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PREFACE

In recent years, significant attention has been paid to various diseases
occurring 1in companion animals due to improved awareness and the
development of veterinary medicine. Among them, malignant tumors have a high
incidence and mortality, and thus many veterinarians have made efforts to
successfully resolve these challenges [5, 30, 39]. In addition, some malignant
tumors in dogs and cats are attracting attention from the perspective of
comparative oncology since they are not experimentally induced and are
spontaneous tumors. They provide a possibility for spontaneous tumor models in
research [39, 45, 58, 96]. Moreover, some malignant tumors are very rare in
humans and are more frequently observed in dogs and cats. For example,
hemangiosarcoma (HSA) is a malignant tumor frequently observed in dogs than
in humans [60, 63, 114, 122]. Hence, the use of canine HSA is favorable to study
HSA. Notably, new knowledge associated with HSA has been acquired from
veterinary research [2, 3, 48, 49, 87]. Therefore, developing a tumor therapy
useful in dogs is not only an important veterinary issue but can benefit research
in the medical field.

On the other hand, specific malignant tumors observed in dogs and cats
have different clinical and histological characteristics compared to their human
counterparts, and hence their information cannot be applied to canine tumors
[39, 45, 47, 59, 69, 74, 113, 146]. The canine mammary tumor (CMT) is an

appropriate example representing this dilemma.

Canine HSA is the most frequent tumor in canine splenic tumors [56, 73].
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This tumor is characterized by aggressive growth, early metastasis, resulting in
poor prognosis especially in visceral HSA [60, 90, 116, 135]. In HSA, surgical
excision is the first choice, but since surgery alone is less effective, adjuvant
doxorubicin is administered [11]. In previous studies [35, 43, 79, 109], various
drug combinations including metronomic therapy using low-dose
cyclophosphamide with doxorubicin, have been evaluated in order to increase the
effectiveness of these drugs. However, even with the use of these drugs, the
survival time is 6 months or less [35, 43, 79]. Hence, it is necessary to understand
the characteristics of canine HSA in order to establish a more effective treatment.
Our laboratory has reported that vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), their receptors (flt-1 and flk-1), and
anti-apoptotic factors including survivin and Bcl-2 are highly expressed in
spontaneous canine HSAs [86, 145]. Moreover, a xenograft model and canine
HSA cell lines were established, allowing the dynamic assessment of canine HSA
[64, 85]. Using these cell lines, it is now possible to evaluate the effects of medical
drugs on canine HSA. To date, several studies have used canine HSA cell lines to
evaluate the cytotoxic effect of drugs [4, 18, 29, 37].

CMT is an extremely common neoplasm in female dogs, with 20-80 %
diagnosed as malignant [83]. Surgical excision is the first choice of treatment and
adjuvant chemotherapy is required for cases with high-grade subtypes or
lymphatic invasion of tumor cells, which indicates poor prognosis [76, 121]. In
particular, lymphatic invasion and metastases to lymph nodes correlate with
poor prognosis [42, 99, 128, 132]. Malignant subtype tumors, with invasion of

dermal lymphatic vessels by neoplastic emboli and clinical signs of inflammation
3



are called inflammatory mammary carcinoma (IMC), which is the most
aggressive and poor prognosis tumor in CMT [42, 76, 98]. IMC is severely painful,
causes weakness and anorexia, and significantly reduces the quality of life [76,
98]. IMC is considered to be a poor surgical candidate owing to its poor prognosis,
and the survival time is usually less than one month [98, 121]. In recent years,
there have been reports suggesting that adjuvant chemotherapy may prolong
survival time after surgical excision; however, no effective therapy has been
established [76, 121]. Although the incidence of tumors defined as IMC is never
high in CMT (about 18% of malignant CMT and 8% of all CMT), the development
of effective chemotherapy is also crucial in other malignant mammary tumors
with lymphatic invasion [98, 121]. Furthermore, besides comparing the effects of
treatment methods in clinical cases, recent studies evaluating anti-tumor drugs

in cell lines or xenograft models have been reported [24, 52, 78, 111, 130].

Recently, many new concept small-molecule compounds such as various
tyrosine kinase inhibitors have been used in the treatment of systemic cancers in
both human and veterinary medicine [16, 17, 19, 52, 78, 92, 120, 130]. These
drugs target molecules characteristic of each tumor [16, 17, 19, 27, 33, 65, 92,
120]. Furthermore, anti-tumor cytokines, such as interleukin (IL), interferon
(IFN), and tumor necrosis factor (TNF) o, which induce apoptosis or
enhancement of immune system have also been investigated [36, 71, 82]. In
particular, many studies have evaluated IL and IFN, with some clinical trials
and applications [14, 36, 38, 81, 82, 127, 143]. In addition to these cytokines,

TNF-related apoptosis-inducing ligand (TRAIL), also called Apo2 ligand (Apo2L),
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was discovered as an anti-tumor cytokine belonging to the TNF protein family
and has attracted attention [10, 142]. TRAIL is transcribed in many normal
tissues, including the spleen, thymus, prostate, lung, and tonsillar T cells, as
well as in several lymphoma cells such as Raji and K299 cells [142]. TRAIL is
reported to induce apoptosis in several tumor cells but not in normal cells [10,
101, 138, 142]. There are two main signaling pathways that induce apoptosis: the
intrinsic pathway and the extrinsic pathway [129]. The intrinsic pathway is
mainly initiated in the mitochondria and is mediated by p53 as a result of DNA
damage [129, 140, 141]. Notably, p53 regulates Bax, Apaf-1, and other
apoptosis-related molecules [137, 140]. Bax and Bak induce cytochrome c release
from the mitochondria and released cytochrome c forms apoptosomes with Apaf-1
and caspase-9, subsequently activating caspase-3 [23, 89, 141]. Thus, p53 has an
important role in the apoptosis-inducing pathway and is the most commonly
silenced or mutated gene in most cancers, with 50—-55% of all human cancers
characterized by loss of wild-type p53 activity [140]. Additionally, the intrinsic
pathway is activated by caspase-8 which cleaves Bid, and the cleaved Bid (tBid)
activates Bax and Bak [22, 89]. In the extrinsic pathway, the death receptor (DR)
on the cell surface activates caspase-8 via FADD, and this initiator caspase
activates caspase-3 directly [89, 129]. The cells are classified into two types based
on the cellular response after caspase-8 activation: type-I cells mainly activate
the extrinsic pathway and type-II cells rely on the intrinsic pathway [89, 129].
TRAIL activates caspase-8, resulting in the activation of both extrinsic and
intrinsic pathways in a p53-independent or dependent manner, and is expected

to exhibit a broad anti-tumor effect even in tumor cells carrying a p53 mutation
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[22, 89]. Additionally, some studies have reported that TRAIL exhibits
anti-tumor effects without marked systemic side effects in the mouse
xenotransplantation model and cynomolgus monkeys [10, 54, 57]. Therefore, in
human medicine, TRAIL is anticipated to be an effective new therapy in
neoplastic diseases. Besides simply administering TRAIL, another treatment
strategy has been studied to activate its signaling pathway, which can be
achieved with anti-TRAIL receptor agonist or a small-molecule compound
[TRAIL-inducing compound 10 (TIC10)] to induce intrinsic TRAIL production in
vivo [7, 9, 46, 89, 142]. In addition, studies on the mechanism underlying TRAIL
resistance in cancer cells are ongoing [89, 134]. Accordingly, various strategies
for the effective activation of the TRAIL pathway can be selected.

In veterinary medicine, the effect of TRAIL has been evaluated in canine
mast cell tumors, canine osteosarcoma cell lines, lymphoma cell lines, and
mammary tumor cell lines [31, 97, 110, 123]; however, knowledge regarding the
TRAIL mechanism of action in canine tumor cells is insufficient. In humans,
experiments using several tumor cell lines have been conducted to clarify the
mechanism of action of TRAIL and the mechanism of acquired resistance [134,
148]. On the other hand, only two studies have reported the anti-tumor effect of
TRAIL after a single administration and the knowledge regarding TRAIL is too
scarce for further research in veterinary medicine [31, 110]. The purpose of this
study was to evaluate the effects of TRAIL on canine tumor cells and generate
basic information that is necessary for further research on the mechanism of
TRAIL action and acquiring TRAIL resistance.

In chapter 1 of this study, the cytotoxic effect of human recombinant
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TRAIL (thTRAIL) on canine HSA cell lines was investigated. In chapter 2, three
new cell lines were cultured from CMT, and the cytotoxic effect of rhTRAIL on

these three new cell lines was evaluated.



Chapter 1

The cytotoxic effect of TRAIL to canine hemangiosarcoma cell lines

1.1 INTRODUCTION

Canine HSA is a malignant tumor that mainly occurs in the spleen,
subcutaneous tissue, and in the right atrium of the heart [13, 116, 135]. HSAs are
extremely aggressive tumors, exhibiting metastasis and invasive growth,
contributing to a very poor prognosis, especially in case of visceral HSAs [103,
116, 122, 135]. Previous studies have demonstrated an association of several
factors with the malignant behavior and tumorigenesis of canine HSA, such as
the enhanced expression of VEGF and bFGF, mutations of several oncogenes,
and activation of various signaling pathways [28, 60, 85, 144, 145].

Despite continuous progress in elucidating the oncogenic mechanism of
canine HSA, along with the identification of potential therapeutic targets, no
effective therapeutic strategy has been identified. The survival time following
splenectomy in dogs with splenic HSA 1is extremely short; even when
splenectomy and chemotherapy are used in combination, the survival time is
only about 6 months [13, 35, 43, 103]. One of the main contributing factors to this
poor prognosis is the high rate of metastasis in canine HSA. Hence, a systemic
therapy targeting the metastatic lesions and the original tumor need to be
developed. TRAIL is one such candidate, specifically acting on tumor cells and
not on normal cells. However, the effects of TRAIL, an anti-tumor cytokine, on
HSAs have not yet been reported in human or veterinary medicine. Therefore,

the aim of this chapter was to clarify the cytotoxic effects of TRAIL in canine
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HSA and provide a scientific foundation for the potential effectiveness of TRAIL
in the treatment of canine tumors. The effects of TRAIL in various HSA cell lines
were explored to provide basic information on the TRAIL sensitivity of canine

HSA cells.



1.2 MATERIALS AND METHODS
Cells and culture conditions

Canine HSA cell lines established from the liver (JuAl, JuB2, JuB2-1, and
JuB4), right atrium of the heart (Rell, Rel2, and Re21), and spleen (Ud2 and
Ud6) were used in this study [64, 85]. Madin-Darby canine kidney (MDCK,
resistant to TRAIL) and HeLa cells (sensitive to TRAIL) were used as negative
and positive controls, respectively (both from the JCRB Cell Bank, Osaka,
Japan) [31, 101, 110]. Canine aortic endothelial cells (CnAOECs; Cell
Applications Inc., San Diego, CA, USA) were used as a normal canine vascular
endothelial cell line to evaluate the cytotoxicity of TRAIL against normal cells.
The HSA cell lines, MDCK cells, and HeLa cells were maintained in high-glucose
Dulbecco’s modified Eagle medium (Wako Pure Chemicals, Osaka, Japan) with
10% heat-inactivated fetal bovine serum (FBS), 100 units/m/ penicillin, 100
ug/m/ streptomycin, 0.25 ug/m/ amphotericin B
(Penicillin-Streptomycin-Amphotericin B Suspension, Wako Pure Chemicals),
and 100 pg/m/kanamycin (Wako Pure Chemicals) (10% FBS/D-MEM). CnAOEC
cells were maintained in Canine Endothelial Cell Growth Medium (Cell
Applications Inc.). All cells were incubated at 100% humidity, 37°C, with 20% Oq

and 5% COea.

TRAILs
In this study, the cytotoxicity and apoptosis induction ability of the three
TRAILs were assessed: rhTRAIL/TNFSF10 375-TEC (TRAIL-TEC, R&D

Systems, Minneapolis, MN, USA), rthTRAIL/TNFSF10 375-TL (TRAIL-TL, R&D
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Systems), and isoleucine zipper rhTRAIL (izTRAIL, AdipoGen Life Sciences Inc.,
San Diego, CA, USA). TRAIL-TEC (amino acids 114Thr-281Gly) was expressed
in Escherichia coli, TRAIL-TL (amino acids 95Thr-281Gly) was expressed in the
NSO mouse myeloma cell line, and izTRAIL (amino acids 95Thr-281Gly) was

expressed in £. coli.

Cell viability assay

Cell wviability assays were performed with the premix WST-1 cell
proliferation assay system (TaKaRa, Otsu, Japan). HSA and HeLa cells were
seeded in 96-well plates at a density of 1.0x104cells per well. MDCK cells were
seeded at a density of 2.5xX103 cells per well due to their relatively fast
proliferation rate. After 12 h, the cells were treated with 10% FBS/D-MEM
containing 0, 0.01, 0.1, 1.0, 10, or 100 ng/m/ of TRAIL-TEC, TRAIL-TL, or
1zTRAIL for 24, 48, and 72 h. Following treatment, the cells were incubated with
10 p/ of WST-1 reagent per well for 1 h. Cell viability was then quantified using
the iMark™ microplate reader (Bio-Rad Laboratories, Hercules, CA, USA) as the
relative absorbance value obtained in the treated wells compared to the control
(0 ng/m/ TRAIL) wells. The half-maximal inhibitory concentration (ICso) of each
TRAIL was calculated by Image J 1.51K (National Institutes of Health, Bethesda,
MD, USA) based on the results of the viability assay.

The effect of iZTRAIL (which had the most potent cytotoxic effect) on
CnAOEC viability was also evaluated. CnAOECs were seeded in 96-well plates
at a density of 1.0x10% cells per well. After 12 h, the cells were treated with

Canine Endothelial Cell Growth Medium containing 0, 0.01, 0.1, 1.0, 10, and 100
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ng/m/ of 1zZTRAIL for 24, 48, and 72 h. Measurement of cell viability and

calculation of ICs¢ values was performed as described above.

Flow cytometric analysis of apoptosis

JuB4 and Ud6 cells were identified to be the most sensitive cell lines to
TRAIL for each lineage and were thus selected for further analysis of apoptosis
induction. Since Rel2 and Re21 cells demonstrated similar susceptibility to
TRAIL, only Rel2 was used for further analysis. JuB4, Rel2, and Ud6 cells were
treated with 100 ng/m/ 1zTRAIL, and apoptosis was detected using flow
cytometry after 4, 8, 12, 24, and 36 h, corresponding to the time periods before
cell viability significantly decreased. The cells were collected with 0.25%
Trypsin-1 mM EDTA + 4Na solution (T/E solution, Wako Pure Chemicals), washed
with Dulbecco's phosphate-buffered saline (D-PBS, Wako Pure Chemicals), and
stained with Annexin V/ propidium iodide (PI) (Alexa Fluor 488 Annexin V/Dead
cell Apoptosis Kit, ThermoFisher Scientific, Waltham, MA, USA). The cells were
counted using FACS Calibur (BD Biosciences, Franklin Lakes, NJ, USA) and
analyzed by BD CellQuest Pro ver. 5.1.1 (BD Biosciences).

For analysis of the cell cycle, JuB4, Rel2, and Ud6 were treated with 100
ng/m/izTRAIL for 48 h (the point at which cell viability significantly decreased),
the supernatant and cells were collected with T/E solution and washed with
D-PBS. The collected cells were then incubated with PI (PI/RNase staining
solution, Cell Signaling Technology, Danvers, MA, USA). Stained cells were

counted by BD FACSCanto™ II (BD Biosciences) and analyzed by BD FACSDiva

6.1 software (BD Biosciences).
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Observations of nuclear fragmentation

JuB4, Rel2, Ud6, and MDCK cells were cultured at 2.0x10°cells per well
in a chamber slide for 12 h to observe the effect of TRAIL on nuclear
fragmentation using fluorescence microscopy. The cells were treated with 100
ng/m/ izZTRAIL for 36 h, and then washed with D-PBS, and fixed in 4%
paraformaldehyde (Wako Pure Chemicals) for 30 min. The slides were washed
with D-PBS, mounted with ProLong™ Diamond antifade Mountant with
4' 6-diamidino-2-phenylindole (DAPI) nuclear stain (ThermoFisher Scientific),
and the presence of DNA fragmentation was assessed using fluorescence

microscopy (IX73, Olympus, Tokyo, Japan).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

To detect the effects of TRAIL on apoptosis-related proteins, JuB4, Rel2,
and Ud6 cells were collected using a cell scraper at 1, 3, 6, 12, and 24 h after
treatment with 100 ng/m/izTRAIL. The cells were then lysed using RIPA buffer
(ThermoFisher Scientific) containing proteinase inhibitor cocktail and EDTA
(ThermoFisher Scientific). The concentration of the extracted protein was
measured by the DC Protein assay kit (Bio-Rad), and standardized using serially
diluted bovine serum albumin (ThermoFisher Scientific).

The equalized protein samples were mixed with 4X Laemmli buffer
(Bio-Rad) supplemented with 5% B-mercaptoethanol (Sigma Aldrich, St. Louis,
MO, USA) and incubated at 95°C for 10 min. Proteins (15 pg/lane) were then
separated by SDS-PAGE (4-12.5% Mini-PROTEAN® TGX™ Precast Protein Gels,

Bio-Rad) and transferred onto a polyvinylidene difluoride (PVDF) membrane
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(Amersham Hybond P0.45 PVDF, GE Healthcare Bioscience, Pittsburgh, PA,

USA) at 60 V for 1.5 h at room temperature (20-25 °C: RT).

Western blotting
The membranes, with transferred proteins, were immersed in 5%
blocking reagent (ThermoFisher Scientific) for 1 h at RT, followed by incubation
with primary goat polyclonal anti-caspase-8 (1: 800, T-16, Santa Cruz
Biotechnology, Dallas, TX, USA), rabbit polyclonal anti-caspase-3 (1:1000, Cell
Signaling Technology), rabbit polyclonal anti-Poly (ADP-ribose) polymerase
(PARP, 1:1000, ThermoFisher Scientific), or B-actin (1:1000, Cell Signaling
Technology) for 1 h at RT. The primary antibodies were used after confirming the
reaction with proteins of the same size as indicated in the previous study for both
the HeLa cells and canine HSA cells [49, 112].
The membranes were washed with TBS-T (0.05 M Tris, 0.138 M NaCl,
0.0027 M KCI, and 0.05% Tween 20; Sigma Aldrich) and incubated with the
appropriate horseradish peroxidase (HRP)-conjugated secondary antibody
(anti-rabbit, 1:5000, Cell Signaling Technology or anti-goat, 1:2000, Abcam,
Cambridge, UK) for 1 h at RT. The immunoblot was visualized using Lumina
Forte Western HRP Substrate (Merck Millipore, Darmstadt, Germany). The
target protein bands were visualized by the C-DiGit Blot scanner (LI-COR
Biotechnology, Lincoln, NE, USA), and Image Studio Digits ver4.0 (LI-COR
Biotechnology) and were verified semi-quantitatively relative to the expression of

B-actin.
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Inhibition of caspase-8 or caspase-3

To determine the involvement of the caspase cascade in TRAIL-induced
apoptosis, all HSA cell lines seeded in 96-well plates were treated with 0, 2.5, 10,
and 40 uM of a caspase-8 inhibitor (Z-IETD-FMK, MBL, Nagoya, Japan) or
caspase-3 inhibitor (Z-DEVD-FMK, MBL) for 2 h. Both caspase inhibitors were
dissolved in dimethyl sulfoxide (DMSO). Subsequently, the cells were incubated
with 100 ng/m/izTRAIL for 24 and 48 h, and the WST-1 assay was performed as
described above. JuB4, Rel2, and Ud6 cells were treated with caspase-8 and -3
inhibitors before the addition of iZTRAIL, the attached and suspended cells were
collected and stained with PI/RNase staining solution (Cell Signaling

Technology), and cell cycle analysis was performed by flow cytometry.

Statistical analysis

All experiments were performed more than three times independently.
Cell viability assay results were statistically evaluated by one-way analysis of
variance and the Dunnet’s posthoc test. The percentage of Annexin V positive
and PI negative (Annexin V+/PI-) cells (i.e., apoptotic cells) or cells in the
sub-G1 phase were compared between groups using the Student’s t-test. These
tests were performed by BellCurve for Excel (Social Survey Research
Information Co., Ltd, Tokyo, Japan). All values are expressed as mean =+

standard deviation (SD). Results were considered significant when P < 0.05.

15



1.3 RESULTS
Cell viability and ICso of TRAILSs

Despite minimal changes in the relative absorbance values of canine HSA
cells, MDCK cells, and HeLa cells at specific time points after treatment with up
to 100 ng/m/ TRAIL-TEC, no significant decrease in cell viability was observed
up to 72 h (Fig.1-1).

However, 100 ng/m/TRAIL-TL significantly decreased the cell viability of
JuB2, JuB2-1, JuB4, Rel12, and Hel.a cells after 24, 48, and 72 h. In Re21 cells, 1,
10, and 100 ng/m/ of TRAIL-TL decreased the cell viability after 72 h. However,
no reproducible and significant cytotoxic effects of TRAIL-TL were observed in
the other cell lines up to 100 ng/m/at any time points (Fig. 1-2).

Notably, 1zZTRAIL decreased cell viability in all canine HSA cells except
for Rell, and in HeLa cells in time- and concentration-dependent manners (Fig.
1-3). However, izZTRAIL did not demonstrate a significant cytotoxic effect on
MDCK or CnAOEC endothelial cells (Fig. 1-3). The ICso values of izTRAIL 72 h
after treatment are summarized in Table 1-1; however, the ICso values could not
be estimated for TRAIL-TEC due to the overall weak cytotoxic effect. In
TRIAL-TL, ICs0 could only be calculated with JuB2-1 (90.92+0.90) and JuB4
(13.09+0.46). The ICs0 values of izZTRAIL to HeLa cells were similar. Overall,

JuB4 cells were the most sensitive cell line to 1izZTRAIL.

Effects of izZTRAIL on cell morphology and apoptosis induction
Since 1zTRAIL demonstrated the most potent cytotoxic effect on cancer

cells with no influence on the viability of normal cells, its cancer cell inhibitory
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mechanism through apoptosis was evaluated. After treatment with 100 ng/m/
1zTRAIL for 36 h, JuB4, Rel2, and Ud6 cells indicated a clear detachment from
the dishes and the number of cells decreased (Fig. 1-4A). Flow cytometric
analysis further demonstrated an increase in the cell number in the gray area,
representing Annexin V+/PI- apoptotic cells, 36 h after izZTRAIL treatment in
JuB4, Rel2, and Ud6 (Fig. 1-4B), demonstrating statistical significance in all the
three cell lines (Fig.1- 4C). In contrast, MDCK cells remained tightly attached as
a monolayer to the dish, with no morphological changes observed after izZTRAIL
treatment (Fig. 1-4A).

DAPI staining further revealed nuclear fragmentation in JuB4, Rel2,
and Ud6 cells 36 h after treatment with 100 ng/m/izTRAIL (Fig. 1-5A), whereas
MDCK cells displayed no nuclear fragmentation after 36 h with identical
treatment. Cell cycle analysis revealed a marked increase in cells in the sub-G1
phase and a corresponding decrease in GO/G1-phase cells in the JuB4, Rel12, and

Ud6 cell lines 48 h after treatment with 100 ng/m/izTRAIL (Fig. 1-5B and C).

Western blotting for caspase-8, cleaved caspase-3, and PARP

Caspase-8, caspase-3, and PARP were detected by western blotting in
JuB4, Rel2, and Ud6 cells after treatment with 1zZTRAIL; however, the time
points at which these proteins were detected differed among the cell lines (Fig.
1-6). In JuB4 cells, cleaved caspase-8 expression increased 1-24 h after
treatment, cleaved caspase-3 increased from 1 h after treatment, and cleaved
PARP increased 1-24 h after treatment. In Rel2 cells, cleaved caspase-8

increased 3—24 h after treatment and cleaved caspase-3 increased from 1 h after

17



treatment. Cleaved PARP was minimally increased 3—24 h after treatment and
uncleaved PARP decreased from 3 h after treatment. In Ud6 cells, cleaved
caspase-8, cleaved caspase-3 and cleaved PARP increased at 3-24 h after

treatment.

Caspase-8 and caspase-3 inhibitors prevented TRAIL-induced apoptosis in
canine HSA cells

The WST-1 assays demonstrated that both caspase inhibitors recovered
the TRAIL-induced loss of cell viability at 40 uM in all HSA cell lines and in
HeLa cells (Fig.1-7A). The caspase-3 inhibitor was more effective in preserving
cell viability under izZTRAIL treatment than the caspase-8 inhibitor in JuAl,
JuB2, JuB2-1, and JuB4 cells. Furthermore, the flow cytometry results indicated
that caspase-8 and caspase-3 inhibitors decreased the numbers of cells in the
sub-G1 phase and increased the numbers of cells in the G0O/G1 phase (Fig. 1-7B).
The number of cells in the sub-G1 phase significantly decreased in JuB4 and Ud6
cells after the addition of the caspase-3 inhibitor. Consistently, although not
statistically significant, a decrease in the number of sub-G1 phase cells was

observed in the Rel2 cells (Fig.1-7C).
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1.4 DISCUSSION

The cytotoxic effects of the three types of rhTRAILs were evaluated. The
human and dog TRAIL sequence identity is 81.3%, and the amino acid sequences
of the trimeric or receptor- binding domains of TRAIL are highly conserved [102,
110]. A previous study demonstrated that rhTRAIL, the same as TRAIL-TEC
used in this study, induced apoptosis in a canine mast cell tumor cell line [31]. Of
the three rhTRAIL proteins examined, izZTRAIL demonstrated the strongest
ability to induce apoptosis in canine HSA cells. Based on a previous report, it is
likely that the TRAIL trimer formed via the zipper motifs as observed in
1ZTRAIL could be more stable than the monomeric form, and thus more effective
against neoplastic cells [138]. TRAIL-TL has a His-Tag at the N-terminal region,
able to bind to the zinc ion necessary for TRAIL trimerization; thus, the
formation of a TRAIL-TL trimer is more probable than the formation of a
TRAIL-TEC trimer, which has no His-tags [53, 75, 126]. Therefore, TRAIL-TEC
may also affect HSA cell lines at higher concentrations than tested in this study.

In medical research, it has been reported that TRAIL activates caspase-8,
leading to the activation of both extrinsic and intrinsic pathways in a
p53-independent or dependent manner [22, 89]. In the Re12 and Ud6 canine HSA
cell lines used in this study, p53 activity was reported to be decreased by
downregulation of miR-214 and COP1 E3 ubiquitin-protein ligase overexpression
[49]. Therefore, the present study demonstrated that TRAIL can induce Rel2
and Ud6 apoptosis, indicating the apoptosis-inducing effect in neoplastic cells of
canine HSA in which p53 is inactivated. In addition to these two tumors, p53

mutations have been reported in several canine tumors [55, 67, 80, 88, 136].
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TRAIL may be effective in these tumors with p53 inactivation.

Five TRAIL receptor variants have been identified in humans [26, 32,
70, 77, 94, 95, 115, 118, 139]. Of these receptors, only DR 4 and DR5 have the
death domains necessary for the induction of apoptosis, while the other receptors
such as decoy receptor (DcR)1, DcR2, and osteoprotegerin (OPG) present no
region capable of transmitting a signal into the cell [26, 32, 70, 77, 94, 95, 115,
139] Previous studies have indicated that when TRAIL binds to DR4 or DR5, it
activates the Fas-associated death domain (FADD) protein and induces apoptosis
through the activation of caspase-8/10 and caspase-3 [61, 70, 124]. Moreover,
DcRs are expressed in normal cells; however, the balance of expression of each
receptor differs from that observed in neoplastic cells [66]. Therefore, many
normal cells are resistant to apoptosis induced by TRAIL. In veterinary medicine,
the effect of TRAIL in canine mast cell tumor cell lines revealed a role for the
activation of caspase-3 [31]. In addition, caspase-8 was activated by flavopiridol
(FVP) in lymphoma cell lines exhibiting TRAIL resistance, but it remains
unclear whether TRAIL also activated caspase-8 [97]. At present, the only TRAIL
receptor identified in dogs is OPG, and its transfer signals have only recently
been predicted based on gene sequence analysis [31, 40]. Therefore, how TRAIL
receptors act in canine tumor cell lines and the mechanism of action of TRAIL
remains unclear. In this study, all cell lines used in the western blot analysis
were found to express cleaved PARP, with the activation of caspase-8 and
caspase-3 under TRAIL treatment. In addition, the clear inhibition of apoptosis,
but not the complete inhibition, following treatment with caspase-8 and

caspase-3 inhibitors, in all cell lines, suggests that caspase-8 and caspase-3 are
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at least partially involved in TRAIL-induced apoptosis. One possible reason for
the greater effectiveness of the caspase-3 inhibitor in the Ju cell lineage could be
attributed to the compensatory activation of caspase-10, which performs the
same role as caspase-8, or to a small amount of cleaved caspase-8 continuously
activating caspase-3, which has been reported in various cascade reactions [6,
62]. Alternatively, in the Re and Ud lineages, caspase-8 may be inhibited by
several factors before activating caspase-3. In addition to directly activating
caspase-3, caspase-8 can activate caspase-3 via caspase-9 [104]. Moreover, Bcl-2
has been reported to be overexpressed in canine HSA [86]. When Bcl-2 is
expressed, activation of caspase-3 via caspase-9 is suppressed, and caspase-8
remains the only direct activator of caspase-3 [148]. This inhibition of caspase-3
1s consistent with the lower ICso values demonstrated by the Ju cells compared to
the other cell lines; however, further evaluation of the Bcl-2 expression levels in
HSA cell lines is crucial to verify this hypothesis.

Several studies have reported that neoplastic cells expressing DcRs
show resistance to TRAIL [25, 117, 148]. However, other reports have also
suggested that other factors could contribute to TRAIL resistance, including
anti-apoptotic factors such as Bcl-2 and ¢-FLIP [44, 91, 148]. Moreover, survivin
expression has also been confirmed in canine HSA, which belongs to the same
IAP family as the X-linked inhibitor of apoptosis (XIAP) shown to be related to
TRAIL resistance in canine mammary cell tumors and osteosarcoma [86, 123].
Thus, the difference in expression of anti-apoptotic molecules in canine HSA is
considered to contribute to the difference in TRAIL sensitivity among the

lineages evaluated in this study. TRAIL sensitivity may be increased by the
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inhibition of some anti-apoptotic factors such as Bcl-2, survivin, or XIAP, related
to the apoptosis pathway via caspase-9 [86, 123]. Inhibition of c¢-FLIP, which
allows the activation of caspase-8, has also been reported in canine lymphoma
cells; however, since activation of caspase-8 with TRAIL treatment was detected,
it is considered that c-FLIP does not influence the apoptosis mechanism [97, 148].
To explore the application potential of TRAIL to a wider range of canine tumors,
1t 1s necessary to study the factors related to the acquisition of TRAIL resistance,
including DcRs and anti-apoptotic factors. It is expected that TRAIL may be
widely applied in TRAIL-resistant canine tumors in combination with FVP

inhibiting ¢c-FLIP or TIC10, which also increases TRAIL DR expression [46, 97].
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1.5 SUMMARY

A clear cytotoxic effect of TRAIL in canine HSA cell lines was
demonstrated, with no cytotoxicity detected in normal canine endothelial cells.
Since the degree of decreased cell viability varies depending on the three types of
TRAIL, it was reported that the trimer form of TRAIL was more effective than
the TRAIL monomer. The cytotoxicity of TRAIL was confirmed to be due to
apoptosis as a result of cell membrane changes, nuclear fragmentation, caspase-8
and -3 activation, and PAPR cleavage. These results further suggest that this

apoptosis induction at least partially involves caspase-8 associated with DR.
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TABLE AND FIGURES

Tablel-1. ICso of canine HSA cell lines for 1izZTRAIL

cells izZTRAIL (ng/mJ)
JuAl 12.40 £ 8.11
JuB2 3.40 £2.75
JuB2-1 4.59 + 5.56
JuB4 1.22 £ 0.46
Rell

Rel2 11.57+6.75
Re21 14.18 + 3.53
Ud2 9.21 +£6.98
Udé6 9.68 + 5.00
MDCK

HelLa 12.65 + 9.64

1Cs0 values of 1zZTRAIL in canine HSA cell lines. Results are presented as mean + SD of three

independent experiments. —, cases in which the ICso could not be calculated.
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Fig. 1-1. Cell viability of canine HSA cell lines, MDCK cells, and HeLa cells after
TRAIL-TEC treatment. The vertical axis shows the relative absorbance value compared with
that of the control group (no TRAIL-TEC treatment) and the horizontal axis shows the
concentration of TRAIL-TEC. Representative results of more than three independent

experiments are presented as the mean + SD (*P < 0.05).
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Fig. 1-4. Changes in cell morphology and percentage of Annexin V+/PI- cells after incubation
with izZTRAIL. A: In JuB4, Re12, Ud6 and MDCK cells treated with 100 ng/m/of izZTRAIL for
36 h, the proportion of cell number decreased. B: Cells of each cell line stained with Annexin
V/ PI. The vertical axis shows the PI staining intensity and the horizontal axis shows the
Annexin V staining intensity. The cells in the gray area are Annexin V+/PI- (apoptotic cells).
C: Mean percentage of Annexin V+/PI- cells (cells in the gray area of B) from replicate
experiments. The Annexin V+/PI- cells increased significantly (*P < 0.05) in JuB4, Re12 and

Ud6 cell lines.
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morphology changes in JuB4, Rel2, Ud6, and MDCK cells treated with 100 ng/m/ of
1izTRAIL for 36 h. Arrowheads show the nuclear fragments. B: Representative DNA
histogram showing the cells stained by PI for each cell line. JuB4, Rel12, and Ud6 cells were
treated with iZTRAIL for 48 h and stained with PI. The vertical axis shows the cell number
and the horizontal axis shows the PI staining intensity. C: The percentage of cells in sub-G1

phase increased significantly for JuB4, Rel2, and Ud6 cell lines after treatment with

izTRAIL (*P < 0.05).
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Representative western blot bands are shown.
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Fig. 1-7. izZTRAIL-induced apoptosis is inhibited by treatment with caspase inhibitors.

A Viability of canine HSA cell lines after incubation with caspase-8 or caspase-3 inhibitor

and 1zTRAIL. The vertical axis shows the relative absorbance value compared with the

control group and the horizontal axis shows different treatments: 1zZTRAIL, izTRAIL and

vehicle, and 1izTRAIL and 40 uM of caspase inhibitor. Representative results of more than

three independent experiments are presented as the mean + SD (*P < 0.05). B and C: JuB4,

Rel12, and Ud6 cells were treated with caspase inhibitors for 48 h and stained with PI. The

vertical axis shows cell number and the horizontal axis shows PI staining intensity. The

graphs show the percentages of cells in sub-G1 phase (*P < 0.05).
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Chapter 2
The cytotoxic effect of iZTRAIL to canine cell lines

derived from mammary epithelial tumor

2.1 INTRODUCTION

CMT is the most common neoplasm in female dogs [83]. Histopathological
examination is the gold standard diagnostic method for CMT, and in 2011, a new
classification for CMT was proposed [42]. Based on this classification, the
survival time for most aggressive tumor subtypes is approximately 3 months
[108]. In addition, several studies have indicated that lymphatic vessel
infiltration and regional lymph node metastasis of tumor cells are important to
determine tumor prognosis, and the new classification of CMT is useful to predict
the metastatic potential [107, 128, 132]. IMC, a malignant tumor subtype with
invasion of dermal lymphatic vessels by neoplastic cells and inflammatory
clinical signs, is the most aggressive CMT, with a poor prognosis [42, 76, 98].
Notably, IMC is a poor surgical candidate owing to its poor prognosis [121].
Furthermore, the combination of surgical resection and chemotherapy was used
to treat mammary carcinomas but was ineffective against highly malignant
tumors exhibiting lymphatic vessel infiltration [132]. Globally, human breast
cancer (HBC) is the major cause of cancer death in women, with various
therapeutic strategies available to treat HBC [41]. HBC and CMT have similar
risk factors, clinical features, and molecular players such as hormones; therefore,
CMT is considered a model for HBC [1, 100, 106]. Several studies investigating

the TRAIL pathway in HBC and other tumors have designed various TRAIL
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receptor-specific antibodies and some antibodies are undergoing clinical trials
[15, 20, 54, 89, 105, 131, 133]. Furthermore, to enhance the sensitivity of the
TRAIL-resistant tumors, several combinations with other molecules, such as
MS-275 and caudatin, have also been studied in HBC [34, 119, 125, 134].
However, these studies have been mainly conducted in the medical field. In
chapter 1, izTRAIL, which stably forms a trimer, was more effective in inducing
apoptosis than the TRAIL monomer. This was the first study to report that the
TRAIL trimer is more effective in dogs; this was similar to humans reports [138].
Although a study has reported the cytotoxic effect of TRAIL in canine epithelial
tumors [123], the cytotoxic effect of iZTRAIL has not been reported. In
veterinary medicine, studies on such basic features of TRAIL are few, and no
advances have been seen in the identification of receptors. Therefore, it is
necessary to evaluate the TRAIL sensitivity, presence of TRAIL receptors, and
TRAIL pathways in dogs, which will further aid in targeting the TRAIL receptors
that chemotherapeutic agents target/bind to in humans. As a first step, it is
1mportant to confirm the conservation of TRAIL sensitivity in dog tumors. In this
study, the cytotoxic effect of iZTRAIL on CMT was investigated to accumulate
basic information on the effect in various tumors. This study will provide the

basis for future studies on TRAIL receptors and the TRAIL pathway in dogs.
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2.2 MATERIALS AND METHODS
Case information

The three CMTs were collected from the Veterinary Teaching Hospital of
Gifu University (VTH-GU), Gifu city, Japan. The characteristics of dogs with
tumors are listed in Table 2-1. In the case of B101592, the dog had been treated
at a private animal hospital for a mass in the mammary gland. Half a month
later, an excision was performed at VITH-GU. In case of the Cha cells, the right
mammary gland was swollen 10 days after the excision of the left mammary
tumor at a private animal hospital. At the VITH-GU, a punch biopsy was
performed 15 days after swelling developed. Lung metastasis was suspected
following a computerized tomography scan. The dog died 38 days after the biopsy.
In case of C090115, the dog had been treated for mastitis due to swollen
mammary glands. However, no improvement was observed; hence, the dog was
referred to the VI'H-GU for a detailed examination 20 days later, and fine needle
biopsy was performed with a 23 gauge-needle. Unfortunately, the prognosis
details of B101592 and C090115 cases were lost. The two tumors (B101592 and
Cha) obtained by biopsy were fixed with 10% buffered neutral formalin,
embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE).
These tumors were histologically classified into subtypes based on the 2011
classification [42]. Only cytological diagnosis was performed for C090115 using a
Romanowsky-based stain (Hemacolor; Merck KGaA, Darmstadt, Germany) and

no histopathological examination was performed at the owner’s request.
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Immunohistochemistry of original tumors

For immunohistochemical staining, B101592 and Cha sections were heated
for 15 min at 121°C in a target retrieval solution (pH 6.0, Dako, Glostrup,
Denmark). Next, the sections were incubated overnight at 4°C with the following
primary antibodies: mouse anti-human cytokeratin (CK) monoclonal antibody
(clone AE1/AE3, 1:10, Dako), mouse anti-vimentin monoclonal antibody (clone
V9, 1:20, Dako), and murine anti-CK monoclonal antibody (clone CAMS5.2,
pre-diluted, BD Biosciences). The positive signal was visualized using 3,
3'-diaminobenzidine solution (Histofine SAB-PO (M) kit, Nichirei, Tokyo, Japan).

Finally, the sections were counterstained with hematoxylin.

Cell culture
The B101592 and Cha tumor tissues were minced and sequentially digested
with 0.1% collagenase Type I (Gibco, Carlsbad, CA, USA) at 37°C for 15 min and
0.25% trypsin-EDTA (Gibco) at 37°C for 15 min. Subsequently, the cell
suspension was filtered through a 70-um cell strainer (BD Biosciences) and
resuspended in 10% FBS/D-MEM. In C090115, after cytological examination, the
cells that remained in the needle and syringe were directly seeded in 10%
FBS/D-MEM. All cells were cultured in a humidified incubator at 100% humidity,
37°C, 20% Og, and 5% COz. Subconfluent cells were passaged after digestion with
T/E solution. The cells were cultured with more than 60 passages.
To measure the growth curve and doubling time, all cells were plated in
24-well plates (ThermoFisher Scientific) at a cell density of 5000 cells/well in 1

m/ of 10% FBS/D-MEM. The cells were collected using T/E solution and counted
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once every 12 h using trypan blue in a Countess™ Automated Cell Counter

(ThermoFisher Scientific). Triplicate wells were used for counting each cell.

Immunocytochemistry of cell lines

Prior to immunofluorescence analysis, the cells were cultured at a cell
density of 2.0xX104cells/well in a chamber slide for 12 h. The cells were fixed with
100% methanol and incubated overnight at 4°C with the following primary
antibodies: mouse anti-human CK monoclonal antibody (clone AE1/AE3, 1:20,
Dako), mouse anti-vimentin monoclonal antibody (clone V9, 1:40, Dako), and
murine anti-CK monoclonal antibody (clone CAMS5.2, 1:10, BD Biosciences). Next,
the cells were probed with anti-mouse IgG Fab2 Alexa Fluor® 488 (1:500, Cell
Signaling Technology) secondary antibody. The slides were mounted with
ProLong™ Diamond antifade Mountant with DAPI nuclear stain. The cells were

analyzed under a fluorescence microscope.

Cell viability assay

Cell viability assays were performed using the premix WST-1 cell
proliferation assay system as mentioned in chapter 1. The three cell lines,
TRAIL/AZTRAIL-resistant MDCK cells, and TRAIL/1zTRAIL-sensitive Hel.a cells
were used in this study [31, 101]. MDCK cells were used as a negative control,
while HelLa cells were used as a positive control. The cultured cells and HeLa
cells were seeded in 96-well plates at a density of 1.0x104cells/well. The MDCK
cells were seeded at a density of 2.5x103 cells/well as they have a fast doubling

time. The cells were cultured for 12 h. Next, the cells were cultured in 10%
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FBS/D-MEM containing 0, 0.01, 0.1, 1.0, 10, or 100 ng/m/ of 1zZTRAIL for 24, 48,
and 72 h. Subsequently, the cells were incubated with 10 p/of WST-1 reagent for
1 h. Cell viability was quantified as the relative absorbance values of treated
wells compared to those of the control (0 ng/m/izTRAIL) wells using the iMark™
microplate reader. The half-maximal inhibitory concentration (ICso) of izZTRAIL

was calculated using Image J 1.51K based on the results of the viability assay.

Flow cytometric analysis of apoptosis
To detect changes in the cytoplasmic membrane that indicate early apoptosis,
the cultured cells were treated with 100 ng/m 1izZTRAIL for 18 h. The cells were
collected using T/E solution, washed with D-PBS, and stained with the Alexa
Fluor 488 Annexin V/Dead cell Apoptosis Kit.
To perform the cell cycle analysis, cell lines were treated with 100 ng/m/
1zTRAIL for 48 h. The supernatant and cells were collected using T/E solution
and washed with D-PBS. Next, the collected cells were incubated with PI/RNase

staining solution. The cells were counted using BD FACSCanto™ Il and analyzed

using BD FACSDiva 6.1 software.

Analysis of nuclear fragmentation

The effect of iZTRAIL on nuclear fragmentation was analyzed using
fluorescence microscopy. The cultured cells were plated in 24-well plates at a
density of 2.0x104cells/well in 1 m/of 10% FBS/D-MEM for 12 h. The cells were
treated with 100 ng/m/izTRAIL for 48 h and the cells were collected using T/E

solution. The cells were washed with D-PBS and fixed in 4% paraformaldehyde
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for 30 min. Next, the cells were placed on the slide and mounted with ProLong™
Diamond antifade Mountant containing DAPI nuclear stain. The DNA

fragmentation was observed under a fluorescence microscope.

Western blotting

The effect of 1zZTRAIL treatment on apoptosis-related proteins was
evaluated by western blotting. Three cell lines were collected using a cell scraper
at 1, 3, 6, 12, and 24 h after treatment with 100 ng/m/izTRAIL. The cells were
then lysed with RIPA buffer containing proteinase inhibitor cocktail and EDTA.
The concentration of the extracted protein was measured using the DC Protein
assay kit. The protein concentration was determined from a standard curve of
bovine serum albumin.

The protein samples were incubated with 4x Laemmli buffer and
supplemented with 5% B-mercaptoethanol at 95°C for 5 min. The proteins
(15pg/lane) were resolved by SDS-PAGE and the resolved proteins were
electroblotted onto a PVDF membrane at 60 V for 1.5 h at RT.

The PVDF membrane was incubated with 5% blocking reagent for 1 h at
RT. Next, the PVDF membrane was probed with the following primary
antibodies: mouse anti-human caspase-8 (1:2000, BD Biosciences), rabbit
polyclonal anti-caspase-3 (1:1000, Cell Signaling Technology), mouse anti-PARP
(1:2000, BD Biosciences), or B-actin (1:1000, Cell Signaling Technology) for 1 h at
RT. The primary antibodies were used after confirming that they had reacted
with the proteins of the same size as reported in the previous study and chapter

1 for both HeLa and canine HSA cells, as established in the Department of
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Veterinary Pathology, Gifu University [85].

The membrane was washed with TBS-T and incubated with the
appropriate HRP-conjugated secondary antibody (anti-rabbit, 1:5000, Cell
Signaling Technology or anti-mouse, 1:5000, Cell Signaling Technology) for 1 h at
RT. The proteins were developed using Lumina Forte Western HRP Substrate

and visualized using C-DiGit Blot scanner, and Image Studio Digits ver 4.0.

Inhibition of caspase-8 or caspase-3

The cell lines were cultured in 96-well plates for 12 h. Next, the cells were
treated with 0, 2.5, 10, and 40 pM of caspase-8 inhibitor (Z-IETD-FMK) or
caspase-3 inhibitor (Z-DEVD-FMK) for 2 h. The caspase inhibitors were
dissolved in DMSO. Subsequently, the cells were treated with izTRAIL (at a final
concentration 100 ng/m/) for 24 and 48 h. The WST-1 assay was performed as
described in the cell viability assay.

To analyze the cell cycle, the cell lines were treated with caspase-8 and
caspase-3 inhibitors before the addition of izZTRAIL. Next, the tumor cells were
collected and stained with PI/RNase staining solution. The cell cycle analysis

was performed by flow cytometry as described previously.

Statistical analysis

All cell experiments were performed in triplicate at least. Cell viability
assay results were statistically evaluated by one-way analysis of variance and
Dunnet’s posthoc test. The percentage of AnnexinV+/PI- cells or sub-G1 phase

cells was compared between groups using the Student’s t-test. These tests were
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performed using BellCurve for Excel. All values are expressed as mean + SD. The

difference was considered statistically significant when the P < 0.05.
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2.3 RESULTS
Tumor diagnosis and characteristics of cultured cells

The B101592 tumor tissue had papillary and ductal growth patterns, with
a single layer of epithelial cells supported by fibrovascular stroma (Fig. 2-1A).
Below the epithelial cells, a layer of myoepithelial cells was identified. These
epithelial cells had an oval-shaped nucleus and eosinophilic cytoplasm. The
nuclear and cellular pleomorphisms in the epithelial cells were not severe, and
mitoses were rare. The epithelial cells were positive for CK AE1/AE3 and CK
CAM5.2 (Fig. 2-1B and C). The myoepithelial cells were positive for vimentin,
whereas the epithelial cells forming the duct were negative for vimentin (Fig.
2-1D).

The Cha tumor presented a solid growth pattern comprising of tightly
packed cells (Fig. 2-1E). These cells had a round- to oval-shaped nucleus with
prominent nucleoli and lightly basophilic to eosinophilic cytoplasm. Additionally,
anisokaryosis was moderate, and mitoses were frequent in the Cha tumor cells.
The tumor cells were partially positive for CK AE1/AE3 and CK CAM5.2, and
positive for vimentin (Fig.2-1F, G and H). Based on the criteria proposed by
Goldschmidt in 2011 [42], the B101592 tumor was classified as an intraductal
papillary adenoma, while the Cha tumor was classified as carcinoma-solid.

The C090115 tumor had epithelial cells arranged in small clusters in
cytological specimens (Fig. 2-1I), with round- to oval-shaped nucleus and scant to
moderate amounts of deeply basophilic cytoplasm. The nucleus-to-cytoplasmic
ratio of these cells was high. The nucleoli were large, prominent, and multiple.

Based on the cytological diagnostic criteria [68], the C090115 tumor was
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diagnosed as a malignant epithelial tumor, suspected as originating from the
mammary gland.

The doubling times of the cultured cells derived from the B101592, Cha,
and C090115 tumors were 19.1, 21.5, and 21.3 h, respectively (Fig. 2-2). The
B101592 cultured cells had an oval-shaped nucleus and spindle to polygonal
cytoplasm (Fig. 2-3A). Although some cells loosely adhered to each other and
many cells were growing independently. Cha cultured cells had a round-shaped
nucleus, abundant polygonal cytoplasm (Fig. 2-3B). These cells adhered to each
other. C090115 cultured cells had a round- to oval-shaped nucleus and spindle to
polygonal cytoplasm that adhered very tightly (Fig. 2-3C). C090115 cells had
very prominent nucleoli. The cultured cells of B101592 and C090115 were
positive for CK AE1/AE3 and CK CAMS5.2, whereas those of Cha were negative
(Fig. 3D, E, F, G, H, and I). All cultured cells were positive for vimentin (Fig. 3J,

K, and L).

Cell viability and ICso values

Treatment with izZTRAIL decreased the cell viability in the three cultured
cell lines, and Helia cells depending on the concentration and treatment time.
However, no significant cytotoxic effect of izZTRAIL on MDCK cells was observed
(Fig. 2-4). The ICsovalues of izTRAIL in B101592, C090115, and Cha cells were
11.6+4.4, 5.45+2.2, and 14.9+6.9 ng/m/ respectively at 72 h post-treatment. The
ICs0 value of izTRAIL in Hela cells was 13.76+0.9 ng/m/at 72 h post-treatment,

which was similar to the ICs0 value reported in chapter 1.
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Morphological changes in cultured cells and analysis of apoptosis

Morphologically, the cultured cells were small and round and were
detached from the dishes after treatment with izZTRAIL for 18 h (Fig. 2-5). Flow
cytometric analysis revealed that the proportion of early apoptosis phase cells
(AnnexinV+/PI- cells) increased 18 h post-izZTRAIL treatment.

DAPI staining revealed nuclear fragmentation in the cultured cells at 48 h
post-1iZTRAIL treatment. Additionally, the cell cycle analysis revealed that the
proportion of cells in the sub-G1 phase markedly increased, whereas the
proportion of cells in the GO/G1 phase decreased after treatment with izZTRAIL
(Fig. 2-6).

The expression of caspase-8, caspase-3, and PARP after izZTRAIL treatment
was detected in the three cell lines using western blotting (Fig. 2-7). The
expression levels of cleaved caspase-8, cleaved caspase-3, and cleaved PARP
increased, whereas the expression of non-cleaved caspase-8, non-cleaved
caspase-3, and non-cleaved PARP decreased in the B101592 cells after izZTRAIL
treatment for 1 h compared to the controls. Non-cleaved PARP was not detectable
between 3 and 24 h. The expression levels of cleaved caspase-8 and cleaved PARP
increased after izZTRAIL treatment for 3 h, whereas those of cleaved caspase-3
were detectable after izZTRAIL treatment for 6 h in the C090115 and Cha cells. In
C090115 cells, non-cleaved PARP was not detectable after 24 h. Furthermore,
non-cleaved PARP was not detectable after 12-24 h in the Cha cells.

The WST-1 assay after treatment with the caspase inhibitor revealed that
both caspase-3 and caspase-8 inhibitors significantly increased the tumor cell

viability at 40 pM (Fig. 2-8). The flow cytometric analysis demonstrated that
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caspase-8 and caspase-3 inhibitors decreased the proportion of cells in the

sub-G1 phase and increased the proportion of cells in the GO/G1 phase (Fig. 2-9).
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2.4 DISCUSSION

In this study, the cytotoxic effects of 1zZTRAIL against cultured cells
derived from the mammary gland tissue tumors, including histologically
low-grade tumor (B101592), histologically malignant tumor (Cha), and
cytologically malignant epithelial tumor (C090115), were evaluated. The clinical
course and histopathology suggested that Cha may be an inflammatory breast
cancer, but no obvious tumor embolization into the dermal lymphatic vessels was
observed in the sampled tissues. C090115 demonstrated a high degree of
malignancy of the epithelial component and clinical signs of inflammation; hence,
the possibility of inflammatory breast cancer cannot be denied. All three cultured
cell lines were positive for vimentin. B101592 and C090115 cells were positive for
CK AE1/AE3 and CK CAM5.2, suggesting that B101592 and C090115 tumors
were derived from the epithelial cells in the mammary gland (except squamous
epithelial cells) as CMT cell lines are reported to be positive for vimentin in
several cases [50, 51, 147]. Cha cells were negative for both CK AE1/AE3 and CK
CAMS5.2. However, Cha cells adhered to each other, indicating that they were
epithelial cells. In the biopsied specimens, Cha cells were partially positive for
CK AE1/AE3 and CK CAMS5.2, while they were homogenously positive for
vimentin. This indicated that the cultured cells were derived from the CK
AE1/AE3 and CK CAMS5.2 negative area of the tumor. There are some
established CMT cell lines that are positive for vimentin and weakly positive or
negative for cytokeratin depending on their passage number [50, 147]. The
results of this study and those from previous reports suggested that the three

cultured cell lines were derived from CMT cells. However, to prove that these cell
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lines are CMT cells, it is necessary to transplant these cultured cells into mice,
evaluate their tumorigenicity, tissue morphology, metastatic ability, and confirm
their tumor reproducibility. In the future, xenograft models with these cell lines
must be created to establish them as new CMT cell lines.

In this study, 1zZTRAIL induced apoptosis as well as the activation of
caspase-8 and caspase-3 in cultured cells derived from CMT, which was also
observed in the canine HSA cells. TRAIL activates caspase-8, which activates
both extrinsic and intrinsic pathways in p53-independent or dependent manner
[22, 89]. In the first chapter, it is suggested that TRAIL is effective against
canine tumors with p53 inactivation. In this chapter, we did not evaluate the
presence of p53 abnormality in cultured cell lines, as mutations in p&3 are
reported in spontaneous CMT and cell lines [1, 21, 72, 88, 106]. Therefore,
p53-independent anti-tumor drugs, such as TRAIL can be expected to be effective
in CMT with p53 inactivation.

In addition, the ICso values of izZTRAIL against cultured cells derived
from CMT were equivalent to those observed in the canine HSA cell lines. Spee et
al. [123] reported that the ICso value of the TRAIL monomer against CMT cell
(P114) was approximately in the range of 5-15 ng/m/ consistent with previous
studies which had reported that the sensitivity to TRAIL/izZTRAIL largely differs
depending on the cell lines [22, 123, 134, 138, 142]. The three cell lines
demonstrated sufficient sensitivity to izZTRAIL when compared to the Hela and
MDCK cells; the P114 cells are very sensitive to TRAIL [123]. The differential
TRAIL sensitivity of the cell lines derived from breast cancer has been previously

reported in humans [84]. Downregulation of XIAP, which directly binds and
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inhibits caspase-3, 7 and 9, enhanced the sensitivity of tumors to TRAIL [89, 123,
134]. In this study, the expression of non-cleaved PARP was not detected at 24 h
post-izZTRAIL treatment in all cell lines, indicating that caspase-3 was
sufficiently activated. This suggested that XIAP is unlikely to be involved in
inhibiting apoptosis in the three evaluated cell lines. Additionally, the
overexpression of survivin, which belongs to the same family as XIAP, was
reported in the canine spontaneous mammary tumors [12]. In human medicine,
various molecules that suppress the anti-apoptotic factors such as XIAP and
survivin also enhance the sensitivity to TRAIL [134]. Therefore, this suggested
that these molecules may increase the sensitivity of canine tumors to TRAIL.

In the first chapter, it is described that there are very limited knowledge
available on the canine TRAIL receptor. Treatment with izZTRAIL induced
apoptosis in canine HSA and cultured cells derived from CMT. This indicated
that canine tumor cells express a certain level of the conservative TRAIL
receptor, which has a death domain capable of activating caspase-8. Western blot
analysis revealed that the B101592 cells exhibited the earliest response to
1zTRAIL. As caspase-8 activation is the first step in the TRAIL pathway, the
difference in reactivity may involve competitive factors upstream of caspase-8.
One possible explanation is that the expression level of TRAIL receptors differs
among the tumor cells. Further studies on the TRAIL receptor are crucial to
confirm this hypothesis. Another possible explanation is that the function of
caspase-8 is inhibited by c¢c-FLIP, which has sequence homology with caspase-8
and competes with caspase-8 to bind FADD [89, 134]. FVP enhances the TRAIL

sensitivity of the TRAIL-resistant HBC cell lines by downregulating the
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expression of ¢c-FLIP, and this molecule is reported to exhibit similar effects in
canine lymphoma cell lines [93, 97]. Further investigations evaluating the effect

of ¢c-FLIP in CMT cells after the administration of FVP need to be performed.
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2.5 SUMMARY

The three cell lines were cultured from three CMTs. These cell lines
have the characteristics of epithelial cells. In this study, izZTRAIL indicated
adequate cytotoxicity in these canine cell lines, as well as canine HSA cell lines.
The cytotoxicity of izTRAIL was attributed to apoptosis, owing to cell membrane
alterations, nuclear fragmentation, caspase-8 and -3 activation, and PARP
cleavage. This study suggests that apoptosis induced by TRAIL is associated
with the DR, which is widely conserved in canine tumor cells. The results in the
present study support the versatility of TRAIL and provide the basis for future

studies on the TRAIL receptor and TRAIL pathway in dogs.
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TABLE AND FIGURES

Table 2-1 An information of original tumors

Breed Age Sex
B101592 Toy poodle 9y7m F
Cha Beagle 13y2m F
C090115 Labrador retriever 10y9m SF

F; Female, SF; Spayed Female
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P T .

Fig.2-1. Biolps3; ana. fine-needle aspiration of original tumors

The papillae are covered with a single layer of epithelial cells in the B101592 tumor.
HE staining (A). Tumor cells are positive for cytokeratin (CK) AE1/AE3 (B) and CK CAM5.2
(C), and negative for vimentin (D). Tumor cells are packed tightly without tubular
differentiation in the Cha tumors. HE staining (E). The tumor cells are partially positive for
CK AE1/AE3 (F), CK CAM5.2 (G), and positive for vimentin (H). The epithelial cells show
round to oval-shaped nucleus and scant to moderate amount of deeply basophilic cytoplasm

in C090115 (I). Arrowheads show mitoses. Hemacolor stain. Bar=50 pm.
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Fig. 2-2. Growth rate of cultured cells derived from the canine mammary gland
The vertical axis represents the cell number, and the horizontal axis represents the time.

The graph is presented as mean + SD.
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Fig.2-3. Morphological and immunocytological characteristics of cultured cells

Cultured cells derived from B101592 tumor show round-to oval-shaped nucleus and
spindle to polygonal cytoplasm (A). Cultured cells derived from Cha tumor show oval-shaped
nucleus and abundant polygonal cytoplasm (B). Cultured cells derived from C090115 tumor
show round- to oval-shaped nucleus and polygonal cytoplasm adhered to each other very
tightly (C). Bar=50 pm. In immunofluorescence analysis, B101592 cells are positive for CK
AE1/AE3 (D), CK CAM5.2 (G), and vimentin (J). Cha cells are positive for vimentin (K), but
negative for CK AE1/AE3 (E) and CK CAM 5.2 (H). C090115 cells are positive for CK

AE1/AE3 (F), CK CAM5.2 (I), and vimentin (I). Bar=20 um

53



B101592

k] L]
3 3
© ©
> >
Q @
2 .z
k- k-
QO L
o o
0 001 01 1 10 100 (ng/mi) 0 001 01 1 10 100 (ng/mi
C090115 MDGK
1.5 1.5 -
L] QL
= 3 .
[ g 1 L £3 * * T
2 2 IREBURE
k- B
< g 05 -
0
0 001 041 1 10 100 (ng/mJ 0 001 01 1 10 100 (ng/ml)
HeLa B 2anr xP<005
15
48 hr
]
R e " B
o T * %
2 T
® * sk
2 0.5 1
0 -

0 001 01 1 10 100(ng/m/)

Fig.2-4. Cell viability of cultured cells, MDCK cells, and HelL.a cells after izTRAIL treatment

The vertical axis represents the relative absorbance value compared with the
control group (no izZTRAIL treatment), and the horizontal axis represents the concentration
of 1zZTRAIL. Representative results of more than three independent experiments are

presented as mean = SD (*P < 0.05).
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Fig.2-5. Cellular morphological changes and percentage of Annexin V+/ PI- cells after
incubation with izZTRAIL

The image shows cultured cells treated with 100 ng/m/ of izZTRAIL for 18 h; the cells
were detached from dishes as small round (arrowheads) after izZTRAIL treatment. The dot
plots under the photo show the cells stained with Annexin V/PI. The vertical axis represents
the PI staining intensity and the horizontal axis represents the Annexin V staining intensity.
The cells in the gray area are Annexin V+/PI- (apoptotic cells). Graph on the right indicating
mean percentage of Annexin V+/PI- cells from replicate experiments. The Annexin V+/PI-

cells increased significantly after iZTRAIL treatment (*P < 0.05).
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The images obtained from DAPI staining show the nuclear morphology changes

after treatment with 100 ng/m/of izTRAIL for 48 h. Arrowheads show the nuclear fragments.

Representative DNA histogram at right showing the cells stained with PI for each cell. The

vertical axis represents the cell number, and the horizontal axis represents the PI staining

intensity. The percentage of cells in the sub-G1 phase is shown in the graph. The proportion

of cells in the sub-G1 phase increased significantly after treatment with izZTRAIL (*P < 0.05).
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Fig.2-7. Expression of caspase-8, caspase-3, and PARP

Representative western blot bands are shown.
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Fig.2-8. Viability of cultured cells after treatment with caspase inhibitor and izZTRAIL
Viability of cultured cells after treatment with caspase-8 or caspase-3 inhibitor and
1zTRAIL. The vertical axis represents the relative absorbance value compared with the
control group, and the horizontal axis represents different treatments: izT'RAIL, izTRAIL
and vehicle, and 1zTRAIL and 40 uM of caspase inhibitor. Representative results of more

than three independent experiments are presented as mean + SD (*P < 0.05).
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Fig.2-9. Effect of caspase inhibitors on the proportion of cells in sub-G1 phase
Three cell lines were treated with caspase inhibitors and izTRAIL for 48 h and
stained with PI. The vertical axis represents cell number, while the horizontal axis
represents PI staining intensity. The graphs show the percentages of cells in sub-G1 phase

(*P < 0.05).
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CONCLUSION

Some canine malignant tumors are similar to human tumors in terms of the
risk factors, genetic mutations associated with tumorigenesis, and histological
characteristics of the tumor. Thus, they serve as exceptional models for
spontaneous human tumors. HSA, a rare tumor in humans, occurs frequently in
dogs. As in humans, canine HSA is highly malignant with a very poor prognosis
despite surgical intervention and chemotherapy during early metastasis and
dissemination. Recently, the molecular characteristics of canine HSA have been
elucidated. However, no effective treatment strategy has so far been developed.
CMT, another tumor that can serve as a human model, is the most common
tumor in female dogs, and 20-80% are malignant. High-grade CMT with vascular
invasion is difficult to treat and has a poor prognosis. In addition to research as
an animal model for human breast cancers, the development of new therapies for
CMT is needed because of its veterinary clinical importance.

In clinical medicine, TRAIL is one of the most prominent anti-tumor
cytokines. As TRAIL induces apoptosis selectively in tumor cells with no effect on
normal cells, it can be used to treat various tumors without severe systemic side
effects. Additionally, TRAIL activates both extrinsic and intrinsic pathways; it
induces pb3-independent or -dependent apoptosis. Several reports have
demonstrated the effects of TRAIL in various tumors, along with the mechanism
of tumor resistance. However, no study has evaluated its effects on HSA in the
medical field. In the field of veterinary medicine, there are few reports
evaluating the effects of TRAIL on tumor cells. Furthermore, the mechanism of

action of TRAIL has rarely been studied. Therefore, we aimed to verify the effects
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of TRAIL on HSA so as to accumulate fundamental information necessary for
future TRAIL research in veterinary medicine.

In chapter 1, the cytotoxicity of TRAIL in canine HSA cell lines was evaluated.
Of the three human recombinant TRAILs tested, 1zT'RAIL, which formed a stable
trimer, was most effective to reduce cell viability in canine HSA cell lines. On the
contrary, izTRAIL did not affect the cell viability of normal canine vascular
endothelial cells, indicating that the cytotoxic effect of izZTRAIL was selective to
tumor cells. 1iZTRAIL increased the number of tumor cells in the early apoptotic
phase, demonstrated by the presence of annexin V positive and PI negative cells.
Nuclear fragmentation was observed by DAPI staining. There was an increase in
the number of sub-G1 phase cells stained with PI after izZTRAIL treatment. In
addition, activation of caspase-8 and caspase-3, and degradation of PARP was
also observed after izZTRAIL treatment. These TRAIL effects were suppressed by
the inhibition of caspase-8 and caspase-3. The aforementioned results indicate
that izZTRAIL induces caspase-8-mediated apoptosis in canine HSA cell lines.

In chapter 2, the effect of izZTRAIL was evaluated in cell lines derived from
CMT. Cells collected from one benign CMT and two malignant CMTs were
cultured over 60 passages. The cultured cells had the characteristics of epithelial
tumors as indicated by the cell morphology and immunofluorescence staining.
Following izTRAIL treatment, the viability of these three cell lines was reduced.
The number of cells in the early apoptotic phase demonstrating annexin V
positive and PI negative was increased. Nuclear fragmentation was observed
following DAPI staining. There was an increase in the number of sub-G1 phase

cells stained with PI. Caspase-8 and caspase-3 were activated by izTRAIL
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treatment, with PARP degradation also observed. These changes were
suppressed by caspase-8 and caspase-3 inhibition. Based on these results, we
concluded that 1izZTRAIL is capable of inducing caspase-8-mediated apoptosis in
cell lines derived from CMT, as well as canine HSA cell lines.

In this study, 1zZTRAIL induced apoptosis via caspase-8 activation on canine
cell lines derived from HSA and CMT, without any cytotoxic effect on normal
cells. 1zZTRAIL also induced apoptosis in HSA cells with p53 abnormalities. Thus,
TRAIL may be useful for the treatment of HSA with p53 inactivation and in

several tumors in veterinary medicine.
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