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Abstract

Canine mammary sarcoma tumors (CMST) are the most aggressive tumors with poor prognosis in dogs. Due to inadequate
treatment options for CMST, recent studies have focused on alternative treatment strategies. We previously determined the
optimized protocol of 5-ALA-based photodynamic therapy (PDT) in canine liposarcoma. However, its molecular mechanisms
in the treatment of different histological types of CMST remain unclear.

In this context, we, for the first time, assessed 5-aminolevulinic acid (5-ALA)-PDT—mediated anti-cancer activity and its
molecular mechanism after continuous wave (CW) and pulse radiation (PR) on three different histological types (liposar-
coma, chondrosarcoma, and osteosarcoma) of CMST cells by WST-1, Annexin V, ROS, acridine orange/propidium iodide
staining, RT-PCR, and western blot analysis.

Our findings showed that 5-ALA/PDT significantly suppressed the proliferation of CMST cells (p <0.01) and induced apop-
tosis via increased ROS level and overexpression of Caspase-9 and Caspase-3 mRNA and cleaved protein levels in especially
liposarcoma and chondrosarcoma cells following CW and PR irradiation at 9 J/cm®. However, the response of CMST cells
to 5-ALA was different upon CW and PR irradiation due to differences in their origin.

Collectively, our findings provided the first evidence that 5-ALA-based PDT could be used as an alternative treatment strat-
egy, especially liposarcoma and chondrosarcoma. However, further in vitro and in vivo studies are required to elucidate the
underlying molecular mechanism of the efficacy of 5-ALA in CMST cells at the molecular level.
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Introduction

Canine mammary tumors (CMTs) are the most common
type among canine tumors, with molecular and clinical
similarities of human breast cancers [1, 2]. The histo-
logical classification of CMTs has been published by the
World Health Organization, including benign and malig-
nant tumors and dysplasia of the mammary glands [3].
Following this classification, Goldschmidt et al. [4] deter-
mine a complete and exhaustive classification scheme as
seven benign and 23 malignant histologic subtypes.

Although most malignant CMTs are of epithelial origin
(carcinomas), some of them exhibit mesenchymal origin
(sarcomas). Additionally, certain malignant CMTs may
consist of both epithelial and mesenchymal tissue (malig-
nant mixed tumor) [2—4]. Sarcomas (S) comprise < 13%
of all malignant CMTs and are histologically classified
into osteosarcomas, fibrosarcomas, chondrosarcomas, and
liposarcomas. Canine mammary sarcoma tumors (CMST)
tend to metastasize mostly through the hematogenous way.
This behavior of the CMST leads to the formation of dis-
tant metastasis, poor prognosis and short survival time in
dogs [2, 5-T7].

Surgery is considered a gold standard treatment choice
for CMT, except for inoperable metastatic cases and
inflammatory carcinomas. Although a wide-margin sur-
gery is performed, adjuvant treatment options are still
experimental in veterinary clinical oncology, including
chemotherapy, radiotherapy, and anti-angiogenic ther-
apy [2, 5-9] and remain inadequate for the treatment of
CMST cases due to poor prognosis. Therefore, alternative
treatment strategies are still required for the treatment of
CMST.

Photodynamic therapy (PDT) has emerged as a poten-
tial new treatment modality for the suppression of recur-
rence and metastases of different cancer types with mini-
mal side effects. The efficacy of PDT depends on the types
and uptake of photosensitizer, a light source with an opti-
mum wavelength and molecular oxygen for the induction
of cell death via oxidative damage [10—12]. 5-Aminole-
vulinic acid (5-ALA), a precursor of the protoporphyrin
IX (PpIX), is one of the most promising second-genera-
tion photosensitizers for PDT. The activation of 5-ALA
is based on the transformation into the PpIX following
irradiation and is specifically uptaken by cancer cells due
to higher metabolic activity, and thus, PpIX activation
leads to cell death through reactive oxygen species (ROS)
production [12—14]. The use of 5-ALA-mediated PDT has
been approved by FDA in the treatment of actinic kerato-
sis, esophageal dysplasia, extremities, and trunk/neck and
the surgical resection of high-grade gliomas. Additionally,
the anti-cancer effects of 5-ALA have been evaluated upon
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irradiation in different types of cancer, including head
and neck cancer, bladder tumors, prostate cancer, gastric
cancer, Barrett’s esophagus, breast cancer, cervix, vulvar,
and vaginal intraepithelial neoplasias cutaneous T-cell
lymphoma in preclinical and clinical studies [14]. How-
ever, there are limited studies evaluating the effectiveness
of 5-ALA-based PDT in the treatment of canine tumors
[15, 16]. Our previous study identified the most effec-
tive 5-ALA/PDT protocol in different histological types
of CMT, including liposarcoma, adenocarcinoma, and
carcinosarcoma [17]. However, the underlying molecular
mechanism behind 5-ALA/PDT in sarcomas, including
liposarcoma, remains unclear. In this context, we evalu-
ated the anti-cancer activity of 5-ALA-mediated PDT and
its molecular mechanism in three different histological
types of sarcoma (S) cells (liposarcoma, osteosarcoma,
and chondrosarcoma) after laser irradiation with different
modes [continuous wave (CW) and pulse radiation (PR)]
by further molecular analysis.

Material and methods
Ethical approval

The study was approved by the Local Animal Ethical
Committee (08.03.2019, no. 2019/15). Dog owners were
informed about the study and signed an agreement to allow
the participation of their dogs in the study.

Case description and tissue sampling

A tentative diagnosis of mammary gland tumor was made,
and a mastectomy procedure was performed on the bitches
admitted to the clinic (Department of Obstetrics and Gyne-
cology, Faculty of Veterinary Medicine, Istanbul University-
Cerrahpasa) with palpable masses in mammary glands. Tis-
sue samples were taken from the surgically removed masses.
The tissues submitted for histopathological examination
were fixed in 10% neutral buffered formalin. Then, the tissue
was transferred to a DMEM medium (Gibco, Thermo Fisher
Scientific, USA) for primary cell culture. After staining with
hematoxylin and eosin, the sections were observed under a
light microscope and evaluated based on the criteria defined
by Goldschmidt et al. [4]. Then, three dogs diagnosed with
sarcoma according to histopathological evaluation were
included in the study.

Accordingly, case 1 (S1 cells) was a 22-year-old intact
French Bulldog bitch, weighing 16 kg with an 8-month
history of mammary mass (>5 cm) and was diagnosed
as liposarcoma. Case 2 (S2 cells) was a 12-year-old intact
Cocker Spaniel bitch, weighing 15 kg with a 3-week his-
tory of mammary mass (> 10 cm) and was diagnosed as
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chondrosarcoma. Case 3 (S3 cells) was a 15-year-old intact
Cocker Spaniel bitch, weighing 16 kg with a 1-year his-
tory of mammary mass (>5 cm) and was diagnosed as
osteosarcoma.

Characterization of CMST cells
by immunophenotyping

To visualize the expression of specific markers, the cells
were cultured on a coverslip and fixed with 4% paraform-
aldehyde blocked in goat serum. Cells were incubated with
primary antibodies of CD44 (sc-18,849, Santa Cruz Bio-
technology, CA, USA), epidermal growth factor receptor
(EGFR, MA5-12,875, Thermo, USA), and estrogen recep-
tor-alpha (ER-a, ab137489, Abcam, Cambridge, UK) for 3 h
at room temperature. After incubation with primary antibod-
ies, the cells were washed and incubated for 1 h at room
temperature with secondary antibodies: Goat Anti-Mouse
IgG H&L (AlexaFluor® 488) (ab150117, 1:1000, Abcam,
Cambridge, UK) and Goat Anti-Rabbit IgG H&L (Alexa
Fluor® 488) (ab150081, 1:1000, Abcam, Cambridge, UK).
Afterward, the nuclei of cells were stained with 4',6-diami-
dino-2-phenylindole (DAPI, Sigma, USA) dye. Finally,
images were analyzed with the EVOS Floid Cell Imaging
Station (Thermo Fisher Scientific, USA).

Cell culture and PDT conditions

CMSTs that were used in this study were described in the
case description and diagnosed liposarcoma, chondrosar-
coma and osteosarcoma. Primary cell isolation and culture
from CMST tissues were conducted as described by Turna
et al. [17]. Additionally, the procedure of 5-ALA incubation
and PDT treatment and protoporphyrin IX (PpIX) accumula-
tion was conducted according to our previous studies [17,
18].

Experiments were done with a previously developed laser
system [19]. The peak wavelength of the PDT laser was
635. The whole system width half maximum (FHWM) was
3 nm. The PDT system consists of four different radiation
modes. The energy density of CW and PR was 9 J/cm?. The
optical output of the radiation modes was 30 mW/cm?. The
PR period was 500 ms. The CW and PR mode times were
300 and 600 s, respectively. The system was verified with
(PM100 and C series spectrometer, Thorlabs, Germany).
The laser system was calibrated according to the fiber optic
output with optic power feedback. The PDT laser system
irritation was uniform due to fiber optic cable specification
[19]. The corner of the well plates was used to prevent scat-
tering light radiation from affecting the other wells. Each
well plate was prepared at a different time to use one well
at a time to prevent any extended waiting period problem.

Additionally, three different experiments were conducted at
different times to validate the experiment’s success.

Cell viability assay

Previously, we determined the most effective PDT procedure
for liposarcoma CMST cells [17], and thus, we used the
most effective PDT treatment procedure in three different
histological types of sarcoma (S) cells. For this purpose, an
equal number of the cells (2 x 10* well/cell) were seeded in
the 96-well plates and incubated for 24 h. After incubation,
the S1, S2, and S3 cells were incubated with 1 mM 5-ALA
in DMEM medium (Gibco, Thermo Fisher Scientific, USA)
without fetal bovine serum (FBS, Gibco, Thermo Fisher Sci-
entific, USA) for 4 h in a humidified incubator. At the end of
the incubation, cell culture media was changed with a fresh
medium supplemented by FBS, and the cells were irradiated
with 9 J/em? in CW and PR mode [17]. After irradiation,
the cells were further incubated for 24 h and WST-1 dye
(BioVision, San Francisco, CA, USA) was added to each
well. Following incubation for 45 min at 37 °C in a humidi-
fied incubator (Thermo Fisher Scientific, USA), the absorb-
ance values of wells was determined through the microplate
reader (Allsheng, China) at 450 nm.

Reactive oxygen species (ROS) analysis

To evaluate the effect of PDT treatment on intracellular
ROS levels in CMST cells (S1, S2, and S3), we conducted
DCFDA/H2DCFDA Cellular ROS Assay Kit (ab113851).
For this purpose, an equal number of the cells (2x 10*
well/cell) were seeded in the 96-well plates and incubated
for 24 h. After incubation, the cells were incubated with
1 mM 5-ALA in DMEM medium without FBS for 4 h in
a humidified incubator. At the end of the incubation, cell
culture media was changed with a fresh medium supple-
mented by FBS, and the cells were irradiated with 9 J/cm?
in CW and PR mode. After irradiation, the DCFDA solution
was added to each well and incubated at 37 °C in the dark.
After incubation for 3 h, the intracellular ROS level was
analyzed in the microplate reader (Allsheng, China) at Ex/
Em=485/535 nm.

AnnexinV assay

To determine the apoptotic effect of 5-ALA/PDT treatment
on CMST cells (S1, S2, and S3), we conducted Annexin V &
Dead Cell Assay kit (Luminex Corporation, Austin, Texas,
USA). For this purpose, an equal number of the cells (1 x 10°
well/cell) were seeded in the 12-well plates and incubated
for 24 h. After incubation, the cells were incubated with
1 mM 5-ALA and irradiated with 9 J/cm? in CW and PR
mode. After irradiation and incubation for 24 h, the cells
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were collected and washed in phosphate buffer saline (PBS,
Thermo Fisher Scientific, USA) three times and centrifuged
at 1500 rpm 5 min. The cell pellet was stained with Annexin
V & Dead Cell Assay kit and incubated for 30 min. Stained
cells were analyzed using Muse Cell Analyzer (Millipore,
Germany).

Acridine orange/propidium iodide (AO/PI) dual
staining

To further analyze the apoptotic effect of PDT treatment
on CMST cells (S1, S2 and S3), we stained cells with AO/
PI. For this purpose, an equal number of the cells (5x 10°
well/cell) were seeded in the 6-well plates and incubated
for 24 h. After incubation, the cells were incubated with
1 mM 5-ALA and irradiated with 9 J/cm? in CW and PR
mode. After irradiation and incubation for 24 h, the cells
were fixed with 4% paraformaldehyde and washed with PBS
three times. After staining with AO/PI (Sigma, USA) for
30 min in the dark, the cells were visualized with the EVOS
FL Cell Imaging System (Thermo Fisher Scientific, USA).

Real-time polymerase chain reaction (RT-PCR)
analysis

An equal number of the cells (1 X 10° well/cell) were seeded
in the 6-well plates and incubated for 24 h. After incubation,
the cells were incubated with 1 mM 5-ALA and irradiated
with 9 J/em? in CW and PR mode. Then, total RNA was
extracted with Total RNA Kit (Omega Bio-Tek) according
to the manufacturer’s instructions and the concentrations of
isolated total RNA were determined with Qubit 4 Fluorom-
eter (Thermo Fisher Scientific, USA). Afterward, cDNA was
synthesized from isolated total RNA with High Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
USA). Bax (Cf02727746_gl), Bcl-2 (Cf02741602_m1),
PARP1 (Cf02630973_m1), Caspase-3 (Cf02622236_m1),
and Caspase-9 (Cf02627331_m1) mRNA expression lev-
els were determined by TagMan PCR Master Mix (Thermo
Fisher Scientific, USA) in Step One Plus TM Real-Time PCR
(Applied Biosystems, USA), and beta-actin (Cf04931159_
m1) was used as an internal control gene.

Western Blot

To further evaluate the effect of PDT treatment on Bax, Bcl-
2, PARPI, Caspase-3, and Caspase-9 protein levels, we per-
formed the Western Blot assay. For this purpose, an equal
number of the cells (1 x 10° well/cell) were seeded in the
6-well plates and incubated for 24 h. After incubation, the
cells were incubated with 1 mM 5-ALA and irradiated with
9 J/cm? in CW and PR mode. After irradiation and incu-
bation for 24 h, the total protein was extracted with RIPA
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lysis buffer (Santa Cruz Biotechnology, CA, USA), and the
total protein concentration was measured by a Qubit 4 Fluo-
rometer (Thermo Fisher Scientific, USA). Isolated proteins
were separated with 4-15% Mini-PROTEAN® TGX Stain-
Free™ Protein Gels (Bio-Rad, San Diego, CA, USA) and
transferred to the nitrocellulose membranes (Bio-Rad, San
Diego, CA, USA). The membranes were blocked in 5% non-
fat milk in tris-buffered saline with 0.1% Tween 20 (TBS-
T, Bio-Rad, San Diego, CA, USA). Afterward, the mem-
branes were incubated with appropriate primary antibodies
[Anti-Bax (NB100-56,096), Anti-Bcl-2 (NB100-56,098),
Anti-Caspase-9 (NB100-56,118), Anti-Caspase-3 (NB600-
1235), Anti-PARP1 (436,400, Thermo), and Anti-f-Actin
(sc-47,778) (Santa Cruz Biotechnology, CA, USA)] during
overnight. Finally, the membranes were incubated with goat
anti-mouse and rabbit immunoglobulin G (IgG) H&L (HRP;
ab6789, ab6741, Abcam, Cambridge, UK) secondary anti-
bodies for 1 h, and chemiluminescent bands were visualized
by ECL detection kit (Biovision, San Francisco, CA, USA)
with a G-box imaging system (Syngene).

Statistical analysis

The statistical analysis was performed by SPSS 22.0 and
presented as the mean + standard deviation of three inde-
pendent experiments. For multiple comparisons, one-way
analysis of variance (ANOVA) followed by Tukey’s test was
used, and p values less than 0.05 were considered statisti-
cally significant. To evaluate the mRNA expression analysis
results, 2~24€T method was used and normalized to [B-actin.

Results
Histopathological evaluation

The first case diagnosed as well-differentiated liposarcoma
revealed high cellular, mature adipocytic cells and neo-
plastic lipoblasts with nuclear pleomorphism, prominent
nucleoli, and vacuolated cytoplasm. Mitotic figures were
rare (Fig. lA-B).

Chondrosarcoma was detected as an uncommon mam-
mary neoplasm, often multilobulated in the second case. The
neoplastic cells at the periphery of the lobules were small
with round hyperchromatic nuclei and occasional binucleate
or multinucleate neoplastic cells. The basophilic chondroid
matrix associated with the neoplastic nuclei was variable in
amount (Fig. 1C-D).

The third case was diagnosed as osteoblastic osteo-
sarcoma. There was a proliferation of cells within the
neoplasm that vary from fusiform to stellate to ovoid,
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Fig. 1 Histological analysis

of CMST. A-B A wide area
consisted of lipoblasts and
well-differentiated lipocytes.
C-D Atypical chondroblastic
cells arranged as round foci
(star), original mammary alveoli
(arrow). E Osteoid material
among osteoblastic cells
(orange arrow), original mam-
mary alveoli (black arrow). F

A mitotic figure (orange arrow)
and multinucleated osteoblastic
cells scattered among neoplastic
osteoblast (black arrow), H&E
staining, scale =20 pm

as associated with small islands of tumor osteoid and/or
bone formation. Osteoblastic cells were highly atypical,
and nuclei were large and clear; nucleoli were prominent.
There were multinucleated osteoblastic cells in certain
areas. Mitoses were frequently found (Fig. 1E-F).

Characterization results of CMST cells

The immunofluorescence method was performed to char-
acterize CMST cells, and the expression of CD44, EGFR,
and ER-a proteins was visualized in all CMST cells, as
shown in Fig. 2. Our findings showed EGFR, ER-a, and
CD44 cytoplasmic expression in the S1, S2, and S3 cells.
However, higher cytoplasmic expression of EGFR, ER-a,
and CD44 was observed in S3 cells than S1 and S2 cells.
Additionally, the nuclear ER-a expression did not detect
in CMST cells.
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The effect of 5-ALA/PDT treatment on the viability
and ROS level of CMST cells

To evaluate the inhibitory effects of 5-ALA/PDT treatment
on the cell viability of CMST cells after irradiation, we per-
formed WST-1 analysis (Fig. 3). After irradiation, the S1,
S2, and S3 viability were significantly decreased compared
to the control group (p <0.01) (Fig. 3A). Following irradia-
tion of S1, S2, and S3 cells in CW mode, the viability was
63.5+1.02%, 69.7+2.2%, and 58.9 + 0.6%, respectively.
Furthermore, a significant decrease (50.7 £0.50%) was
found after irradiation in PR mode in S2 cells compared
with the control group (p <0.01) (Fig. 3A). In this context,
a significant difference between the suppression of the cell
viability of S1, S2, and S3 cells was determined in terms of
CW and PR modes (Fig. 3C). We further evaluated the intra-
cellular ROS level after irradiation with the energy density
of 9 J/cm? in two different modes. Our findings demonstrated
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S1

EGFR

ER-a

CD44

S2 S3

Fig.2 The expression of CD44, EGFR and ER-a proteins was observed in all CMGS cells through immunofluorescence staining

(scale=100 um)

that 5-ALA PDT significantly increased the ROS level in
both two different modes in all CMST cells compared to the
control group (p <0.01) (Fig. 3B). However, a significant
increase in the ROS level was found in S1 and S2 cells in PR
mode compared with the control group (p <0.01) (Fig. 3B).
However, there was no significant difference between the
intracellular ROS level and CW and PR modes in S1, S2,
and S3 cells (Fig. 3D). Therefore, we concluded that 5-ALA-
based PDT significantly suppressed the viability of CMST
cells and caused a significant increase in the intracellular
ROS level in both radiation modes.

The effect of PDT treatment on apoptotic cell death
in CMST cells

We performed Annexin V analysis to evaluate the apoptotic
effects of PDT treatment on CMST cells (Fig. 4). After
irradiation with CW and PR modes, the rate of apoptotic
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cells was significantly increased in all CMST cells com-
pared to the control group (p <0.01) (Fig. 4A). The per-
centage of total apoptotic S1 cells considerably increased
from 1.7 +0.4% to 41.8 +0.4% and 33.2+0.6% in CW and
PR modes, respectively (p <0.01). Similarly, the total apop-
totic cell rate increased from 3.5 +0.4% to 25.4 +0.7% and
36.1+0.4% in S3 cells in both CW and PR modes, respec-
tively, compared with the control group (p <0.01, Fig. 4B).
On the other hand, a significant increase (56.9+0.6%) in
the total percentage of apoptotic S2 cells was detected in PR
mode compared with the control group (p <0.01, Fig. 4B).
Additionally, there was a significant difference between the
percentage of apoptotic cells and CW and PR modes in S1,
S2, and S3 cells (p <0.01, Fig. 4C). Therefore, 5-ALA-based
PDT treatment induced apoptotic cell death in all CMST
cells. However, 5-ALA-mediated apoptotic effects differed
in CMST cells upon CW and PR irradiation. S2 cells were
more sensitive to 5-ALA/PDT after irradiation with PR
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Fig.3 The effect of PDT treatment on the cell viability and ROS
level in CMST cells. A The result of WST-1 analysis and B the
results of intracellular ROS level. The statistical comparison of CW

mode than S1 and S3 cells, whereas 5-ALA-induced apop-
tosis was more profound in S1 cells in CW mode.

The effect of PDT treatment on the morphological
changes of CMST cells

To further evaluate the apoptotic effects of 5S-ALA/PDT
treatment on CMST cells, we observed the morphological
changes of cells by AO/PI staining (Fig. 5). We observed cell
shrinkage and especially nuclear blebbing in all CMST cells
following irradiation with CW and PR modes compared with
control cells (Fig. 5). Therefore, 5-ALA treatment especially
caused early apoptosis in CMST cells, and our results were
consistent with the Annexin V analysis results. However,
5-ALA induced more nuclear damage in S2 cells than S1
and S3 cells.
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with PR in C the cell viability and D relative ROS level (CW, con-
tinuous wave; PR, pulse radiation, p <0.01%*%*)

The effect of PDT treatment on the alteration
of gene and protein expression in CMST cells

To determine the expression of Bax, Bcl-2, PARP, Cas-
pase-3, and Caspase-9 mRNA and protein levels after
5-ALA/PDT treatment, we conducted RT-PCR and West-
ern blot analysis (Fig. 6). Bax mRNA level significantly
upregulated in S2 and S3 cells after irradiation with CW
(1.4-, 1.4-, and 1.3-fold, respectively) and PR (1.5-, 1.7-,
and 1.5-fold, respectively) modes (p <0.01) with the
downregulation of Bc/-2 mRNA levels (Fig. 6A). Addi-
tionally, higher upregulation of Caspase-3 and Caspase-9
mRNA levels was observed in S1, S2, and S3 cells upon
irradiation by CW (S1: 3.4- and 3.2-fold, S2: 4.0- and 3.9-
fold, S3: 3.7- and 3.6-fold, respectively) and PR (S1: 5.5-
and 6.1-fold, S2: 7.6- and 7.6-fold, S3: 5.9- and 7.2-fold,
respectively) modes (p <0.01) (Fig. 6A). Furthermore,
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CMST cells. A The percentage of apoptotic cells was analyzed by PR, pulse radiation, p <0.01%%*)
Annexin V analysis. Statistical comparison of B the total apoptotic
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Fig.5 The effect of PDT treatment on the morphological changes of CMST cells was observed by AO/PI dual staining (CW, continuous wave;

PR, pulse radiation)

cleaved Caspase-3 and Caspase-9 protein expression was
upregulated in S1 cells after irradiation by CW and PR
modes. However, we did not observe protein levels of
Bax, Bcl-2, and cleaved Caspase-3 and Caspase-9 in S3
cells following 5-ALA/PDT treatment despite increased
total Caspase-3 and Caspase-9 protein levels. Addition-
ally, the over-expression of PARPI, cleaved Caspase-9,
and Caspase-3 proteins was detected in S2 cells, and thus
PR mode was more effective than CW mode in S2 cells at
both mRNA and protein levels (Fig. 6B).

Discussion

Herein, we, for the first time, revealed that 5-ALA-based
PDT exerted potential therapeutic effects on CMST cells.
Our results showed that S2 chondrosarcoma cells were more
responded to 5-ALA/PDT in PR mode than CW mode.
Additionally, the anti-cancer activity of 5-ALA was more
profound in S1 liposarcoma cells than in S3 osteosarcoma
cells in CW modes. Therefore, the response of three differ-
ent histological types of CMST cells to 5-ALA/PDT was
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Fig.6 The effect of PDT treatment on the alteration of gene and
protein expressions in CMST cells. A The changes in mRNA level
of Bax, Bcl-2, PARPI, Caspase-3, and Caspase-9 genes were deter-

different due to their characteristic features. Additionally,
5-ALA induced apoptosis via externalizing phosphatidyl-
serine, increased ROS level, and upregulated Bax and Cas-
pase-9 and Caspase-3 mRNA and protein levels, especially
S1 and S2 cells.

CMSTs are a very rare tumor type with a poor progno-
sis, higher levels of Ki-67 and consisting of heterogeneous
groups [20]. Furthermore, the expression of ERa or pro-
gesterone receptors is not detected in CMST; thus, hormo-
nal therapy is not beneficial for treating CMST [21]. In this
context, we did not observe any nuclear ER-a expression
in all CMST cells. However, higher cytoplasmic expres-
sion levels of EGFR and CD44 were observed due to the
aggressiveness of CMST. Many CMGT exert ER expression.
However, some of them do not respond to hormone therapy
due to possibly ERa localization [20, 21]. In Li et al. [22]
study, ERa66 is mainly expressed in the nucleus, whereas

@ Springer

mined by RT-PCR analysis and B the protein level of Bax, Bcl-2,
PARP1, Caspase-3, and Caspase-9 was analyzed by Western Blot
analysis (CW, continuous wave; PR, pulse radiation)

ERa36 is localized in the cytoplasm and/or membrane in
human breast cancer. Additionally, cytoplasmic ERa expres-
sion promotes survival in mouse mammary cancer cell lines
[23]. On the other hand, there is no correlation between the
absence of ERa and the proliferation status of CMST [20].
Therefore, further validation studies, such as flow cytometry
analysis, are required to elucidate the underlying molecu-
lar mechanisms of ERa and the association of cellular ER
localization with its activity in CMST.

Recent studies have focused on the effectiveness of PDT
or photodynamic detection (PDD) through various photo-
sensitizers for CMT treatment [15-17, 24-28]. However,
there is no study evaluating the efficacy of 5-ALA-based
PDT in treating different histological types of CMST
alone. Our preliminary findings showed that 5-ALA/PDT
could potentially inhibit the proliferation of CMST cells
and its cytotoxicity was more profound in especially S2
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chondrosarcoma cells than in S1 liposarcoma cells and
S3 osteosarcoma cells. Furthermore, the anti-cancer activ-
ity of 5-ALA/PDT could result from apoptotic cell death
via increased intracellular ROS level and overexpression
of Bax and Caspase-9 and Caspase-3 mRNA and protein
levels in CMST cells, particularly S1 and S2 cells. In the
literature, HMME-based PDT causes apoptotic cell death
in CMT cells through the up-regulation of Caspase-9, Cas-
pase-3, and Bax levels [26, 27]. Additionally, the molecu-
lar mechanisms of 5-ALA-mediated apoptosis have been
revealed in different types of human cancer cell lines
[29-32]. In this context, we first provided evidence that
5-ALA treatment resulted in especially early apoptosis in
different groups of CMST following irradiation with dif-
ferent modes. However, further studies need to assess the
efficacy of 5-ALA in other histological types (fibrosar-
coma and hemangiosarcoma) of CMST and its molecular
mechanisms in each group of CMST.

Furthermore, 5-ALA/PDT was more effective in espe-
cially S2 cells after irradiation with 9 J/cm? by PR mode. On
the other hand, S1 cells were more sensitive to 5-ALA/PDT
after irradiation by CW mode at 9 J/cm?. In PDT treatment,
increased cytotoxicity is related to higher cumulative 'O,
concentration with decreased consumption of photochemi-
cal triplet oxygen (°0,). CW irradiation provides intensive
3O2 depletion with a high fluence rate and thus induces less
cytotoxicity and necrosis. However, the inter-pulse interval
in PR irradiation where no light is incident on the cells cor-
responds to 50% of the overall irradiation time. Thus, PR
mode could reduce oxygen depletion, enhance the singlet
oxygen generation, induce apoptosis, and avoid hypoxia [33,
34]. In the study of Klimenko et al. [33], 3 uM Radachlorin
causes apoptotic cell death in k562 cells after PR irradia-
tion at 1-5 J/em?, unlike CW irradiation. Additionally, the
cells exposed to the pulsed light consume a lower amount
of oxygen compared with CW mode due to the prevention
of cell stress from temperature changes [34]. Therefore,
oxygenation status could potentially affect PDT efficiency.
Therefore, the different responses of CMST cells to 5-ALA/
PDT upon CW and PR irradiation at 9 J/cm? could result
from depletion or preservation of oxygenation during PDT
treatment. Furthermore, combination of PDT and PTT based
on nanoparticles is a new treatment strategy for cancer to
provide efficient targeting of cancer cells using photosensi-
tive and photothermal agents [35]. Asrar et al. (2022) state
that photothermal therapy (PTT) of melanoma cells through
carbon nanotubes is selectively killed and induces necrosis
due to their weakened heat resistance compared with normal
tissue [36]. Additionally, PEGylated carbon nanotubes deco-
rated with silver nanoparticles destroy malignant melanoma
tumors through the PTT via a continuous wave NIR laser

diode (=808 nm, P=2 W, and [=2 W/cm?) [37]. There-
fore, further studies will be performed for the identification
of novel combined PDT and PTT treatment modalities for
CMST cells.

Finally, the mRNA levels of Bcl-2 and PARPI were
decreased in all CMST cells after irradiation in both modes.
However, the protein expression levels of Bcl-2 and PARP1
were upregulated in S1 and S2 cells. A lack of correlation
between reduced mRNA level and abundance in protein level
may result from uncontrolled or tightly controlled mRNA
expression, half-lives of protein synthesis, and post-tran-
scriptional or translational modifications [38, 39]. There-
fore, the molecular mechanism of these differences between
mRNA and protein levels needs further investigation.

Herein, we assessed the therapeutic potential of 5-ALA-
based PDT in three different CMST cells for the first time.
Our preliminary findings showed that 5-ALA potentially
inhibited the growth of CMST cells and caused apoptotic
cell death. Therefore, 5S-ALA/PDT could be a promising
alternative treatment strategy for the treatment of CMST.
However, the response of three different CMST cells to
5-ALA/PDT was different upon CW and PR modes at the
same fluence rate. Thus, the therapeutic potential of 5-ALA/
PDT will be further investigated in both canine and human
breast cancer at the molecular level to determine the most
effective PDT treatment in vitro and in vivo studies. Further-
more, the combination of 5-ALA/PDT and PTT studies will
be performed to obtain higher therapeutic efficiency for the
treatment CMST.
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