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Abstract

Background: The use of fenbendazole (FBZ) in terminal cancer patients has recently
increased, as anthelminthic drugs, such as FBZ and benzimidazole, exhibit anti-tubulin
effects in tumour cells.

Objectives: The present study evaluated the in vitro anti-cancer effects of FBZ in five
canine melanoma cell lines originating from the oral cavity (UCDK9M3, UCDK9M4,
UCDK9M5, KMeC and LMeC).

Methods: Five canine melanoma cell lines were treated with FBZ and analysed with
cell viability assay, cell cycle analysis, western blot assay and immunofluorescence
staining to identify apoptotic effect, cell cycle arrest, microtubule disruption and
mitotic slippage.

Results: Cell viability was reduced in all melanoma cell lines in a dose-dependent
manner after FBZ treatment. Through cell cycle analysis, G2/M arrest and mitotic
slippage were identified, which showed a time-dependent change. All treatment con-
centrations induced increased cleaved PARP signals in western blot analysis compared
to the control groups. Immunofluorescence of cells treated for 24 h revealed defects
in microtubule structure, multinucleation or macronucleation. With the exception
of UCDK9M3, the melanoma cells showed mitotic slippage and post-slippage death,
indicative of mitotic catastrophe.

Conclusions: These results indicate that FBZ exhibits anti-cancer effects in vitro
against canine melanoma cells; however, further in vivo studies regarding the clinical

applications of FBZ are required.
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1 | INTRODUCTION

Malignant melanoma is a relatively common neoplasia in dogs (Inoue
et al., 2004; Vail, 2020). Oral melanoma is the most commonly diag-
nosed malignant cancer arising in the oral cavity in dogs (Bolon et al.,
1990; Obradovich, 2016; Vail, 2020). Melanomas originating in the
oral cavity exhibit highly variable behaviour based on their anatomical
site, size, stage and histological parameters. Higher grade and larger
size oral melanomas carry a poor-to-grave prognosis (Obradovich,
2016; Vail, 2020). Local control can be achieved in some cases
with surgical excision, xenogenic DNA vaccine and/or radiation ther-
apy, but in advanced cases treatment options are limited (Rogers,
2000).

Fenbendazole (FBZ) is a benzimidazole drug that is used as an
anthelmintic to treat various parasitic diseases in animals. It is gener-
ally regarded as safe with minimal side effects in dogs compared to
the other anthelminthic drugs (Dogra et al., 2018). Some benzimidazole
drugs, including FBZ, bind to the colchicine binding site (Koch, 2017,
Schmit, 2013) and exhibit anti-cancer effects by inhibiting tubulin poly-
merisation (Dogra et al., 2018; Doudican et al., 2008; Lai et al., 2017,
Pinto et al., 2019; Sasaki et al., 2002). In addition, a study in human
melanoma cells indicated that FBZ also exhibits anti-cancer effects by
modulating several cellular pathways (Dogra et al., 2018).

Microtubule-targeting agents (MTAs) disrupt the cell cycle and
induce mitotic arrest in rapidly dividing tumour cells, which can result
in cancer cell apoptosis (Stanton et al., 2011). Cancer cells reportedly
display a sensitivity to mitotic defects, which represents a major tar-
get for anti-cancer chemotherapy (Mc Gee, 2015). MTAs can be classi-
fied into microtubule-stabilising and microtubule-destabilising agents
(Li et al., 2018; Stanton et al., 2011). Microtubule-destabilising agents
disrupt microtubule dynamics and lead to apoptosis in dividing cells
(Stanton et al., 2011). In addition, MTAs have apoptotic effects during
prolonged mitotic arrest (Shi et al., 2011) and induce p53-dependent
post-slippage apoptosis (Zhu et al., 2014).

Mitotic catastrophe is defined by the International Nomenclature
Committee on Cell Death as a regulated oncosuppressive mechanism
for the control of mitosis-incompetent cells by regulated cell death or
cellular senescence (Blagosklonny, 2007; Portugal et al., 2009; Vitale
et al,, 2011). Morphologically, mitotic catastrophe is defined by unique
nuclear changes that include enlarged cells with multiple multinucle-
ation, micronucleation or macronucleation (Castedo et al., 2004; Singh
et al., 2012). It potentially occurs as a consequence of chromosomal
mis-segregation or from the persistence of lagging or acentric chro-
mosomes, although the precise molecular mechanisms of the mitotic
catastrophe cascade are not fully understood (Galluzzi et al., 2018).
In the context of mitotic catastrophe, mitotic slippage describes a cell
fate in which a cell does not die during mitotic arrest, escaping apop-
tosis, and instead exits mitosis without proper cell division, becoming a
tetraploid cell (Blagosklonny, 2007).

Different studies have shown various FBZ effective doses in canine
cancer cells, including canine glioma and canine osteosarcoma cells (Lai
et al., 2017; Schmit, 2013). A study that looked at human non-small

cell lung carcinoma (A549 cell) showed strong reduction in cell viabil-
ity (Dogra et al., 2018). The goal of the present study was to investigate
the anti-cancer effects of FBZ, and specifically the influence of this drug
on apoptosis and cell cycle disruption in canine melanoma cell lines.

2 | METHODS

2.1 | Cell culture and cell line validation statement
Five canine melanoma cell lines (UCDK9M3, UCDK9M4, UCDK9MS5,
KMeC and LMeC) originating from the oral cavity were chosen.
UCDK9MS3, UCDK9M4 and KMeC were generated from primary oral
tumour and UCDK9M5 and LMeC were originated from lymph node
metastasis from primary oral tumours (Aina et al., 2011; Pinto et al.,
2019). UCDK9M3, UCDKM4 and UCDK9M5 were kindly provided by
Dr. Michael Kent and KMeC and LMeC were provided by Dr. Takayuki
Nakagawa.

UCDK9M3, UCDK9M4, UCDK9M5 and KMeC were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; PAN Biotech, Aidenbach,
Germany) supplemented with 10% FBS (VWR International, Radnor,
Pennsylvania) and 1% antibiotic (penicillin and streptomycin) solution
(Gibco BRL Ltd., Paisley, Scotland). LMeC cells were cultured in RPMI
1640 (HyClone, South Logon, Utah) with 10% FBS and 1% antibi-
otic (penicillin, streptomycin) solution. All cell lines were incubated
at 37°C in a 5% CO, humidified incubator. FBZ was purchased from
Sigma Aldrich (St. Louis, Missouri) and dissolved in dimethyl sulfoxide
(DMSO; Sigma Aldrich) as a stock solution and diluted directly in cul-
ture medium. The highest DMSO concentration for cell viability assay
was 0.3% at 100 uM FBZ and 0.15% at 50 uM for cell cycle and western
blot analysis.

2.2 | Cell viability assay

Cell viability was assessed by 3-(4,5-dimethyl-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Cell-
Titer 96 Aqueous Non-radioactive Cell Proliferation Assay, Promega
Inc, Wisconsin). A total of 3000 cells per well were seeded in a 96-
well plate and incubated overnight, then treated with 100 ul of FBZ at
various concentrations for 48 h. The treatment solution in each well
was replaced by 100 ul of fresh medium, and 20 ul of MTS reagent
was added to each well and incubated at 37°C for 2 h. Absorbance
was measured with a microplate reader (ELx800, Biotek) at 490 nm.
The viability was expressed using the following formula: % of control
cells = [(Optical density (OD) of treated sample - OD of blanks)]/(OD
of control sample - OD of blanks) x 100%. Each of the cell lines
was assayed in triplicate, and the viability assay was repeated three
times. Half maximal inhibitory concentration (ICsp) values were calcu-
lated using a four-parameter logistic curve with Graphpad Prism 8.4.0;
accordingly the data were normalised and fitted (log(inhibitor) vs. nor-

malised response with variable slope).
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2.3 | Colony forming assay

The colony forming assay was performed by seeding 500 cells per well
in 6-well plate and incubating for 8 h prior to treatment with various
concentrations of FBZ for 12 h, washed with PBS and then incubated
for 7-9 days depending on the confluence of the control wells. 0.05%
crystal violet solution was used to stain colonies. All experiments were

performed in triplicate.

2.4 | Cell cycle analysis with flow cytometry

A total of 5 x 10° cells of all five melanoma cell lines were plated in 6-
well culture plates or in 60 mm dishes with complete medium and incu-
bated overnight. One group of melanoma cells was treated with 0.2,
0.5, 1, 5 or 50 uM of FBZ for 24 h. Another group of melanoma cells
was treated with 0.5, 1 or 5 uM, and was analysed every 8 h for 48 h.
Cells remaining in the treated medium, as well as cells that may have
washed out with PBS, were collected. Attached cells were also har-
vested with trypsin. Harvested cells were fixed with 70% cold ethanol,
then incubated overnight at —20°C. Fixed cells were washed with PBS,
then 2.5 x 10° cells were collected and stained with 0.5 ml of propid-
ium iodide/RNase staining buffer (BD Transduction Laboratories, San
Diego, California) to be analysed by flow cytometry using a BD Accuri
Cé plus with BD Accuri 6 plus software. Cell cycle analysis was con-
ducted within 1 h and each treatment was performed in triplicate for
each cell line. The cell populations were identified by their distinctive
position on forward and side-scatter plots. For each sample, at least
10,000 events within GO/1, S and G2/M phase were acquired to com-
pare cell cycles depending on treatment dose or treatment time. An
expanded gate was used to count sub-G1 and >4N population. Total
events for GO/1, S, G2/M phase, sub-G1 and >4N are presented as per-
centages. The percentage of data is expressed as a stacked-bar graph

and bar graph.

2.5 | Protein extraction and western blotting

One group of melanoma cells was treated with various concentrations
of FBZ for 24 h. Another group of melanoma cells was treated with
0.5, 1 or 5 uM and analysed every 8 h for 48 h. Protein extraction
was conducted using radioimmunoprecipitation assay lysis buffer
(Santa Cruz Biotechnology, Inc., Santa Cruz, California) with protease
inhibitor (Complete Protease Inhibitor Cocktail, Roche Diagnostics,
Basel, Switzerland). After incubation on ice, cell lysates were cen-
trifuged at 14,000 RPM (10,000 g), 4°C for 20 min and supernatants
were collected. The standard curve obtained from a Bicinchonic
Acid assay was utilised to calculate protein concentration. Diluted
samples with sample buffer (SmartGene 5X Sample buffer, SamJung
Bioscience, Daejeon, Korea) were heated for 5 min at 100°C. Samples
containing 10 ug protein were separated via SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose membranes.

After blocking with 5% skim milk in TBST, membranes were probed

with primary antibodies. The primary antibodies were mouse mon-
oclonal anti-cleaved PARP (1:1000 dilution; ABclone Technology,
Massachusetts), mouse anti-GAPDH (1:10,000 dilution; ABclone) and
mouse anti-cyclinB1 (1:250 dilution; BD Transduction Laboratories).
Membranes were incubated with HRP-conjugated secondary anti-
bodies (1:5000 dilution; Santa Cruz Biotechnology) for 1 h and the
bound antibodies were visualised with chemiluminescent substrate
(SmartGene ECL High Femto Solution, SamJung Bioscience) and a Las
4000 imager (GE Healthcare Biosciences, Uppsala, Sweden).

2.6 | Immunofluorescence assay

Melanoma cells were seeded in 35 mm dishes containing glass cover-
slips at a density of 5 x 10° for 8 h, then exposed to 0.5, 1 or 5 uM FBZ
or media only as a control for 24 h. Cells were washed with PBS twice
and fixed with 4% paraformaldehyde for 10 min at room temperature.
0.5% Triton X-100 (Samchun chemicals, Seoul, Korea) was used for per-
meabilisation for 10 min and cells were blocked with 1% bovine serum
albumin (MP biomedicals, lllkirch, France) for 30 min at room temper-
ature. Cells were incubated in mouse monoclonal anti-a-tubulin anti-
body (1:500 dilution; ABclone) for 12 h at 4°C before incubating with
goat anti-mouse IgG labelled with FITC (1:500 dilution; ABclone) for
1 h at room temperature. Cells were washed with PBS and coverslips
were mounted with mounting solution with DAPI (Invitrogen, Califor-
nia). Cells were examined by confocal microscopy using a fluorescein
filter (LSM 880 with Airyscan, Carl zeiss, Germany).

2.7 | Statistics

All analyses were performed using Graphpad Prism 8.4.0. software
(GraphPad Software, Inc. San Diego, CA). The results from cell cycle
analysis were compared using the Kruskal-Wallis test to calculate
the significance, followed by Dunn’s test. All values in this study
are expressed as mean and standard deviation. A p value less than 0.05
was considered significant.

3 | RESULTS

3.1 | FBZ reduced cell viability of canine
melanoma cell lines

A cell viability assay was performed to investigate the effects of FBZ
on the survival of five canine melanoma cell lines. All cell lines showed
reduced viability in a dose-dependent manner (Figure 1a). A significant
decrease in the number of cancer cells was detected at 1 uM FBZ treat-
ment. At 100 uM, the viability of all cell lines was decreased below
20%. The concentrations of FBZ that reduced the survival of each cell
line by 50% (ICsq values) were 1.47 uM for UCDK9M3, 0.59 uM for
UCDK9M4, 4.10 uM for UCDK9M5, 0.47 uM for KMeC and 1.98 uM

for LMeC. A colony forming assay, used to determine cell survival as a
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FIGURE 1 The effect of FBZ on the viability of canine melanoma cells. Melanoma cells were treated with different FBZ concentrations for
48 h (a). Colony forming assay for five canine melanoma cell lines (b). Each data point represents the mean + standard deviation

complementary method, showed growth inhibition. Exposure to 25 uM
FBZ for 12 h completely inhibited cell growth and reduced the colony
formation further from 0.5 uM FBZ treatment (Figure 1b).

3.2 | FBZinduces G2/M arrest

Twenty-four hours of exposure to FBZ resulted in increased numbers
of cells in the G2/M phase for all cell lines (Figure 2a and b). At 0.2 uM,
none of the cell lines exhibited cell cycle phase shifts. While UCDK9M3
showed a drastic change in the G2/M phase at 0.5 uM treatment, the
other four cell lines exhibited the G2/M arrest at around 1 uM. In
addition, the G2/M ratio at 5 uM was highest for UCDK9M5 (90.36 +
1.65; Figure 2b, Table 1). Gating of propidium iodide-height and
propidium iodide-area (Figure 2c) revealed a cell cycle shift and arrest.
With 0.5 or 1 uM treatments, polyploid cells and changes in cell size
were identified.

Cells treated and analysed at multiple time points showed an
increase in S phase beginning at 8 h due to a cell cycle shift from GO/G1
to G2/M (Figure 2d, Table 2). After 8 h, the ratio of S phase was restored
as the G2/M arrest occurred. At 0.5 and 1 uM treatment, the G2/M
arrest reached a peak at 8 or 16 h, except for UCDK9MS3, which peaked
at 40 h. At 5 uM treatment, G2/M arrest was maximised or maintained.

3.3 | Sub-G1 in a dose-dependent manner and
mitotic slippage

In cells treated with FBZ for 24 h, the sub-G1 population increased
with increasing dose, but the peak concentration varied between cell
lines (Figure 2e, Table 3). The sub-G1 population in UCDK9M3 cells
increased at 0.2 uM, but the >4N population of UCDK9M3 did not
notably increase at any concentrations (Figure 2e). The other four cell

lines showed remarkably increased sub-G1 populations at different
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doses (UCDK9M4 at 0.5 uM, UCDK9MS5 at 1 uM, KMeC at 1 uM and
5 uM and LMeC at 5 uM). The >4N population in the four cell lines
showed a remarkable increase at 1 uM.

In the 48 h analysis with various time points, UCDK9M3, KMeC
and LMeC exhibited an elevated sub-G1 ratio as the dose increased.
UCDK9M4 and UCDK9MS5 cells showed a lower sub-G1 population at
5 uM compared to the 1 uM treatment (Figure 2f, Table 4). Polyploid
cells increased at 1 and 5 uM treatment, except for UCDK9M3 cells.

Analysis with flow cytometry confirmed that UCDK9M3 cells began

to undergo apoptosis at lower FBZ concentrations and did not engage

(f); polyploid cells and sub-G1 cells are increased at 1 and 5 uM, but sub-G1
(*p <0.05,*p < 0.01, Treatment vs. Control)

in mitotic slippage. The other cell lines entered mitotic slippage at 1 uM
treatment, but the tendency varied depending on the cell line.

3.4 | Apoptotic effect of FBZ

Since the cell cycle analysis showed that exposure to FBZ resulted in
anincreased sub-G1 population in canine melanoma cells, western blot
was used to identify further evidence of apoptosis and to analyse the

cell cycle. All of the 24-h treatment concentrations induced increased
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FIGURE 2 Continued

cleaved PARP levels compared to the control (Figure 3a). Over the time
course of treatment for 48 h, all of the cell lines also exhibited increas-
ing levels of cleaved PARP signal as time progressed.

Excluding UCDK9M3, the intensity of cyclinB1 was sustained over
8-32 h at a dose of 0.5 uM FBZ, but cyclinB1 intensity at 1 and
5 uM of FBZ increased early and exhibited a narrow time period
(Figure 3b). The cyclinB1 signal in UCDK9M3 cells was much weaker
than in the other cell lines and did not differ between treatment con-
centrations. This indicates that FBZ disrupts the cell cycle in melanoma
cells by altering cyclinB1 levels and activity. In addition, since the
UCDK9M3 cell line had reduced cyclinB1 levels compared to the other
cell lines, this may explain why these cells did not undergo mitotic
slippage.

3.5 | Anti-tubulin effect and mitotic slippage

Immunofluorescence microscopy for a-tubulin and DAPI counter stain-
ing showed anti-tubulin effects and dramatic morphologic changes in
the microtubule cytoskeleton (Figure 4). All cell lines treated with FBZ
underwent changes in cell shape from an angular morphology with
a normal filamentous structure to rounded cytoplasmic margins with
clumped tubulin. UCDK9M3 cells displayed shrunk cytoplasmic mar-
gins at doses higher than 0.5 uM, but their nuclear shape and num-
ber did not change (Figure 4b-d). The other four cell lines showed
multinucleation at doses of 0.5 and 1 uM FBZ (Figure 4f, g, j, k, n, o,
r and s). UCDK9M4 and UCDK9MS5 cells showed macronucleation at

5 uM FBZ treatment (Figure 4h and 1), while KMeC and LMeC had
markedly increased numbers of nuclei (Figure 4p and t).

4 | DISCUSSION

Currently, many attempts are being made to repurpose pre-existing
drugs for anti-cancer effects. As part of that effort beta-tubulin
inhibitors, including FBZ, have been recognised as potential
chemotherapeutic agents, and studies have demonstrated that FBZ
has anti-tubulin and cytotoxic effects (Doudican et al., 2008; Gao et al.,
2008; Lai et al., 2017; Schmit, 2013). One such study discovered that
FBZ could modulate multiple cellular pathways in human non-small
cell lung carcinoma (A549 cells), including mitochondrial translocation
of p53 and inhibition of glucose uptake. Mouse experiments in the
same study showed growth inhibition of cancer cells with oral intake
of the drug (Dogra et al., 2018). In veterinary medicine, FBZ has also
been demonstrated to have an anti-tubulin effect on canine tumour
cells (glioma and osteosarcoma), but few studies have examined the
specific mechanism of this anti-cancer effect (Lai et al., 2017; Schmit,
2013). Thus, we conducted this study to uncover mechanisms of this
anti-cancer effect and to understand the influence of FBZ on canine
oral melanoma cells.

The cell viability, cell cycle arrest, apoptotic progression and mor-
phology of five different canine malignant oral melanoma cells were
assessed to evaluate the anti-cancer effects of FBZ at different treat-

ment concentrations or for different treatment durations. Regarding
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the sensitivity of canine melanoma to FBZ in this study, we found
that the ICsq values ranged from 0.47 to 4.10 uM, which overlapped
with the results of oral administration (Cya: 2.14 uM with 20 mg/kg
for 5 consecutive days, and 1.57 uM with 20 mg/kg once) (McKellar
etal,, 1990; McKellar et al., 1993). It is notable that the concentrations
of FBZ used in this study are achievable by oral administration in dogs.
This study showed FBZ induced G2/M arrest and increased
tetraploid cells, along with evidence of apoptosis. When cancer cells
are treated with MTAs, they can enter three possible conditions: (i)
mitotic cell death, (i) multi-nucleated tetraploid cells and post-slippage
death or (iii) senescence escape (Cheng & Crasta, 2017). In addition,
the term mitotic catastrophe is also used to describe more complicated
cell fates. Although mitotic catastrophe is not fully understood, it is
defined as cell death resulting from aberrant mitosis and may repre-
sent an oncosuppressive mechanism that is distinctive from apopto-
sis, necrosis or senescence (Portugal et al., 2009; Vitale et al., 2011).
Based on our results, FBZ induced some cells to enter an apoptotic
pathway, while other cells escaped senescence and became >4N cells.
These results suggest that the cells underwent mitotic slippage and
post-slippage cell death, indicative of mitotic catastrophe.
Interestingly, although the five melanoma cell lines were arrested
in the G2/M phase, they exhibited distinct morphological changes at
different treatment concentrations. UCDK9MS3 cells showed G2/M
arrest at 0.5 uM treatment, but it did not have mitotic slippage.
The other four cell lines showed mitotic slippage and multinucle-
ation at 1 uM. KMeC and LMeC showed multinucleation at 5 uM,
but UCDK9M4 and UCDK9M5 showed macronucleation at the same
concentration. During mitotic slippage, nuclear envelopes are ran-
domly formed around groups of chromosomes, followed by chro-
mosome decondensation, and the formation of multi-nucleated cells

(Blagosklonny, 2007). Chromosomes are segregated by mitotic spin-
dles and there are many of possible pathways for cells to become
multi-nucleated or macronucleated (Vitale et al., 2011). Based on the
effects of MTAs, mitotic spindle disruption generates tetraploid cells,
and tetraploid cells with multipolar spindles can progress to multi-
nuclear or octoploid states, which are described as macronucleated
(Vitale et al., 2011). Therefore, it can be speculated that some concen-
trations of FBZ treatment, such as 5 uM in UCDK9M4 and UCDK9M5
cells, may alter the effect of FBZ on mitotic spindle dynamics, leading
to macronucleation.

From the western blot analysis of cleaved PARP, FBZ treatment
resulted in apoptosis, along with an increased sub-G1 population in a
time-dependent manner. However, UCDK9M4 and UCDK9MS5 cells,
which showed macronucleation, exhibited reduced numbers of sub-G1
cells at 5 uM compared to 1 uM, but KMeC and LMeC did not exhibit
a decreased number of sub-G1 cells at 5 uM. This result indicates that
macronucleation may be correlated with a decreased sub-G1 popula-
tion and different FBZ concentrations can result in different conse-
quences. However, the precise molecular mechanism driving mitotic
catastrophe and the distinct cellular consequences for multinucleation
and micronucleation are unclear.

From cell culture studies, the main target of MTAs is rapidly
dividing cells (Jordan & Kamath, 2007). During mitosis, especially
in the progression from pro-metaphase to anaphase, spindle assem-
bly checkpoint (SAC) plays an important role. Prolonged SAC acti-
vation causes mitotic arrest and often, but not in all cases, mitotic
catastrophe (Vitale et al., 2011). One study analysed the correlation
between SAC incompletion and aneuploidy in canine melanoma cells
treated with nocodazole, an MTA, and found that a defect in a SAC
component is correlated with aneuploidy in canine melanoma cells
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FIGURE 2 Continued

(Endo et al., 2020). In addition to SAC, many of other cellular proteins,
including anaphase-promoting complex (APC) and cyclin B1/Cdk1
complex, were shown to have an important role during mitosis and
mitotic slippage (Cheng & Crasta, 2017). Cells in G2 phase require
cyclin B1/Cdk1 complex activation to enter mitosis, and cyclin B1 must
be degraded by APC for mitotic exit (DiPaola, 2002; Lara-Gonzalez
et al., 2012; Rieder & Maiato, 2004). Under normal circumstances, SAC
inhibits improper chromosome separation and mitotic exit by inhibit-

ing APC. MTAs, however, disturb microtubule dynamics by sustaining

$
&
»

> S S S S S $
& @ S

$
o
&

»

= >4N

SAC, which down regulates APC. This leads to a lack of degradation of
cyclin B1, preventing cancer cells from exiting mitosis. On the other
hand, when SAC is not sufficiently sustained, APC can function nor-
mally, which promotes the slow degradation of cyclin B1 and mitotic
slippage. In our western blot analysis at various time points of treat-
ment, with the exception of UCDK9M3, the intensity of cyclinB1 at
1 or 5 uM was increased early and at higher levels than at 0.5 uM,
but this increase was transient. Since FBZ treatment at 1 or 5 uM did

not produce a prolonged cyclin B1 increase, the four melanoma cell
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TABLE 1 FBZtreatmentfor24h
Control 0.2uM 0.5 uM 1uM 5uM 50 uM
UCDK9M3 G0/G1 73.64 + 8.29 77.11 + 1.02 14.27 + 3.20 14.07 + 3.47 17.36 + 2.57 23.35 + 3.16
S 1243 + 3.68 9.90 + 1.07 7.24 + 245 8.02 + 3.81 7.64 + 1.98 8.64 + 4.11
G2/M 13.90 + 4.63 12.91 + 0.61 78.28 + 5.66 77.73 £ 7.30 74.83 + 341 67.77 + 6.23
UCDK9M4 G0/G1 51.53 + 2.85 48.60 + 3.33 44.90 + 3.19 28.97 + 4.66 18.60 + 7.41 18.82 + 6.44
S) 16.09 + 2.17 17.00 + 1.47 19.00 + 0.21 9.23 + 242 6.13 + 1.72 5.92 + 0.92
G2/M 32.37 + 0.84 34.41 + 1.95 36.05 + 3.02 61.77 + 3.58 7529 + 7.10 7525 + 6.42
UCDK9M5 G0/G1 59.53 + 1.63 60.17 + 1.55 54.40 + 1.91 14.95 + 4.39 3.74 + 0.63 4.36 + 0.35
S 20.12 + 2.35 18.65 + 1.13 14.51 + 1.11 10.89 + 2.27 5.84 + 1.24 10.18 + 7.29
G2/M 20.29 + 1.83 2114 + 1.21 30.86 + 2.64 73.85 + 6.28 90.36 + 1.65 85.30 + 6.90
KMeC G0/G1 6187 + 6.26 61.70 + 8.27 50.74 + 7.37 20.26 + 2.40 12.09 + 6.49 11.30 + 4.30
S 11.61 + 1.92 10.44 + 3.99 13.39 + 6.31 1384 + 5.21 10.25 + 6.34 9.68 + 6.37
G2/M 26.50 + 4.78 27.88 + 5.24 35.86 + 4.20 65.89 + 6.72 77.69 + 12.76 78.86 + 10.94
LMeC G0/G1 60.30 + 5.14 61.62 + 1.86 54.55 + 4.04 18.89 + 2.12 7.38 + 1.25 5.50 + 1.63
S 11.57 + 3.17 10.11 + 2.04 12.38 + 3.10 17.62 + 2.34 13.70 + 2.39 8.65 + 0.79
G2/M 28.08 + 2.23 28.09 + 0.46 32.88 + 1.12 63.35 + 1.33 78.61 + 3.81 85.67 + 2.51

Note: The table shows the percentage of GO/G1, S and G2/M phase cells in five melanoma cell lines. Data are presented as mean + standard deviation.
FBZ, fenbendazole.

lines may have been unable to regulate spindle assembly disruptions. In addition to the effect of MTAs on mitosis, some research sug-

This suppressed function may explain why some of the cells arrested
in G2/M phase, while others progressed into mitotic slippage with dis-
turbed mitotic dynamics. Moreover, UCDK9M3 did not exhibit changes
in cyclin B1 concentration between treatment concentrations, which
may be related to the lack of mitotic slippage in these cells.

gests mitosis-independent toxicity as well. A study of human breast
carcinoma cells showed that treatment with anti-tubulin agents (noco-
dazole, vincristine and taxol) induced an apoptotic effect not only in
polyploid cells, but also mononuclear cells that do not enter mitosis
(Kisurina-Evgen’eva et al., 2006). The microtubule cytoskeleton plays
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FBZ treatment and analysis at different time points
Control 8h 16 h 24h 32h 40h 48 h
05uM GO/G1 7543 +£ 690 59.16 + 546 3292 +7.10 20.69 +594 1452 + 329 1275+ 379 1145+ 285
S 8.09 + 249 1685+ 1.69 1319 + 1.64 8.19 + 221 8.58 + 0.48 7.04 + 1.20 7.55 + 222
G2/M 1658 + 497 2420 + 385 5404 +852 7123+ 6.90 7701+ 374 8025+496 8112 + 3.99
1uM  GO/G1 73.09 +8.14 5098 + 487 2321+ 558 12.64 + 3.06 7.26 + 1.57 5.07 + 1.00 4.98 + 0.36
S 722 +293 1409 +£ 050 1156 + 3.34 6.36 + 2.18 6.45 + 4.39 4.51 + 3.04 8.61 + 4.29
G2/M  19.74 + 524 3509 + 547 6506 + 902 80.96 + 489 86.16 + 573 9020 + 3.92 86.19 + 4.39
5uM  GO/G1 7532+ 720 5407 +691 3233 +473 19.61+375 1267 +221 1027 +2.36 9.28 + 1.79
S 745 + 311 1297 + 149 1107 + 2.10 8.25 + 4.54 914 + 526 1251 +793 1132 + 828
G2/M 172 £ 501 3296 +7.10 5659 +6.75 7216 +802 7814+ 736 77.19 +9.94 794 + 10.32
05uM GO/G1 55.61 + 1.51 46.76 + 0.64 4824 + 447 4468 + 382 50.11 + 1.17 5062 + 0.98 54.73 + 1.72
S 1313 + 1.118 1932 + 1.11 2104 + 3.04 1839 + 1.65 1866 + 226 1758 + 1.91 16.07 + 2.32
G2/M 3139 + 1.90 3299 + 322 2964 +798 3643 + 148 30.02 + 3.38 3054 + 346 28.04 + 3.09
1uM  GO/G1 553+ 190 18.18 + 10.12 16.05 + 847 2104 +8.76 29.68 +4.76 2924 +507 3239 +544
S 13.04 + 1.10 1552 + 342 8.75 + 2.90 923+ 173 1191+ 080 1242 + 181 1256 + 1.91
G2/M 3177 + 211 6644 + 13.38 7531 + 10.83 69.85 + 10.08 5855 + 473 5840 + 589 55.09 + 7.01
5uM  GO/G1 55.80 + 1.23 2099 + 9.61 1264 + 852 1256 + 840 1101 +9.29 1282 + 733 1432 +8.25
S 11.92 + 1.56  20.77 + 6.07 11.09 + 5.22 8.58 + 6.26 6.96 + 2.25 6.46 + 2.52 7.16 + 142
G2/M 3239 + 048 5845 + 11.57 7644 + 931 78.97 + 889 8215 + 9.64 8086 + 849 78.64 + 8.26
05uM GO/G1 66.87 + 7.67 4161+ 9.77 5541 +849 5287 +7.1 60.53 + 326 61.93 + 512 6372 + 521
S 10.26 + 263 2080 + 470 1275+ 410 1417 +140 1175+ 185 10.68 +3.16 10.61 + 1.70
G2/M 2315+ 470 3838 + 11.35 321+ 444 3355+ 6.19 2814 +302 2772+ 182 2612 +3.17
1uM  GO/G1 6575+ 803 20.58 + 17.63 14.73 + 10.27 22.39 + 1287 22.70 + 1586 23.73 + 14.87 24.70 + 10.04
S 1053 + 260 20.79 + 6.97 1009 + 650 10.35 +4.19 1089 +4.15 1130 + 3.39 13.73 + 4.44
G2/M 2405 + 536 59.00 + 2484 7536 + 16.9 6741 + 17.04 66.58 + 20.13 65.17 + 18.33 61.82 + 14.71
5uM  GO/G1 6551 + 841 1940 + 1525 572 + 4.60 3.98 + 2.11 349 + 1.36 3.90 + 0.87 448 + 0.26
S 10.51 + 276  20.24 + 3.75 7.82 + 651 8.01 + 6.01 6.36 + 5.07 5.86 + 4.46 6.56 + 547
G2/M 242 + 548 6035 + 18.89 8643 + 11.08 87.99 + 804 90.14 + 6.38 90.26 + 530 88.95 + 5.72
0.5uM GO/G1 58.06 + 259 26.91 + 3.38 46.88 + 057 4598 + 3.62 4636 +4.10 50.34 + 4.18 50.78 + 3.05
S 879 + 076 1545+ 487 1054 +214 1272 + 191 1138 +1.62 1208 + 1.26 12.04 + 2.03
G2/M 3315+ 184 5740 +7.25 4259 +231 4131+ 455 4228 +501 3759+ 455 37.19 +4.88
1uM  GO/G1 5822 + 243 1499 + 390 1041 + 503 14.38 + 6.90 20.7 + 11.70 19.41 + 950 22.95 + 9.40
S 944 + 145 1945+ 690 1415+ 6.16 2049 + 1602 20.88 + 10.28 20.72 + 7.77 18.27 + 1.63
G2/M 3254 + 1.61 6570 + 10.92 7551 + 556  65.26 + 9.35 58.6 + 452 60.02 + 394 58.99 + 8.67
5uM GO/G1 5827 + 239 1584 + 2.07 990 + 642 1438 + 12.98 16.46 + 13.01 18.83 + 11.95 22.64 + 9.81
S 924 + 1.15 19.10 + 1.55 929 + 241 1263 + 442 1724+ 560 1791 + 336 17.69 + 3.03
G2/M 3243 + 119 6504 + 1.60 80.93 + 893 73.12 + 17.22 66.45 + 17.08 63.46 + 15.33 59.86 + 12.77
0.5uM GO/G1 5475 + 9.27 3386 +8.17 5093 + 6.62 47.68 + 9.29 50.65 + 6.74 5123 + 6.75 54.86 + 10.91
S 1534 + 367 1578 £+ 175 1291+ 219 1428 + 1.30 1323 +0.83 1442 +203 1210 + 1.99
G2/M 3004 + 6.76 50.57 + 6.60 3625 +830 3785+ 7.82 3614+ 679 3420+781 3315+ 9.29
1uM  GO/G1 57.34 + 11.38 1301 + 7.39 18,59 + 10.72 2353 + 1592 3144 + 245 3240 + 430 27.63 + 444
S 13.34 + 389 1886 + 6.85 1186 + 6.02 16.61 + 972 2382 + 439 24.64 + 214 2536 + 142
G2/M 2933+ 750 68.11 + 1424 6957 + 16.67 5987 + 25.62 4475 + 6.81 4295 + 223 46.99 + 33
5uM  GO/G1 57.05 + 10.96 10.98 + 2.55 222 +0.17 413 + 1.71 873 +452 1939 + 1471 1833 + 6.91
S 12.63 + 541 2157 + 344 1350 + 486 1226 + 3.55 1228 + 385 18.69 +7.08 20.25 + 9.61
G2/M 3012 + 7.12 6742 + 1.35 8423 +4.64 8352+ 472 7880+ 747 6157 + 2043 60.88 + 15.59
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TABLE 3 FBZtreatmentfor 24 h
Control 0.2uM 0.5uM 1uM 5uM 50 uM
UCDK9M3 sub-G1 0.87 + 0.37 6.50 + 1.52* 547 + 1.67 6.09 + 1.73 4.56 + 1.93 5.63 + 2.03
>4N 0.76 + 0.03 127 + 043 214 + 046 2.23 + 0.50 233 + 0.77 2.02 + 0.62
UCDK9M4 sub-G1 3.95 + 0.76 575 + 1.20 13.64 + 3.41* 10.32 + 2.64 550 + 145 5.47 + 1.60
>4N 3.32 + 0.94 5.82 + 2.90 7.91 + 1.60 26.63 + 5.24** 10.20 + 2.86 9.53 + 2.64
UCDK9M5 sub-G1 1.66 + 0.66 235 + 1.48 6.17 + 1.95 13.80 + 5.97** 554 + 1.18 471 + 1.61
>4N 3.98 + 2.17 381+ 121 8.94 + 3.18 24.55 + 4.70** 11.82 + 3.53 9.37 + 2.67
KMeC sub-G1 2.65 + 0.91 3.55 + 1.73 8.46 + 4.03 11.26 + 2.53* 10.84 + 3.09* 9.48 + 291
>4N 6.62 + 143 7.74 + 2.30 9.90 + 2.35 18.42 + 1.25** 15.07 + 2.18 1591 + 3.14
LMeC sub-G1 1.13 + 0.67 1.78 + 0.63 6.57 + 0.90 12.15 + 2.38 20.74 + 2.98** 14.16 +2.09*
>4N 4.32 + 045 4.33 + 0.59 6.22 + 0.66 2294 + 2.95 549 + 3.11 4.86 + 3.10

Note: Sub-G1 and >4N cells from cell cycle analysis data are presented as a percentage and mean + standard deviation. Kruskal-Wallis test was used to

calculate the significance with Dunn’s multiple comparison test (bold *p < 0.05, **p < 0.01, Treatment vs. Control)

TABLE 4 FBZtreatment and Sub-G1 and >4N cell populations at different time points

Control 8h 16h 24h 32h 40h 48 h
UCDK9M3  0.5uM  Sub-G1 1.11+029 614+ 168 868 +081 1059 + 139 1299 + 146 1682 + 1.53  18.76 + 3.85
>4N 078 +0.15 084 +048 111+069 119 +0.75 1.19 + 0.98 182 + 1.01 3.18 + 1.69
1uM Sub-G1 107 +0.29 310+ 138 456 +217 631+ 268 1117 £ 7.11 16.12 + 9.58  22.35 + 9.13
>4N 081 +021 104+027 135+090 119 + 0.63 142 + 1.04 225 + 1.18 4.01 + 2.36
5uM Sub-G1 1.09 + 032 248 +028 479 +283 752+332 1334 +566 1879 +706 2678 + 3.63
>4N 078 £ 0.16 0.94 +0.62 123 +0.57 139 + 106 1.33 + 1.09 181 + 1.32 235+ 119
UCDK9M4  05uM Sub-G1 381+ 0.88 935+ 228 1163 + 141 1514+ 124 1713+049 1773 +186 1876 + 3.04
>4N 332+ 035 484+ 153 564+ 101 690+ 037 6.89 + 0.80 7.10 + 1.03 721+ 114
1uM Sub-G1 378 £ 091 6.86 + 091 10.11 +2.00 1454 +0.75 24.69 + 260 27.12+0.99 3351 + 1.99
>4N 320 + 057 477 +025 1900 + 6.06 3187 +738 2837 + 6.18 2721+ 758 21.94 + 742
5uM Sub-G1 370 + 0.98 560 + 1.62 616 + 201  7.73 + 2.33 8.82 + 271 11.54 + 3.05 15.83 + 2.71
>4N 328 + 044 404 +045 587 +157 1212+ 270 1781+ 280 2269 + 449 2546 + 6.64
UCDK9M5  05uM  Sub-G1 090 + 040 157 +053 283 +016 389 + 057 476 + 0.77 391+ 118 479 + 0.70
>4N 414 + 118 586 + 151 748 +297 891 + 346 7.95 + 2.37 8.63 + 1.47 6.87 + 212
1uM Sub-G1 112 + 0.27 328 +0.57 10.68 + 1.54 1381 +0.34 13.67 + 1.31 13.33 £ 327 1692 + 4.21
>4N 422+ 135 566 + 165 13.69 + 639 2594 + 1413 3355+ 1544 37.74 + 1508 36.52 + 10.39
5uM Sub-G1 185+ 161 134+077 246 +082 279 +0.55 3.56 + 0.53 419 + 1.18 527 + 153
>4N 431+ 129 567 +028 1088 +218 21.32+726 2871779 3655+ 663 3925+ 546
KMeC 0.5uM  Sub-G1 185+ 1.05 124 +025 269 +022 488 +0.58 7.26 + 0.26 8.66 + 0.93  12.71 + 1.27
>4N 510+ 043 9.02 + 1.04 1232 + 1.24 1485+ 348 1323 +302 1147 +316 11.23 + 3.06
1uM Sub-G1 325+ 155 261+191 535+055 9.37+037 1132+ 087 1648 +251 2703 + 1.82
>4N 373 +257 927 + 112 1731 + 566 3147 +745 3982+ 440 4256 + 307 3437 + 4.61
5uM Sub-G1 325+ 155 293+0.94 820+ 218 1324+23 16.34 + 1.81 2183 + 3.53 2994 + 7.85
>4N 359 +245 773 +139 1588 +3.02 2542+ 156 3192 +471 3460 + 10.59 29.94 + 9.35
LMeC 05uM  Sub-G1 054 +030 098 +037 282+022 425+ 110 720 +0.99 1038 + 259 1842 + 8.31
>4N 452 + 007 691+014 674+ 187 851+ 377 8.78 + 3.18 7.81 + 3.29 6.80 + 3.79
1uM Sub-G1 057 +0.27 262+ 067 657 +312 1071 +535 1544 + 198 2391 + 1123 24.29 + 7.80
>4N 437 £ 031 6.50 + 1.09 1820 + 347 2927 + 1342 30.87 + 1046 21.15 + 5.61 233 + 1.94
5uM Sub-G1 053 +0.31 133+054 287 +086 685+410 11.80 + 7.68 18.39 + 11.44 25.66 + 18.63
>4N 436 +039 541 +272 1448 £+ 049 3073 £390 4461+ 11.68 4210 + 2008 40.53 + 21.94
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FIGURE 3 Western blot analysis of cleaved PARP. (a) Cleaved PARP at different concentrations for 24-h treatment. (b) Cleaved PARP and
cyclinB1 over time
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FIGURE 4 Immunofluorescence to examine cell morphology and mitotic slippage. Melanoma cells with no treatment show normal tubulin

structure and cell shape; UCDK9M3 (a) UCDK9M4 (e), UCDK9MS5 (i), KMeC (m) and LMeC (q). Treated UCDK9M3 cells show clumped tubulin
structures at 0.5 uM (b) and reduced and rounded cytoplasmic morphology with normal nuclei at 1 uM (c) and 5 uM (d). UCDK9M4 cells shows
similar clumping of tubulin and multinucleation at 0.5 uM (f) and at 1 uM (g), while UCDK9MA4 cells exposed to 5 uM FBZ exhibit macronucleation.
UCDK9MS5 cells show the same pattern as UCDK9M4; clumping of tubulin and multinucleation at 0.5 uM (j) and 1 uM (k), macronucleation at 5 uM
(I). KMeC and LMeC showed similar patterns, while higher concentrations intensified multinucleation (n) to (p) and (r) to (t). Mouse monoclonal
alpha-tubulin primary antibody and FITC secondary antibody, DAPI counter stain. Bar = 10 uM

an important role in intracellular trafficking of oncoproteins, especially
in cancer cells, and alterations in cell signalling and trafficking can
induce apoptosis (Komlodi-Pasztor et al., 2011). Based on the neuro-
toxicity of MTAs, these drugs also exhibit primary toxicity, since neu-
ronal cells rarely divide in adults (Argyriou et al., 2014). In this study,
UCDK9M3 did not demonstrate mitotic cell death, but FBZ induced a
similar apoptotic effect and decreased viability. Therefore, FBZ treat-
ment may have mitosis-independent toxicity in UCDK9MS3 cells, and
other cells may also share those effects.

In conclusion, FBZ treatment in canine melanoma cells was effec-
tive in inducing G2/M arrest and mitotic slippage, along with an
apoptotic effect leading to mitotic catastrophe. Further in vivo stud-
ies are needed to determine potential clinical relevance of these
findings.
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