours, but not from tumour
cells.?2 Therefore, AO remains in the tumour cells longer
than in the normal cells. When exposed to low doses of
radiograph radiation, AO also increases the production
of reactive radicals.* Kusuzaki et al' and Satonaka et al*’
developed photodynamic and radiodynamic therapies
with AO (AO-PDT and AO-RDT) using in vitro and in
vivo studies. In addition, other studies observed excel-
lent clinical outcomes in patients with bone and soft-
tissue sarcomas who received AO-PDT and AO-RDT.2-1°
AO-PDT and AO-RDT using 1.0 pg/ml of AO were effec-
tive for acquiring local tumour control in patients with
high-grade sarcoma such as osteosarcoma, chondro-
sarcoma, synovial sarcoma, and undifferentiated pleo-
morphic sarcoma.®'® Nakamura et al® reported that the
five- and ten-year local recurrence-free rates were 78.9%
and 73.3%, respectively, in patients with high-grade soft-
tissue sarcoma who received AO-PDT and AO-RDT after
intralesional and marginal tumour resection. However,
preliminary and clinical studies for the use of AO-RDT for
cancer are lacking. It has been noted that 70% of patients
with breast or prostate cancer develop bone metastasis.™
Metastatic bone tumours are common and may lead
to severe complications. These include skeletal-related
events, such as pain, impaired mobility, hypercalcaemia,
pathological fracture, and spinal nerve compression, all
of which can have an impact on the function and quality
of life of the patient.'? The current therapeutic options

for metastatic bone tumours mainly include a combi-
nation of radiotherapy with anticancer drugs and/or
bone-modifying drugs, but a number of patients even-
tually develop more aggressive malignant forms that are
resistant to the most commonly used treatments.”'* We
hypothesized that AO-RDT could be effective for breast
and prostate cancer cell lines as well as osteosarcoma cell
lines. To this end, we elucidated the efficacy of AO-RDT in
those cell lines using in vitro and in vivo studies.

Methods

Tumour cell lines. In this study, we used the mouse os-
teosarcoma cell line LM8, the human breast cancer cell
line MDA-MB-231 (American Type Culture Collection
(ATCC), USA), and the human prostate cancer cell line
PC-3 (European Collection Of Authenticated Cell Cultures
(ECACC), UK). The mouse LM8 cell line was kindly pro-
vided by Osaka University (Japan, December 2014). LM8
cells were cultured in Minimum Essential Medium (MEM,;
Gibco, Thermo Fisher Scientific, USA) containing 10%
fetal bovine serum, MDA-MB-231 cells were cultured in
Roswell Park Memorial Institute (RPMI)-1640 medium
(Gibco, Thermo Fisher Scientific) containing 10% fetal
bovine serum, and PC-3 cells were cultured in MEM con-
taining 10% fetal bovine serum and 18 mg/I inositol in a
humidified atmosphere and 5% CO, at 37°C.

In vitro study. The LM8, MDA-MB-231, and PC-3 cells
were seeded (5 x 10° cells/well) in 96-well plates with
50 pl medium and incubated at 37°Cin a 5% CO, atmos-
phere. All experiments were conducted after 24 hours of
cell culture. The cells were divided into nine groups (n
=7): 1) groups 1 to 3 received no irradiation and were
exposed to different concentrations of AO (group 1, AO-
free medium; group 2, 0.1 uyg/ml AO; group 3, 1.0 pg/
ml AO); 2) groups 4 to 6 received 3 Gy of irradiation and
were exposed to different concentrations of AO (group
4, AO-free medium; group 5, 0.1 yg/ml AO; group 6,
1.0 pg/ml AO); and 3) groups 7 to 9 received 5 Gy of
radiation and were exposed to different concentrations
of AO (group 7, AO-free medium; group 8, 0.1 pg/ml AO;
group 9, 1.0 yg/ml AO). At the beginning of the treat-
ment (O hrs), the medium in each well was supplement-
ed with 50 pl medium containing different concentra-
tions of AO (0.1 or 1.0 pg/ml) or 50 pl AO-free medium.
The viability ratios of LM8, MDA-MB-231, and PC-3 cells
in each well were assessed at six, 24, and 48 hours. Cell
viability was measured using the Cell-Titer 96 Aqueous
One Solution Cell Proliferation Assay (G3581; Promega
Corporation, USA).

In vivo study. LM8 cells (2 x 10°), isolated by perform-
ing trypsinization, were inoculated subcutaneously into
the backs of C3H/HeSlc mice (five-week-old males);
similarly, BALB/cSlc-nu/nu mice (five-week-old males)
were inoculated with MDA-MB-231 and PC-3 cells. After
macroscopic tumour formation (5 mm in diameter), the
following experiments were performed. The tumour vol-
ume (V) was calculated using the following equation: V
=1t x (major axis) x (minor axis)? /6." The following four
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groups were generated (n = 5). The control group was
left untreated, and the treatment groups received the
following treatments: AO-RDT group (AO 1.0 yg/ml and
5 Gy), AO group (AO 1.0 pg/ml), and radiotherapy group
(5 Gy). AO (1.0 ml) was locally administered subcutane-
ously around the tumour at a concentration of 1.0 pg/
ml. The AO group received only local administration. By
contrast, the mice in the AO-RDT and radiation group
were also administered anaesthesia, using a combina-
tion of anaesthetics and 5 Gy radiation. A combination
of anaesthetics was prepared using 0.75 mg/kg of me-
detomidine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of
butorphanol. The actual amount adjusted was 1.875 ml
medetomidine, 2 ml midazolam, 2.5 ml butorphanol,
and 18.625 ml physiological saline for a total of 25 ml.
The mice were administered 10 pl/g of mouse body
weight anaesthetic by intraperitoneal injection. Then,
body weight and tumour diameter were measured twice
a week and the mice were killed on the 14th day after
treatment, and the tumour tissue was resected for eval-
uation in all groups. All mice in every group survived to
the study endpoint of 14 days. The primary purpose of
this in vivo study was to confirm the change in tumour
volume after the treatment.

Immunohistochemical staining. The mouse breast cancer
cell line was stained with antibodies against Ki67 (clone
MIB-1: human monoclonal antibody, 1:100 dilution;
Dako, Denmark). Nuclear staining for Ki67 was defined
as positive, and the percentage of positively stained cells
among the total number of malignant cells was scored.'
We randomly counted three fields for scoring Ki67 us-
ing the Olympus cellSens ver.1.18 software and a BX50
microscope equipped with a DP74 camera (Olympus,
Japan). Furthermore, the MIB-1 index was independent-
ly reviewed by a pathology technician (TI) and clinicians
(YM, TN, KY).

Evaluation of lung metastases using microscopy. The lung
tissues were fixed in 10% formalin and embedded in par-
affin. The excised lungs were fixed with formalin, embed-
ded in paraffin, sectioned, and stained with haematox-
ylin and eosin for histological observation. The number
of lung metastases was then counted under high-power
light microscopy based on histological findings, regard-
less of tumour size, which was independently reviewed
by a pathology technician (TI) and orthopaedic surgeons
(YM, TN, TH).

Statistical analysis. Significant differences between the
two groups were compared using the Mann-Whitney U
test, and more than three groups were compared using
the Kruskal-Wallis chi-squared test. The statistical sig-
nificance level was set at p < 0.05. All statistical analy-
ses were performed using the EZR graphical user inter-
face (Saitama Medical Centre, Jichi Medical University,
Saitama, Japan) for R package (R Foundation for Statistical
Computing, Austria), which is a modified version of the
R Commander designed to add statistical functions com-
monly used in biostatistics.

Ethics statement. All experiments were performed in ac-
cordance with the interdisciplinary principles and guide-
lines for the use of animals in research, testing, and educa-
tion. The study was approved by the Ethics Committee of
the Animal Research Committee, Mie University Faculty of
Medicine (approval number 2020-11). We have included
an ARRIVE checklist to show that we have conformed to
the ARRIVE guidelines.

Results

Efficacy of AO-RDT treatment of LM8, MDA-MB-231, and
PC-3 cells. Cell proliferation was evaluated at each con-
centration of AO and dose of radiation after AO-RDT
treatment using the cell proliferation assay. In LM8
cells, at a concentration of 1.0 pg/ml AO, the 5 Gy dose
showed a significant decrease in cell proliferation, com-
pared with 0 Gy (p = 0.001) and 3 Gy (p = 0.007, both
Mann-Whitney U test) (Figure 1a). At a radiation dose of
5 Gy, cell proliferation was significantly inhibited in a AO
dose-dependent manner (Figure 1a).

In MDA-MB-231 cells, at a concentration of 1.0 pyg/ml
AO, asignificantdecreasein cell proliferation was observed
atradiation doses of 3 Gy (p=0.003) and 5 Gy (p = 0.001,
both Mann-Whitney U test) when compared with that in
the non-irradiated group at 48 hours (Figure 1b). At a
dose of 5 Gy, a remarkable decrease in cell proliferation
was observed at AO concentrations of 0.1 and 1.0 ug/ml
for up to 24 hours when compared with that in the non-
administered group. Furthermore, the treatment groups
with AO concentrations of 1.0 yg/ml remained signifi-
cantly different from the non-administered group after
48 hours (p = 0.001, Mann-Whitney U test) (Figure 1b).

In PC-3 cell lines, at an AO concentration of 1.0 pg/
ml, radiation doses of 3 Gy (p = 0.002) and 5 Gy (p =
0.006, both Mann-Whitney U test) resulted in a signifi-
cant decrease in cell proliferation when compared with
that in the non-irradiated group at 48 hours (Figure 1c).
Cell proliferation was significantly inhibited in a dose-
dependent manner at a dose of 5 Gy (Figure 1c).

Thus, we decided to use an AO concentration of
1.0 pg/ml and a radiation dose of 5 Gy in a xenograft
mouse model of LM8, MDA-MB-231, and PC-3 cells
based on the results of the in vitro study.

Mouse xenograft model. During the 14 days, there were
no obvious differences in body weight between the
groups. The AO-RDT group showed a significant inhibi-
tion in tumour volume compared with that in the control
and AO groups (Figure 2a). The mean tumour size of the
control group at 14 days was 1,148 mm? (standard devia-
tion (SD) 1,185; 191 to 3,194), whereas the mean tumour
sizes of the AO, radiotherapy, and AO-RDT groups were
813 mm?3 (SD 444; 421 to 1,516, p = 0.841), 256 mm?
(SD 326; 5.2 to 802, p = 0.056), and 38 mm? (SD 30; 0
to 68, p = 0.008, all Mann-Whitney U test), respectively.
For MDA-MB-231 cells, the tumour volume in the AO-
RDT group was significantly lower than that in the con-
trol group. There was no significant difference in tumour
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A) Cell proliferation assay at six hours (left), 24 hours (middle), and 48 hours (right) in LM8 cells. a) Under acridine orange (AO) concentration of 1.0 pg/

ml and several radiation doses. b) Under the radiation dose of 5 Gy and several concentrations of AO. Cell viability at each hour was compared with that at

0 hours. B) MTS assay at six hours (left), 24 hours (middle), and 48 hours (right) in MDA-MD-231 cells. a) Under AO concentration of 1.0 ug/ml and several
radiation doses. b) Under the radiation dose of 5 Gy and several concentrations of AO. Cell viability at each hour was compared with that at 0 hours. C) MTS
assay at six hours (left), 24 hours (middle), and 48 hours (right) in PC3 cells. a) Under AO concentration of 1.0 pg/ml and several radiation doses. b) Under the
radiation dose of 5 Gy and several concentrations of AO. Cell viability at each hour was compared with that at 0 hours. *p < 0.05, **p < 0.01 (Mann-Whitney

U test).
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Fig. 2

a) The change in tumour volume during the 14 days after treatment in osteosarcoma model. b) The change in tumour volume during the 14 days after
treatment in breast cancer model. c¢) The change in tumour volume during the 14 days after treatment in prostate cancer model. *p < 0.05, **p < 0.01, all
Mann-Whitney U test. AO, acridine orange; AO-RDT, radiodynamic therapy using acridine orange.

volume between the radiotherapy and control groups.
However, when compared with the radiotherapy group,
the AO-RDT group showed a significant reduction in tu-
mour size (p = 0.008, Mann-Whitney U test) (Figure 2b).
The mean tumour size of the control group at 14 days
was 1,055 mm?3 (SD 236; 817 to 1,421), while the AO,
radiotherapy, and AO-RDT groups’ mean tumour siz-
es were 573 mm? (SD 212; 296 to 780, p = 0.008), 923
mm? (SD 309; 482 to 1,272, p =0.552), and 24 mm? (SD
10; 6 to 33, p = 0.008, all Mann-Whitney U test), respec-
tively. In PC-3 cells, there was a significant difference in
tumour volume between the treatment group and the
control group (Figure 2c). The mean tumour size of the
control group at 14 days was 463 mm? (SD 176; 240 to
650), while the AO, radiotherapy, and AO-RDT groups’
mean tumour sizes were 209 mm? (SD 127; 84 to 413, p
=0.032), 39 mm? (SD 20; 10 to 63, p = 0.008), and 15
mm? (SD 10; 1 to 29, p = 0.008, all Mann-Whitney U test),
respectively. Table | shows the median and interquartile
range (IQR) during 14 days at each xenograft model.

MIB-1 index of MDA-MB-231 cells. The median of each
MIB-1 index was 25.9% (IQR 22.6 to 33.4) for AO-RDT,
40.3% (IQR 40.1 to 45.2) for AO, 45.7% (IQR 43.6 to
51.1) for radiotherapy, and 48.3% (IQR 43.6 to 54.9) for
control. The MIB-1 index of the AO-RDT group was sig-
nificantly lower than that of the control (p = 0.016), AO
(p = 0.032), and radiation groups (p = 0.008, all Mann-
Whitney U test) (Figure 3).

The analysis of lung metastasis. In the LM8 xenograft
model, there was a significant correlation between the
number of lung metastases and tumour volume (p =
0.54, p = 0.005, Spearman’s rank correlation). In the
MDA-MB-231 and PC-3 xenograft models, there was no
significant correlation between the number of lung me-
tastases and tumour volume. In all models, there was no
significant difference in the number of lung metastases
between groups (p = 0.353 for LM8, p = 0.078 for MDA-
231, and p = 0.166 for PC-3, all Kruskal-Wallis chi-squared
test).
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Table 1. The changes in tumour volume during 14 days after treatment in xenograft model.

Tumour Group Median volume, mm?3 (IQR)
Day O Day 7 Day 14

LM8 Control 58 (38to0 67) 210 (150 to 280) 890 (510 to 960)
AO 24 (23 to 33) 170 (74 to 170) 780 (450 to 900)
Rx 5.9(5.9to 16) 98 (23 to 140) 120 (50 to 310)
AO-RDT 33 (23 to 63) 33 (23 to 35) 42 (16 to 63)

MDA-MB-231 Control 67 (54 to 84) 290 (250 to 310) 1,060 (880 to 1,100)
AO 58 (46 t0 90) 250 (110 to 260) 620 (410 to 750)
Rx 23 (10 to 31) 260 (240 to 300) 1,010 (760 to 1,100)
AO-RDT 33 (23 t0 63) 5.2(5.2to 11) 29 (25 to 29)

PC-3 Control 28 (23 to 32) 270 (130 to 390) 530 (320 to 580)
AO 28 (28 to 32) 94 (74 to 100) 200 (130 to 220)
Rx 54 (32to 58) 74 (47 to 75) 45 (28 to 50)
AO-RDT 58 (28 to 65) 16 (13 to 16) 14 (11 to 20)

AO, acridine orange; AO-RDT, radiodynamic therapy using AO; IQR, interquartile range; Rx, radiotherapy.

-
.. 100pm

Fig. 3

Ki67 staining of MDA-MB-231 cells. a) Radiodynamic therapy using acridine
orange (AO) group; b) AO group; c) radiation group; d) control group.

Discussion

In this study, we demonstrated the efficacy of AO-RDT
treatment in breast cancer, prostate cancer, and osteo-
sarcoma cell lines. Furthermore, radiation treatment
with the local administration of AO in mice was found to
be effective in the inhibition of tumour growth. Interest-
ingly, AO-RDT treatment was more effective for tumour
control than radiotherapy in the breast cancer xenograft
model. We used breast and prostate cancer cell lines
because they are likely to develop bone metastases.
Bone-modifying agents may be considered for patients
with metastatic bone tumours."'® Recently, several
studies reported the association of high interleukin-6
(IL-6) level with poor prognosis in patients with cancers
including osteosarcoma, breast cancer, and prostate
cancer.” The effect of IL-6-receptor-targeting antibody
has been studied in advanced cancers.'?* Conventional
external beam radiotherapy has also been the standard of
care for painful bone metastases and metastatic epidural
spinal cord compression.?’ However, it has limitations,
such as poor long-term tumour control rates and

difficulties with re-irradiation due to adverse events.?'-2
Stereotactic body radiotherapy has recently been widely
used in patients with bone metastasis because of its clin-
ical advantages, including high pain and local control
rates.?®> However, there are risks of vertebral body frac-
tures, oesophageal complications, and neuropathy.?®
According to the findings of this study, AO-RDT with a
low dose of AO and radiation may be a new treatment
option for bone metastases. In patients with bone and
soft-tissue sarcoma, previous studies reported that local
tumour control was achieved after marginal or intral-
esional resection and AO-PDT and AO-RDT.®' Local
administration of 1.0 ug/ml AO solution into the surgical
field in combination with low-dose radiotherapy (5 Gy)
did not lead to any complications.®'° In a pilot study,
Kusuzaki et al* reported the clinical outcome of radio-
therapy after intravenous administration of AO (iAOR) in
eight patients with metastatic cancer. Over the course
of one hour, patients received an intravenous infusion
of 100 ml of AO solution diluted in saline at a concen-
tration of 0.5 or 1 mg/kg. Two hours after the infusion
ended, the target cancerous lesions were irradiated with
3 or 5 Gy of X-rays using a linear accelerator. None of
the patients exhibited adverse effects from AO injection.
Three of the five patients who received the full course
of IAOR treatment exhibited clinical or image-based
responses. However, the safety of the regimen in the
present study (local administration of 1.0 pg/ml AO in
combination with low-dose radiotherapy) should be
confirmed before clinical application.

In this study, we evaluated the expression of Ki67 in
breast cancer cells. Previous studies have shown that
Ki67 levels in resected tumours after neoadjuvant chemo-
therapy have prognostic value for local tumour control
in patients with breast cancer.??¢ Patients with higher
positive Ki67 levels had a higher local recurrence rate. In
the present study, the MIB-1 index of the AO-RDT group
was statistically lower than that of the control group.
Furthermore, there was no significant difference in the
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expression of Ki67 between the control and radiotherapy
groups. These findings imply that excellent local control
following AO-RDT could be expected.

Finally, we evaluated lung metastases in vivo.
Satonaka et al?” showed that AO-PDT using strong strobe
light and AO alone inhibited pulmonary metastases of
mouse osteosarcoma LM8 cell line. They administered
AO through the tail vein. In the present study, AO-RDT
treatment did not statistically inhibit pulmonary metas-
tases of mouse osteosarcoma, breast cancer, or prostate
cancer cell lines. As a result, although the effect of tumour
reduction by AO-RDT may indirectly reduce the number
of lung metastases, local administration of AO could not
affect the entire body.

As limitations, lack of power calculation and lack of
reporting side effects of the present treatment should be
addressed and further research is warranted to confirm
these.

In conclusion, AO-RDT was effective in preventing the
proliferation of osteosarcoma, breast cancer, and pros-
tate cancer cell lines in vitro. The reduction in tumour
volume by AO-RDT was also confirmed in vivo.

Supplementary material
An ARRIVE checklist is included to show that the
ARRIVE guidelines were adhered to in this study.
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