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Abstract

Despite recent therapeutic advances, malignant melanoma is an aggressive tumor in dogs and is 

associated with a poor outcome. Novel, targeted agents are necessary to improve survival. In this 

study, 6-bromoindirubin-3′-oxime (BIO), a serine/threonine kinase inhibitor with reported 

specificity for glycogen synthase kinase-3 beta (GSK-3β) inhibition, was evaluated in vitro in 

three canine melanoma cell lines (CML-10C2, UCDK9M2, and UCDK9M3) for β-catenin-

mediated transcriptional activity, Axin2 gene and protein expression levels, cell proliferation, 

chemotoxicity, migration and invasion assays.

BIO treatment of canine malignant melanoma cell lines at 5 µM for 72 h enhanced β-catenin-

mediated transcriptional activity, suggesting GSK-3β inhibition, and reduced cell proliferation and 

migration. There were no significant effects on invasion, chemotoxicity, or apoptosis. The results 

suggest that serine/ threonine kinases may be viable therapeutic targets for the treatment of canine 

malignant melanoma.
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Introduction

Malignant melanoma is a common neoplasm in the dog, accounting for approximately 4% 

of all malignant tumors and most frequently affecting the oral cavity, skin, digit, and eye 
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(MacEwen et al., 1986; Ramos-Vara et al., 2000; Smedley et al., 2011). Melanoma is the 

most common oral tumor in dogs and is both locally aggressive and highly metastatic 

(Todoroff and Brodey, 1979; Wallace et al., 1992; Smith et al., 2002). Despite aggressive 

therapy including any combination of surgery, radiation therapy, chemotherapy, and 

immunotherapy, few affected dogs survive beyond 1 year and most affected dogs succumb 

to local tumor recurrence, metastasis, or both (Harvey et al., 1981; MacEwen et al., 1986; 

Kosovsky et al., 1991; Bateman et al., 1994; Freeman et al., 2003; Bergman et al., 2006; 

Brockley et al., 2013; Dank et al., 2014). While more targeted immunotherapeutic 

approaches have demonstrated safety and shown promise in the treatment of malignant 

melanoma in dogs, true efficacy is questionable and evidence for durable remissions is still 

lacking (Bergman et al., 2003; Alexander et al., 2006; Grosenbaugh et al., 2011; Ottnod et 

al., 2013).

Improved targeted therapies are needed to improve disease outcome. However, for 

therapeutic targets to be effective, they should be selected based on a working knowledge of 

the signaling pathways that contribute to the behavioral characteristics of the disease. Our 

previous work, as well as the work of others, suggests that the canonical Wnt signaling 

pathway is suppressed in malignant melanoma as evidenced by minimal β-catenin-mediated 

transcriptional activity (Chon et al., 2013). Interestingly, in humans with melanoma the 

activation of the canonical Wnt signaling pathway has been associated with reduced cell 

proliferation and improved survival (Chien et al., 2009).

The canonical Wnt signaling pathway is an evolutionarily conserved mechanism that is 

crucial for development and has been implicated in the regulation of several neoplastic 

processes (Huelsken and Birchmeier, 2001; Klaus and Birchmeier, 2008; Anastas and 

Moon, 2013). The cornerstone protein of the canonical Wnt signaling pathway is β-catenin, 

with activation of the pathway resulting in the cytoplasmic stabilization of β-catenin and its 

subsequent translocation into the nucleus to upregulate target genes. In the absence of active 

canonical Wnt signaling there is minimal cytoplasmic or nuclear β-catenin present due to its 

ubiquitin-mediated degradation. β-Catenin is targeted for ubiquitin-mediated degradation by 

a protein complex consisting of Axin, adenomatous polyposis coli protein (APC), casein 

kinase I alpha (CKIα), and glycogen synthase kinase-3 beta (GSK-3β). Casein kinase I alpha 

and GSK-3β are serine/ threonine kinases responsible for phosphorylating β-catenin on 

serine 45 and threonine 41, serines 37/33, respectively (MacDonald et al., 2009).

Physiologically, Axin2, a homolog of Axin, is a known negative regulator of the Wnt 

signaling pathway, promoting the phosphorylation and degradation of β-catenin (Leung et 

al., 2002; Chia and Costantini, 2005). The transcription of Axin2 is rapidly induced by 

active canonical Wnt signaling (Jho et al., 2002; Leung et al., 2002; Chia and Costantini, 

2005), thereby serving as a negative feedback loop in regulation of the canonical Wnt 

signaling pathway. In the neoplastic setting, increased amounts of Axin2 protein have been 

detected in certain human cancers, including colon carcinoma, hepatoblastoma and lung 

carcinoma; in contrast, reduced amounts of Axin2 protein have been detected in most breast, 

bladder, pancreas, prostate, and melanoma cells (Lustig et al., 2002). There is only one 

report of an activating Axin2 germline mutation and concomitant inactivation of mismatch 
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repair genes described in one human patient (Castiglia et al., 2008), indicating the rarity of 

constitutive activation of Axin2 in melanoma patients.

GSK-3β is a serine/threonine kinase responsible for regulating the function of multiple 

proteins through the phosphorylation of serine or threonine residues within the target 

proteins. The role of GSK-3β in cancer appears dependent on the cancer type. The presence 

of active GSK-3β has been associated with an improved prognosis in breast cancer, while 

reduced GSK-3β expression in hepatic cancers was associated with a poor prognosis 

(Quintayo et al., 2012; Huang et al., 2013). However, recent work suggests its presence or 

hyperactivation plays an oncogenic role in other human cancers, such as colon cancer, 

osteosarcoma, gliomas, and malignant melanoma (Kotliarova et al., 2008; Tang et al., 2012; 

Madhunapantula et al., 2013; Salim et al., 2013; Tsai et al., 2013). The role of GSK-3β in 

canine malignant melanoma, however, has not yet been defined.

Given our previous finding of minimal canonical Wnt signaling activity in canine malignant 

melanoma and the recent work of others suggesting that active GSK-3β may have an 

oncogenic role, we aimed in the present study to determine the impact of GSK-3β inhibition 

on β-catenin-mediated transcriptional activity in canine malignant melanoma cell lines and 

their behavior. 6-Bromoindirubin-3′-oxime (BIO) is a selective and potent GSK-3β inhibitor 

that is expected to activate the canonical Wnt signaling pathway by virtue of its mode of 

action. We therefore hypothesized that β-catenin-mediated transcriptional activity would be 

enhanced with BIO treatment and that BIO treatment would lead to a less biologically 

aggressive phenotype.

Materials and methods

Cell culture and reagents

Canine melanoma cell lines UCDK9M2, UCDK9M3 (gifts from Dr. M. Kent of the 

University of California, Davis, USA), and CML-10C2 (gift from Dr. L. Wolfe of Auburn 

University, USA) were maintained in modified Eagle’s medium-alpha (MEM-α) and 

supplemented with 10% fetal bovine serum (FBS), sodium pyruvate, L-glutamine, MEM 

vitamins, non-essential amino acids (all products from Fisher Scientific) at 37 °C in a 

humidified incubator with 5% CO2. UCDK9M2 was generated from lymph node metastasis 

of a canine oral malignant melanoma; UCDK9M3 was generated from a canine primary oral 

malignant melanoma, and CML-10C2 from a canine cutaneous malignant melanoma. (2′Z,

3′E)-6-Bromoindirubin-3′-oxime (BIO, Sigma-Aldrich) was dissolved in dimethyl sulfoxide 

(DMSO, Fisher Scientific) to a concentration of 10 mM and stored at −20 °C.

Western blot analysis for GSK-3β protein in canine melanoma cell lines

Melanoma cells were lysed using a mammalian protein extraction reagent (MPER; Pierce) 

combined with a phosphatase and protease inhibitor (Pierce) and protein lysates were 

collected. Protein lysates were separated by electrophoresis on a 7.5% sodium dodecyl 

sulfate (SDS) polyacrylamide gel (BioRad) at 150 V for approximately 45 min. Proteins 

were then transferred onto a nitrocellulose membrane (Whatman) at 100 V for 1 h, then 

blocked with Tris-buffered saline/0.05% Tween 20 (TBST) containing 5% non-fat dry milk 
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and 1% bovine serum albumin for 1 h (all reagents from Fisher Scientific). The membranes 

were probed overnight at 4 °C with either a rabbit anti-GSK-3β monoclonal antibody (9315, 

Cell Signaling) diluted 1:1000 in blocking solution or a rabbit anti-laminin polyclonal 

antibody (ab11575, Abcam) diluted 1:1000 in blocking solution. The antibodies are directed 

against the human protein and are expected to cross-react with canine protein. Excess 

primary antibody was removed by washing three times for 5 min with TBST. Membranes 

were incubated with 50 ng/mL horseradish peroxidase-conjugated anti-rabbit or anti-goat 

IgG secondary antibody (Thermo Scientific) diluted in blocking solution for 1 h at room 

temperature, then washed three times for 5 min with TBST, and treated with Clarity Western 

ECL Substrate (Bio-Rad). Blots were exposed to film, developed, and then imaged using a 

Gel Logic 100 Imaging System (Kodak).

Assessment of β-catenin-mediated transcriptional activity in canine melanoma cell lines

Cell lines were grown in 24-well plates at a density that would achieve 10– 20% confluence 

within 24 h. Cells were then treated with 5 nM, 1 µM, 5 µM BIO or the equivalent volume 

of DMSO. Following a 24 h treatment with BIO or DMSO, cells were transiently transfected 

using Lipofectamine LTX and PLUS reagents (Invitrogen) to introduce either 500 ng 

TOPflash or 500 ng FOPflash reporter plasmid, together with TK-Renilla luminescent 

reporter plasmid (TCF Reporter Plasmid Kit; Millipore) at a 5:1 (Flash:Renilla) ratio. For 

each well, canine melanoma cells were transfected with 600 ng total DNA using 1 µL PLUS 

reagent and 3 µL LTX. The TOPflash luciferase reporter plasmid contains TCF4 binding 

sites upstream of the luciferase gene, resulting in luciferase activity in the presence of active 

Wnt/β-catenin signaling, whereas the FOPflash reporter plasmid contains mutated TCF4 

binding sites. The TK-Renilla plasmid served as a control for transfection efficiency.

Forty-eight hours after transfection of luciferase plasmids (for a total 72 h of BIO or DMSO 

treatment), cells were harvested and luciferase and Renilla luminescence were measured 

using the Dual-Luciferase Reporter Assay System (Promega) on a BioTek Synergy HT 

Multi-mode Microplate Reader, using Gen5 software (BioTek Instruments). The relative 

luciferase units for each transfection were adjusted by Renilla activity in the same sample, 

and each corrected TOPflash luciferase value was normalized to the corresponding corrected 

FOPflash value. The TOP/FOPflash ratios of BIO-treated cell lines were then normalized to 

the ratios of DMSO-treated cell lines. Three independent transfections were performed, with 

each sample assayed in triplicate.

Quantitative PCR (qPCR) for relative expression of β-catenin target gene (Axin2) in canine 
melanoma cell lines

β-Catenin-mediated transcriptional activity in the three canine malignant melanoma cell 

lines was determined by assessing downstream target gene expression by quantitative 

polymerase chain reaction (qPCR). Total RNA was isolated from cells using Trizol 

(Invitrogen), and purified by PureLink RNA Mini Kit (Ambion, Life Technologies) 

according to the manufacturer’s instructions. cDNA was synthesized from 250 ng of total 

RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life 

Technologies) according to the manufacturer’s protocol. qPCR was performed using 

TaqMan Gene Expression Master Mix with TaqMan Gene Expression Assays (Applied 
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Biosystems) according to the manufacturer’s protocol on a Bio-Rad iQ5 Multicolor Real-

Time PCR Detection System with Bio-Rad iCycler machine and iQ5 software. The gene 

assessed was canine Axin2 (Cf02631333_m1, Applied Biosystems), and Ct values were 

normalized to 18S expression (4352930E, Applied Biosystems). Relative differences in 

mRNA expression of BIO-treated cells were compared and normalized to DMSO-treated 

(vehicle control) cells using the ΔΔCt method (Yuan et al., 2008). Gene expression of 

samples was measured in triplicate.

Western blot analysis for Axin2 protein in canine melanoma cell lines

After 72 h of treatment with either BIO 5 µM or equivalent volume of DMSO, cells were 

lysed using a mammalian protein extraction reagent (MPER; Pierce) combined with a 

phosphatase and protease inhibitor (Pierce) and protein lysates were collected. Protein 

lysates (approximately 50 µg) were separated by electrophoresis on a 7.5% SDS 

polyacrylamide gel (BioRad) at 150 V for approximately 45 min. Proteins were then 

transferred onto a nitrocellulose membrane (Whatman) at 100 V for 1 h, then blocked with 

TBST containing 5% non-fat dry milk and 1% bovine serum albumin for 1 h (all reagents 

from Fisher Scientific). The membranes were probed overnight at 4 °C with either a rabbit 

polyclonal anti-Axin2 (Conductin) antibody (sc-20784, Santa Cruz Biotechnology) diluted 

1:200 in blocking solution or a goat polyclonal anti-actin (sc-1615, Santa Cruz 

Biotechnology) diluted 1:200 in blocking solution. The antibodies are directed against the 

human proteins and are expected to cross-react with the canine proteins.

Excess primary antibody was removed by washing three times for 5 min with TBST. 

Membranes were incubated with 50 ng/mL horseradish peroxidase-conjugated anti-rabbit or 

anti-goat IgG secondary antibody (Thermo Scientific) diluted in blocking solution for 1 h at 

room temperature, then washed three times for 5 min with TBST, and treated with Clarity 

Western ECL Substrate (Bio-Rad). Blots were exposed to film, developed, and then imaged 

using a Gel Logic 100 Imaging System (Kodak). The Gel Logic 100 Imaging System was 

used for quantification of band density and comparison of relative protein amounts between 

BIO- and DMSO-treated cells within each cell line.

Proliferation and chemotoxicity assays

Melanoma cells were plated in 96-well plates at a density such that untreated cells would 

reach an absorbance of approximately 1.0 at the conclusion of the experiment. To this end, 

we previously assessed multiple concentrations of each non-treated cell line with the MTS 

assay (data not shown) and determined the appropriate density of cells to plate to ensure that 

cells were not dead from overgrowth at the time of assay reading. Melanoma cells were 

plated in MEM media containing either BIO 5 µM or an equivalent volume of DMSO.

Following a 24 h incubation, media was removed and replaced with fresh MEM media (with 

5 µM BIO or equivalent volume DMSO), either without (for proliferation assay) or with 

carboplatin (Hospira) at concentrations of 0, 0.1, 1.0, 10, 100, and 1000 µM. Forty-eight 

hours after media replacement, cell viability was assessed by adding 20 µL CellTiter96 

AQueous One Solution Cell Proliferation Assay solution (Promega) per 100 µL media to 

each well.
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Following a sufficient incubation period, absorbance was measured at 490 nm on a 

VersaMax tunable microplate reader using SoftMax Pro 4.7 software (Molecular Devices). 

Proliferation was assessed using the non-carboplatin treated cells; absorbance in cells 

incubated for 72 h with 5 µM BIO was compared to those treated with an equivalent volume 

of DMSO alone. Survival curves for chemotherapy treated cells were generated by dividing 

the absorbance reading for chemotherapy-treated cells at each concentration by the 

absorbance for the non-chemotherapy treated cells, with the resultant modified cell curve 

compared to the control cell curve. Assays were plated in quadruplicate and repeated in 

triplicate.

Migration and invasion assays

Migration and invasion assays were performed using BD control inserts and BD BioCoat 

Matrigel Invasion Chambers (BD Biosciences), respectively. Cells were treated with BIO 5 

µM or equivalent volume of DMSO for 48 h. The cells were then counted to determine how 

many microliters of cells were needed to be plated to achieve a density of 5 × 104 cells/

insert in EMEM media containing all supplements except serum in triplicate control or 

Matrigel-coated chambers. CMEM media was used as a chemoattractant. Both plated and 

attractant media contained 5 µM BIO for treated cells or DMSO for control cells. Plates 

were incubated for an additional 24 h at 37 °C in 5% CO2, then migrating/invading cells 

were fixed and stained with Diff-Quik Stain Set (Jorgensen Laboratories) and mounted onto 

microscope slides.

Cells were imaged on an inverted microscope at 10 × magnification and counted in one 

center field per insert. Migration was assessed by comparing the average number of 

migrating cells (counted cells) observed on the three uncoated control inserts per 10 × field 

for BIO-treated and DMSO-treated control cells. The migration index was calculated by 

dividing the average number of migrating cells in BIO-treated cells by the average number 

of migrating cells in the DMSO-treated cells, thereby normalizing the BIO-treated migrating 

numbers to DMSO-treated control cells.

Invasion was assessed by comparing the ratios of invading cells for BIO-treated and DMSO-

treated control cells; this ratio (% invasion) was calculated by dividing the average number 

of cells present on three Matrigel-coated inserts by the average number of cells present on 

three uncoated control inserts for both the BIO-treated and DMSO-treated cells. The 

invasion index was then calculated by dividing the % invasion for BIO-treated cells by the 

% invasion for DMSO-treated cells, thereby normalizing the invading percentage of BIO-

treated cells to DMSO-treated control cells. Assays (each with three control and three 

Matrigel-coated inserts) were repeated in triplicate.

To ensure that cells were not falling through the membrane pores (8 µm pores), we 

measured the smallest diameter of the smallest cells visualized on cytospun slides for each 

cell line. Measurements of the smallest diameter of the four smallest cells visualized in one 

40 × field were averaged for each cell line.
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Apoptosis assay

Melanoma cells were plated in 15-cm-round culture dishes in CMEM containing either BIO 

5 µM or an equivalent volume of DMSO at a density such that approximately 75% 

confluency would be achieved within 72 h. After a 72 h incubation period, cells were 

collected and washed with Hank’s Balanced Salt Solution (HBSS) (Mediatech). Samples 

were divided and four conditions were prepared for analysis via flow cytometry: cells 

suspended in HBSS only (control), cells incubated with Annexin V-FITC (eBioscience) only 

(control), cells treated with propidium iodide (eBioscience) only (PI, control), and cells 

treated with both Annexin V-FITC and PI. Samples were prepared using Annexin V-FITC 

Apoptosis Detection Kit (eBioscience) according to the manufacturer’s instructions.

Cells were analyzed using FACSCalibur (BD BioSciences) and the cells were excited with 

the 488 nm laser. Annexin V-FITC was used to determine the percentage of cells 

undergoing apoptosis, PI was used to identify dead cells, and non-fluorescence detected live 

cells. The data were analyzed using FlowJo software and the results were reported as a 

percentage of the cell population. The entire apoptosis assay (from cell growth and treatment 

to apoptosis assay and flow cytometric evaluation) was repeated in triplicate per cell line per 

condition (DMSO- and BIO-treated cells).

Statistical analyses

All graphs were generated and statistical analyses were performed using Prism 6 for Mac 

OS X (GraphPad Software). All data are presented as means ± standard error of the mean 

(SEM) of three independently performed experiments. A two-way ANOVA test with Sidak 

post-test was performed on all chemotoxicity and apoptosis experiments. A paired t test was 

performed for the migration and invasion assays, qPCR, TOP/FOPflash, and proliferation 

experiments. P < 0.05 was considered statistically significant.

Results

GSK-3β protein expression in canine melanoma cell lines

To validate the presence of GSK-3β protein in the canine melanoma cell lines, we performed 

Western blot analysis for total GSK-3β (Fig. 1). We confirmed the presence of GSK-3β, a 

negative regulator of canonical Wnt-signaling and a target of BIO inhibition, in all three 

canine melanoma cell lines. Therefore, these three cell lines were used in all subsequent 

experiments.

BIO effects on β-catenin transcriptional activity in canine malignant melanoma cell lines

To evaluate the effects of BIO treatment, and thus presumed GSK-3β inhibition, on β-

catenin-mediated transcriptional activity, the combination of a TOP/FOPflash luciferase 

reporter assay with qPCR and Western blot analysis of Axin2 was performed on the three 

canine melanoma cell lines. For the TOP/FOPflash assay, a ratio > 1 indicates that there is 

canonical Wnt signaling activity above background level. The TOP/FOPflash ratios of the 

BIO-treated cells were further normalized to those of the DMSO-treated control cells. Based 

on these normalized TOP/FOPflash ratios, there was no change in β-catenin-mediated 

transcriptional activity when cell lines were treated with 5 nM or 1 µM BIO. However, 5 µM 
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BIO treatment increased (approximately 60-fold) β-catenin-mediated transcriptional activity 

in the CML-10C2 cell line compared to DMSO (vehicle control) treatment (Fig. 2).

In the UCDK9M2 and UCDK9M3 cell lines, there was a trend toward increased β-catenin-

mediated transcriptional activity in cells treated with 5 µM BIO compared to DMSO, 

although this difference failed to reach statistical significance (P = 0.2, P = 0.1, 

respectively). Given the lack of changes in β-catenin-mediated transcriptional activity at 5 

nM and 1 µM BIO, the remainder of the experiments were completed using 5 µM BIO.

To validate the results of the TOP/FOPflash assays, the expression of a target gene 

downstream of β-catenin, Axin2, was assessed using qPCR. The relative mRNA expression 

of Axin2 was significantly increased with BIO treatment in both CML-10C2 and 

UCDK9M3 cell lines when compared to DMSO-treated cells (Fig. 3). In the UCDK9M2 cell 

line, Axin2 mRNA expression was increased with BIO treatment; however, the difference 

failed to reach statistical significance (P = 0.08). In further support of these findings, Axin2 

protein was increased in all three BIO-treated cell lines compared to the DMSO-treated cell 

lines, as shown by increased relative expressions (RE) quantified by densitometry (Fig. 4).

BIO effects on canine melanoma cell behavior

To determine if cell behavior was altered subsequent to BIO treatment, in vitro behavioral 

assays were performed. These assays included cellular proliferation and apoptosis (assessed 

at 72 h), chemotoxicity to carboplatin, migration, and invasion. BIO treatment of all three 

cell lines resulted in decreased cellular proliferation relative to control-treated cells (P < 

0.05; Fig. 5). To determine whether decreased cell proliferation resulted from cells 

undergoing apoptosis, cells were treated with Annexin-V and PI. There was no difference in 

apoptosis of any of the three cell lines between the BIO- and control-treated cells (Figs. 6A 

– C). In the UCDK9M3 cell line, there was an increased percentage of viable cells in the 

BIO-treated cells compared to the DMSO-treated control group; this difference was not 

noted in the other two cell lines, nor was there a difference in early or late apoptotic cells in 

any of the three lines.

Control and BIO-treated cells displayed a dose-dependent response to carboplatin 

chemotherapy (Figs. 7A – C). However, BIO treatment did not change carboplatin 

chemotoxicity of any of the three cell lines relative to control-treated cells (Figs. 7A – C). 

BIO treatment of CML-10C2 and UCDK9M3 cell lines reduced their ability to migrate 

compared to control-treated cells (Fig. 8). There was no difference in the migration ability of 

BIO-treated UCDK9M2 cells (Fig. 8). BIO treatment did not impact the invasion of any of 

the three cells lines (Fig. 9). Mean cell counts ± SEM for three independent trials performed 

in triplicate for each cell line per condition (DMSO or BIO) for both the migration and 

invasion assays are shown in Table 1.

To ensure that cells were not falling through the 8 µm pores of the migration and invasion 

assay insert membranes, the smallest diameter of the smallest cells visualized on cytospun 

slides was measured. The average smallest cell diameters for cell lines UCDK9M2, 

UCDK9M3, and CML-10C2 were larger than 8 µm (14, 15.3 and 14.7 µm, respectively), 

confirming that the cells were not too small to fall through the membrane pores.
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Discussion

Canine oral malignant melanoma is a highly aggressive disease that is currently associated 

with a poor prognosis due to an inability to adequately control local and distant disease. 

While immunomodulatory therapy for canine malignant melanoma may hold promise, the 

true impact of this approach is not yet fully understood. Targeted therapies in the form of 

tyrosine kinase inhibitors (e.g. vemurafenib for BRAF-mutations) or tumor-specific 

responses with immunomodulating agents (e.g. ipilimumab) have had greater success for 

human melanoma patients, particularly for late-stage patients (Ascierto et al., 2013). 

However, such therapies are not entirely applicable to dogs due to the differences in 

molecular mechanisms that contribute to canine melanoma formation (Richter et al., 2005; 

Shelly et al., 2005). New therapeutic advances that target specific pathways involved in 

disease development and progression are thus necessary for the treatment of malignant 

melanoma in dogs as well as people.

GSK-3β plays an important role in suppressing the canonical Wnt signaling pathway by its 

ability to phosphorylate β-catenin, thereby targeting β-catenin for degradation. As we have 

previously reported, β-catenin-transcriptional activity is minimal in canine malignant 

melanoma (Chon et al., 2013). Importantly, a number of in vitro and in vivo studies have 

demonstrated that BIO, a selective and potent inhibitor of GSK-3β, has anti-oncogenic 

effects against breast and pancreatic carcinoma stem cells, osteosarcoma, and melanoma 

(Liu et al., 2011; Cao et al., 2012; Dastjerdi et al., 2012; Nicolaou et al., 2012). However, its 

effect has not been assessed on canine malignant melanoma cell lines. Therefore BIO may 

represent a logical compound for evaluation as it has known anti-cancer effects both in vitro 

and in vivo and it targets a pathway known to be suppressed in canine malignant melanoma 

(Liu et al., 2011; Chon et al., 2013).

Our findings indicate that the canonical Wnt signaling pathway is activated in canine 

melanoma cell lines, as evidenced by increased β-catenin-mediated transcriptional activity. 

This finding is significant, as the activation of the canonical Wnt signaling pathway has been 

associated with reduced cell proliferation and improved survival in humans with melanoma 

(Chien et al., 2009). The reduced proliferation and improved survival associated with 

activated canonical Wnt signaling in melanoma may be due to a more differentiated 

phenotype and therefore, less aggressive tumor (Chien et al., 2009; O’Connell and 

Weeraratna, 2009). Therefore, the upregulation of canonical Wnt signaling may be an 

attractive therapeutic target.

In addition to the finding that BIO treatment can activate the canonical Wnt signaling 

pathway in canine melanoma cells, the behavior of canine melanoma cell lines was affected 

by BIO treatment. BIO treatment decreased cellular proliferation in all three of the cell lines 

tested. The decreased cell proliferation was not associated with changes in apoptosis, 

suggesting that BIO acts in a cytostatic manner against the canine malignant melanoma cell 

lines. In the flow cytometric assay, one of the cell lines (UCDK9M3) had a higher 

percentage of viable cells compared to the DMSO-treated control cells, in contrast to the 

other two cell lines. The mechanism is unclear, although it is possible that the non-treated 

cells were starting to die due to over-growth, whereas the BIO treatment by slowing cell 
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growth was preventing cell over-growth and artificially enhancing viability relative to non-

treated controls.

With the exception of the UCDK9M3 cell line, our findings correlate with those of Liu et al. 

(2011), who noted reduced cell viability in human melanoma cell lines treated with BIO at 

concentrations ranging from 5 to 20 µM. However, in that study a concurrent increase in 

apoptosis of BIO-treated cell lines was noted in contrast to our findings. In our study, BIO-

treatment reduced cell migration in two of the three cell lines (CML-10C2 and UCDK9M3), 

but had no detectable effect on invasion or carboplatin chemosensitiv-ity. The small, but not 

statistically significant, increase in resistance to carboplatin chemotherapy in BIO-treated 

cells may be secondary to decreased cell proliferation and the resulting lower sensitivity to 

chemotherapy. Importantly, BIO treatment has been shown to maintain its anti-melanoma 

activity in vivo as melanoma tumor growth was suppressed in a mouse xenograft model (Liu 

et al., 2011).

Two limitations must be highlighted when interpreting the results of this study. Firstly, 

GSK-3β inhibition may result in the modulation of non-β-catenin-associated pathways. 

Therefore, the resulting phenotype cannot be solely attributed to the enhancement of 

canonical Wnt pathway activity. The NF-κB pathway is another prominent signaling 

pathway that utilizes GSK-3β as a key regulator. In osteosarcoma, GSK-3β has been found 

to enhance the activity of NF-κB, which is an important regulator of genes involved with 

cell proliferation and survival (Tang et al., 2012). Tang et al. (2012) demonstrated that 

inhibition of GSK-3β activity reduced the aggressiveness of human osteosarcoma cell lines, 

perhaps through its impact on NF-κB activation. Recently, Ito et al. (2013) have 

demonstrated that bortezomib treatment reduces the viability of canine melanoma cell lines, 

potentially through inhibition of NF-κB (Ito et al., 2013). It is possible that inhibition of NF-

κB pathway activity has contributed to the resulting phenotype in our study, either alone or 

in combination with inhibition of the Wnt signaling pathway. Further experiments are 

required to address this limitation.

Secondly, the specificity of BIO for GSK-3β at the concentration used for the behavioral 

assays is unclear. The reported half maximal inhibitory concentration (IC50) for GSK-3β 

inhibition by BIO is 5 nM (Meijer et al., 2003). In our study, increased β-catenin-associated 

transcriptional activity was observed at 5 µM, which is a 1000-times greater concentration 

than the reported IC50 concentration for GSK-3β inhibition of this compound. It is 

conceivable that much higher concentrations of BIO are required for GSK-3β inhibition in 

canine malignant melanoma cells if there is aberrant activation of GSK-3β. Alternatively, 

these BIO-associated phenotypes may be the result of inhibiting non-GSK-3β targets, such 

as other tyrosine or serine-threonine kinases. Further studies are necessary to address this 

possibility and to potentially identify these kinases.

In human melanoma cell lines, BIO treatment is known to affect the JAK/STAT signaling 

pathway (Liu et al., 2011). According to Liu et al. (2011), activities of JAK family kinases 

were inhibited in a dose-dependent manner with IC50 values ranging from 0.3 µM to 8 µM 

for the different JAK kinases, suggesting that BIO is a pan-JAK small-molecule inhibitor. In 

that study, GSK-3β activity was not assessed and, similar to our study, they could not 
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exclude the possibility that inhibition of other signaling pathways may have contributed to 

their results.

An additional concern regarding the clinical relevance of our findings is the ability to safely 

reach in vivo the BIO concentrations used in our studies. While additional 

pharmacodynamic and pharma-cokinetic studies are necessary, Liu et al. (2011) safely 

administered BIO in an approximately 20 mM solution via oral gavage to mice and 

demonstrated biological activity. Experiments to specifically inhibit GSK-3β (for example, 

GSK-3β knockdown through RNA interference) are warranted to determine the specific 

contribution of GSK-3β inhibition on these cellular behaviors, and we are conducting such 

experiments to further elucidate the role of GSK-3β in canine malignant melanoma.

Conclusions

BIO treatment can activate the Wnt/β-catenin signaling pathway in canine melanoma cell 

lines. Furthermore, BIO treatment of canine malignant melanoma cell lines is associated 

with decreased cell proliferation and migration. Although the phenotypic alterations of 

canine malignant melanoma cell lines treated with BIO cannot be attributed specifically to 

GSK-3β inhibition at this time, the findings suggest that BIO or similar kinase inhibitors 

represent promising candidate molecules to evaluate in canine malignant melanoma. 

However, further studies are necessary to determine the specific pathway or pathways that 

are responsible for the observed phenotype.
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Fig. 1. 
Western blot analysis for total GSK-3β in the canine melanoma cell lines CML-10C2, 

UCDK9M2, and UCDK9M3.
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Fig. 2. 
Relative luciferase reporter assay to assess Wnt/β-catenin pathway activity in canine 

melanoma cell lines (CML-10C2, UCDK9M2, and UCDK9M3) dosed with 5 nM, 1 µM, 

and 5 µM BIO for 72 h. TOPflash and FOPflash values were corrected to respective Renilla 

luminescence as a transfection control. BIO-treated TOP/FOPflash ratios were then 

normalized to DMSO-treated TOP/FOPflash ratios. Data represent mean ± standard error of 

the mean from three independent experiments. *P < 0.05.
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Fig. 3. 
Relative expression of the downstream β-catenin target gene, Axin2, in canine melanoma 

cell lines (CML-10C2, UCDK9M2, and UCDK9M3) treated with 5 µM BIO or equivalent 

volume of DMSO vehicle control for 72 h. Relative differences in Axin2 mRNA expression 

of BIO-treated cells were normalized to DMSO-treated cells. Data represent the mean ± 

standard error of the mean from three independent experiments. *P < 0.05.
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Fig. 4. 
Western blot analysis for Axin2 in canine melanoma cell lines (CML-10C2, UCDK9M2, 

and UCDK9M3) treated with 5 µM BIO or equivalent volume of DMSO vehicle control for 

72 h. Quantification of blots was performed using the Gel Logic 100 Imaging System 

(Kodak). Numerical values, i.e. relative expression (RE), represent the density of Axin2 in 

BIO-treated cells relative to its corresponding DMSO-treated cells of the same cell line, 

adjusted by the densities of the corresponding loading controls (actin).
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Fig. 5. 
MTS assay assessing proliferation in canine melanoma cells treated with either 5 µM BIO or 

equivalent volume of DMSO for 72 h. Results show decreased proliferation in cells treated 

with 5 µM BIO for all three melanoma cell lines. Data represent the mean ± standard error 

of the mean from three independent experiments. *P < 0.05, **P < 0.01.
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Fig. 6. 
Apoptosis assessed with flow cytometry in three melanoma cell lines (A: CML-10C2; B: 

UCDK9M2; C: UCDK9M3) treated with 5 µM BIO or equivalent volume of DMSO for 72 

h. Analysis with FACSCalibur after excitation with 488 nm laser showed no significant 

difference in percentage of late apoptotic cells between BIO- vs. DMSO-treated cells. Data 

represent the mean ± standard error of the mean from three independent experiments. *P < 

0.05.

Chon et al. Page 20

Vet J. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Assessment of chemotoxicity to varying concentrations of carboplatin in three melanoma 

cell lines (A: CML-10C2; B: UCDK9M2; C: UCDK9M3) showed no significant difference 

in chemotoxicity between melanoma cells treated with 5 µM BIO or equivalent volume of 

DMSO for 72 h. Data represent the mean ± standard error of the mean from three 

independent experiments.
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Fig. 8. 
Migration assay using uncoated BD control inserts revealed significantly decreased 

migration in melanoma cells treated with 5 µM BIO or equivalent volume of DMSO for 72 h 

in two melanoma cell lines CML-10C2 and UCDK9M3. Data represent the mean ± standard 

error of the mean from three independent experiments. *P < 0.05.
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Fig. 9. 
Invasion assay using BD BioCoat Matrigel-coated inserts revealed no significant difference 

in the invasiveness of melanoma cells treated with 5 µM BIO or equivalent volume of 

DMSO for 72 h. Data represent the mean ± standard error of the mean from three 

independent experiments.
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