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Malignant melanoma in dogs is largely resistant to conventional chemotherapy, although 

responses to carboplatin have been documented. Invasion and early metastasis are 

common features of certain melanoma subtypes that are associated with tumour 

progression despite aggressive therapy. Upregulation of the PI3K/AKT/mTOR pathway 

has been observed in canine malignant melanoma and may represent a potential target 

for therapy. Rapamycin (sirolimus) and everolimus are commercially available small 

molecule inhibitors that target mTOR; therefore, may have anticancer activity in canine 

melanoma. It was hypothesized that there is synergism between rapamycin or everolimus 

and platinum chemotherapy, and that combination drug treatment would inhibit 

target/downstream proteins involved in cell viability/proliferation and increase cell death 

in canine melanoma cells. It was also hypothesized that rapamycin or everolimus would 

result in decreased glycolytic pathway. 



Four canine melanoma cell lines were treated in vitro with rapamycin and everolimus as 

sole treatment or combined with carboplatin. Cell viability, apoptosis, target modulation, 

and glycolytic metabolism were evaluated by crystal violet colourimetric assay, Annexin 

V/PI flow cytometry, western blotting, and Seahorse bioanalyzer, respectively.  

When combined with carboplatinum chemotherapy, rapamycin or everolimus treatment 

was overall synergistic in reducing cell viability. Carboplatin-induced apoptosis 72 hours 

after treatment was noted compared to vehicle control. Levels of p-mTOR were reduced 

by rapamycin and everolimus in all four cell lines, but its active downstream protein 

p70S6K was not always affected by the treatment in two cell lines. Both mTOR inhibitors 

decreased the extracellular acidification rate of canine melanoma.  

Inhibition of mTOR by rapalogs combined with carboplatin chemotherapy may be 

beneficial in the treatment of canine melanoma. Future mechanistic investigation is 

required, including evaluating efficacy of combination therapy in vivo.   



iv 

 

 

 

DEDICATION 

This dissertation is dedicated to my wonderful partner Thomas Parmentier for that 

day when he said: «I challenge you to complete your thesis». 

 

I did it, Thom.  

  



v 

 

 

 

ACKNOWLEDGEMENTS 

To my advisor Dr. Anthony Mutsaers who has supported me through this 

challenging but fulfilling Doctorate in Veterinary Science (DVSc) journey. I would never 

have had the courage to present my poster at the 2019 Veterinary Cancer Society 

conference in Houston, Texas without your encouragements. Receiving the Edward L. 

Gillette Memorial Award for Poster Presentation in Clinical Science Research for my work 

was one of the proudest moments of my life and I could not have done it without you 

Tony. 

To my superstar friend Andrew Poon who helped me to grow from a juvenile 

observer to a full-grown skilled laboratory worker. You not only patiently answered my 

countless questions, but you always had the kindest caring words to make me believe in 

myself. “If you only do what you can do, you will never be more than you are now.” - 

Master Shifu   

To Peyton Tam for helping me doing experiment replicates. Your abilities to 

perform the straightest western blots are particularly remarkable. 

To the members of my committee Dr. Paul Woods and Dr. Geoffrey Wood for their 

important contribution to my project and thesis. 

To my amazing OVC oncology family, including my faculty members Dr. Anthony 

Mutsaers, Dr. Danielle Richardson, Dr. Paul Woods, Dr. Sam Hocker, and Dr. Valérie 



vi 

 

 

 

Poirier, my co-residents Dr. Arata Matsuyama, Dr. Christopher Pinard and Dr. Sarah 

Laliberté, as well as the support staff Amanda Bridge, Geri Higginson, Melanie Brooks, 

and Vicki Heinbecker from who I learned so much. You not only have prepared me to be 

a qualified veterinary oncologist, but you have also made me a better human. You are in 

my heart forever! 

To Dr. Jenny Stiller and Dr. Michal Hazenfratz, who are doctors and friends that I 

admire. We have finally gone through those three challenging, but exciting years together 

as a team! Exams, professional presentations, boards, thesis… So many emotions! But 

we were always there to support each other. Our friendship will thrive despite the 

distance, but I will miss your presence dearly!  

Finally, to Thomas Parmentier my partner, to my parents, and to my brother who 

have always believed in my own capacities more than myself. You have been there at 

every single step of this crazy residency dream. You have always made me feel the 

smartest and most capable person. Je vous aime tellement!  



vii 

 

 

 

DECLARATION OF THE WORK PERFORMED 

I declare that, apart from the items listed below, all work in this thesis was 

performed by me, Sarah Bernard.  

Andrew Poon and Peyton Tam performed certain experimental replicates, 

including western blots, flow cytometry and glycolytic analysis through the Seahorse 

bioanalyzer.  

 Andrew Poon furthermore contributed to the statistical analysis and graphing. 

 I, Sarah Bernard, performed experiments, data analysis, and dissertation writing.   



viii 

 

 

 

TABLE OF CONTENTS 

 

Abstract ............................................................................................................................ii 

Dedication .......................................................................................................................iv 

Acknowledgements ......................................................................................................... v 

Declaration of the work performed ................................................................................. vii 

Table of Contents .......................................................................................................... viii 

List of Tables .................................................................................................................. xii 

List of Figures ................................................................................................................ xiii 

List of Abbreviations ...................................................................................................... xix 

1 Chapter 1: Literature review ..................................................................................... 1 

1.1 Introduction ........................................................................................................ 1 

1.2 Clinical aspects of canine melanoma ................................................................. 4 

1.2.1 The melanocyte ........................................................................................... 4 

1.2.2 Risk factors for development of melanoma .................................................. 5 

1.2.3 Common sites .............................................................................................. 6 

1.2.4 Canine breeds at risk ................................................................................... 7 



ix 

 

 

 

1.3 Diagnosis ........................................................................................................... 9 

1.3.1 Cytology and immunocytochemistry ............................................................ 9 

1.3.2 Histopathology and immunohistochemistry ............................................... 10 

1.3.3 Staging ...................................................................................................... 11 

1.4 Melanoma behaviour and therapeutic options.................................................. 13 

1.4.1 Prognostic factors ...................................................................................... 13 

1.4.2 Local invasion and treatment of the primary tumour .................................. 14 

1.4.3 Metastatic potential and systemic treatment .............................................. 16 

1.4.4 Carboplatin ................................................................................................ 18 

1.4.5 Immunotherapy .......................................................................................... 20 

1.4.6 Outcome .................................................................................................... 22 

1.5 Molecular biology ............................................................................................. 23 

1.5.1 Growth signaling ........................................................................................ 23 

1.5.2 Tumour suppressor genes ......................................................................... 23 

1.5.3 Ras-Raf-MEK-ERK pathway ...................................................................... 24 

1.5.4 Targeting the Ras-Raf-MEK-ERK pathway ................................................ 26 

1.5.5 PI3K/AKT/mTOR pathway ......................................................................... 26 

1.5.6 Implication of the PI3K/AKT/mTOR pathway in cell metabolism ................ 30 



x 

 

 

 

1.5.7 Targeting the PI3K/AKT/mTOR pathway ................................................... 32 

1.6 Melanoma cell lines .......................................................................................... 34 

1.7 Rationale .......................................................................................................... 36 

1.7.1 Objectives .................................................................................................. 36 

1.7.2 Hypotheses ................................................................................................ 37 

2 Chapter 2: Investigation of the effects of mTOR inhibitors rapamycin and everolimus 

in combination with carboplatin on canine melanoma cells ........................................... 38 

2.1 Introduction ...................................................................................................... 38 

2.2 Materials and methods ..................................................................................... 40 

2.2.1 Cell culture ................................................................................................. 40 

2.2.2 Chemical reagents ..................................................................................... 41 

2.2.3 Cell viability ................................................................................................ 41 

2.2.4 Drug combination experiments .................................................................. 42 

2.2.5 Apoptosis ................................................................................................... 42 

2.2.6 Protein extraction ....................................................................................... 43 

2.2.7 Immunoblotting .......................................................................................... 44 

2.2.8 Metabolism and glycolysis ......................................................................... 45 

2.3 Statistical analysis ............................................................................................ 46 

2.4 Results ............................................................................................................. 46 



xi 

 

 

 

2.4.1 Cell viability after carboplatin, rapamycin or everolimus treatment ............ 46 

2.4.2 Effect of drug combination on cell viability ................................................. 49 

2.4.3 Effect of carboplatin, rapamycin and everolimus on apoptosis .................. 54 

2.4.4 Effect of carboplatin, rapamycin and everolimus on signaling protein 

expression .............................................................................................................. 56 

2.4.5 Effect of rapamycin and everolimus on metabolism .................................. 59 

2.5 Discussion ........................................................................................................ 63 

3 Chapter 3: Summary and conclusion ..................................................................... 71 

3.1 Summary .......................................................................................................... 71 

3.2 Limitations ........................................................................................................ 73 

3.3 Future directions .............................................................................................. 76 

3.4 Comparative aspects ....................................................................................... 79 

bibliography ................................................................................................................... 83 

Appendix ..................................................................................................................... 113 

 

 



xii 

 

 

 

LIST OF TABLES 

Table 1: Canine melanoma cell line origin. .................................................................... 82 

 

  



xiii 

 

 

 

LIST OF FIGURES 

Figure 1: PI3K/AKT/mTOR pathway. Rapamycin and everolimus inhibit mTOR. AKT, 

protein kinase B; GF, growth factor; mTOR, mechanistic target of rapamycin; p70S6K, 

p70-s6 kinase; PI3K, phosphatidylinositol-3-kinase; PIP2, phosphotidylinositol 4,5 

biphosphate, PIP3 phosphotidylinositol 3,4,5 triphosphate; PTEN, phosphatase and 

tensin homologue. ......................................................................................................... 28 

Figure 2: Cell viability curves after 72-hour treatment with increasing dose of rapamycin, 

everolimus and carboplatin. Cell viability was measured by staining with crystal violet. 

Crystal violet assays indicate that chemotherapy drug carboplatin decreases viability of 

canine malignant melanoma cells. IC50 values were variable among the cell lines 

evaluated with administration of mTOR inhibitors. IC50, half-maximal inhibitory 

concentration; mTOR, mechanistic target of rapamycin. ............................................... 48 

Figure 3: Effect on viability after 72-hour treatment with dose pairing of chemotherapy 

drug carboplatin and rapamycin. Crystal violet relative absorbance at 590 nm was 

measured after treatment with carboplatin and rapamycin combination. The X-axis and 

the Y-axis represent dose pairings and relative viability respectively. Experiments were 

performed in triplicate. ................................................................................................... 50 

Figure 4: Effect on viability after 72-hour treatment with dose pairing of chemotherapy 

drug carboplatin and rapamycin. CI was calculated for all pairings. The X-axis and the Y-

file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928144
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928144
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928144
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928144
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928144
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928145
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928145
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928145
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928145
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928145
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928145
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928146
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928146
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928146
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928146
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928146
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928147
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928147


xiv 

 

 

 

axis represent dose pairings and CI values respectively. The bars indicate the mean CI 

values. CI < 1 synergistic, CI = 1 additive, and CI > 1 antagonistic. Experiments were 

performed in triplicate. Lower concentration dose pairings exhibit a synergistic effect. CI, 

combination index. ........................................................................................................ 51 

Figure 5: Effect on viability after 72-hour treatment with dose pairing of chemotherapy 

drug carboplatin and everolimus. Crystal violet relative absorbance at 590 nm was 

measured after treatment with carboplatin and everolimus combination. The X-axis and 

the Y-axis represent dose pairings and relative viability respectively. Experiments were 

performed in triplicate. ................................................................................................... 52 

Figure 6: Effect on viability after 72-hour treatment with dose pairing of chemotherapy 

drug carboplatin and everolimus. CI was calculated for all dose pairings The X-axis and 

the Y-axis represent dose pairings and CI values respectively. The bars indicate the mean 

CI values. CI < 1 synergistic, CI = 1 additive, and CI > 1 antagonistic. Experiments were 

performed in triplicate. Lower concentration dose pairings exhibit a synergistic effect. CI, 

combination index. ........................................................................................................ 53 

Figure 7: Flow cytometry apoptosis analysis after 24-hour or 72-hour treatment with 

carboplatin (15 µM), everolimus (10 nM), or rapamycin (10 nM) as a single agent drug or 

in combination. Combined analysis of early and late apoptosis fractions encompassing 

all cell lines comparing single agent, combination, and vehicle treatments. Cells were 

stained with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium 

file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928147
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928147
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928147
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928147
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928148
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928148
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928148
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928148
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928148
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928149
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928149
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928149
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928149
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928149
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928149
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150


xv 

 

 

 

iodide. X-axis and Y-axis represent treatments administered and % of control apoptosis 

respectively. Experiments were performed in duplicate. None of the treatments resulted 

in a significant increase in apoptosis after 24-hour treatment. After 72-hour treatment, a 

significant increase in early apoptosis were observed in the group treated with rapamycin 

and carboplatin combination compared to the vehicle control. A significant increase in late 

apoptosis was noted in the groups treated with carboplatin single-agent, rapamycin and 

carboplatin combination, and everolimus and carboplatin combination. Significance was 

recorded at ** p < .01, *** p < .001, **** p < .0001 using a one-way ANOVA, Dunnett’s 

multiple comparisons test, comparing treated groups to the vehicle control (DMSO). C, 

carboplatin; DMSO, dimethyl sulfoxide; E, everolimus; n.s., non-significance; R, 

rapamycin. ..................................................................................................................... 55 

Figure 8: Immunoblotting of phosphorylated and native upstream and downstream 

proteins of mTOR in the PI3K/AKT/mTOR pathway after 24-hour treatment with 

carboplatin (15 µM), everolimus (10 nM), or rapamycin (10 nM) as a single agent drug or 

in combination. The top table indicates the use of a vehicle (-) or the use of a drug (+). 

Vehicles were DMSO for mTOR inhibitors and growth medium for carboplatin. Protein 

measured indicated on the left with their molecular weight on the right. Immunoblotting 

indicates that mTOR inhibitor treatment decreases mTOR and its downstream protein. 

AKT, protein kinase B; DMSO, dimethyl sulfoxide; kDa, kilodalton; mTOR, mechanistic 

target of rapamycin; p-AKT, phosphorylated protein kinase B; p-mTOR, phosphorylated 

file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928150
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151


xvi 

 

 

 

mechanistic target of rapamycin; p-p70S6K, phosphorylated p70-s6 kinase; p70S6K, 

p70-s6 kinase ................................................................................................................ 58 

Figure 9: Graph representation of metabolism evaluation after 24-hour treatment with 

rapamycin (10 nM) or everolimus (10 nM). Glycolytic stress test measuring ECAR after 

real-time injection of glucose (10 mM), oligomycin (1 µM), and 2-deoxy-D-glucose (2-DG) 

(100 mM). X-axis and Y-axis represent time and ECAR respectively. DG, Deoxy-D-

glucose; ECAR, extracellular acidification rate. ............................................................. 61 

Figure 10: Bar plot representation of metabolism evaluation after 24-hour treatment with 

rapamycin (10 nM) and everolimus (10 nM). Seahorse metabolic parameters of glycolytic 

function measured in ECAR where single-agent drug treatments are compared to 

vehicles. Vehicles were DMSO. X-axis and Y-axis represent treated cell lines and ECAR 

respectively. Significance was recorded at ** p < .01, *** p < .001, **** p < .0001 using 

unpaired t-tests comparing treated groups to the vehicle DMSO control. 2-DG, 2-deoxy-

D-glucose; DMSO, dimethyl sulfoxide; ECAR, extracellular acidification rate. .............. 62 

Figure 11 Flow cytometry apoptosis analysis for cell line CML-1 after 24 hours of 

treatment (first replicate). ............................................................................................ 113 

Figure 12 Flow cytometry apoptosis analysis for cell line CML-1 after 24 hours of 

treatment (second replicate). ....................................................................................... 114 

file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928151
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928152
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928152
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928152
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928152
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928152
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928153
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928153
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928153
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928153
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928153
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928153
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928153
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928154
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928154
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928155
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928155


xvii 

 

 

 

Figure 13 Flow cytometry apoptosis analysis for cell line CML-6M after 24 hours of 

treatment (first replicate). ............................................................................................ 114 

Figure 14 Flow cytometry apoptosis analysis for cell line CML-6M after 24 hours of 

treatment (second replicate). ....................................................................................... 114 

Figure 15 Flow cytometry apoptosis analysis for cell line CML-10c2 after 24 hours of 

treatment (first replicate). ............................................................................................ 114 

Figure 16 Flow cytometry apoptosis analysis for cell line CML-10c2 after 24 hours of 

treatment (second replicate). ....................................................................................... 114 

Figure 17 Flow cytometry apoptosis analysis for cell line 17CM98 after 24 hours of 

treatment (first replicate). ............................................................................................ 114 

Figure 18 Flow cytometry apoptosis analysis for cell line 17CM98 after 24 hours of 

treatment (second replicate). ....................................................................................... 114 

Figure 19 Flow cytometry apoptosis analysis for cell line CML-1 after 72 hours of 

treatment (first replicate). ............................................................................................ 114 

Figure 20 Flow cytometry apoptosis analysis for cell line CML-1 after 72 hours of 

treatment (second replicate). ....................................................................................... 114 

Figure 21 Flow cytometry apoptosis analysis for cell line CML-6M after 72 hours of 

treatment (first replicate). ............................................................................................ 114 

file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928156
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928156
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928157
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928157
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928158
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928158
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928159
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928159
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928160
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928160
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928161
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928161
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928162
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928162
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928163
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928163
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928164
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928164


xviii 

 

 

 

Figure 22 Flow cytometry apoptosis analysis for cell line CML-6M after 72 hours of 

treatment (second replicate). ....................................................................................... 114 

Figure 23 Flow cytometry apoptosis analysis for cell line CML-10c2 after 72 hours of 

treatment (first replicate). ............................................................................................ 114 

Figure 24 Flow cytometry apoptosis analysis for cell line CML-10c2 after 72 hours of 

treatment (second replicate). ....................................................................................... 114 

Figure 25 Flow cytometry apoptosis analysis for cell line 17CM98 after 72 hours of 

treatment (first replicate). ............................................................................................ 114 

Figure 26 Flow cytometry apoptosis analysis for cell line 17CM98 after 72 hours of 

treatment (second replicate). ....................................................................................... 114 

 

  

file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928165
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928165
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928166
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928166
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928167
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928167
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928168
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928168
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928169
file:///C:/Users/Sarah%20Bernard/Desktop/Thesis%20folder/Thesis%20-%20%20January%207%202021.docx%23_Toc60928169


xix 

 

 

 

LIST OF ABBREVIATIONS 

2-DG   2-deoxy-D-glucose  

4E-BP1 eukaryotic translation initiation factor binding protein  

AKT   protein kinase B 

ARAF  serine/threonine-protein kinase A-Raf 

BRAF   B-Raf proto-oncogene serine/threonine-protein kinase 

BSA   bovine serum albumin 

CI   combination index  

CRAF  protein kinase raf 1 

DEPTOR domain-containing mTOR-interacting protein  

DNA   deoxyribonucleic acid 

DMEM  Dulbecco’s modified eagle medium 

DMSO  dimethyl sulfoxide 

ECAR  extracellular acidification rate 

ERK   extracellular signal-regulated kinase 



xx 

 

 

 

FBS   fetal bovine serum 

FDA  Food and Drug Administration 

FITC  fluorescein isothiocyanate  

HIF-1  hypoxia-inducible factor  

HRAS  GTPase HRas 

IC50   half-maximal inhibitory concentration 

KRAS  GTPase KRas 

MAPK  macrotubule associated protein kinase 

MEK   mitogen-activated protein kinase kinase 

mLST8 target of rapamycin complex subunit LST8  

mSin1  target of rapamycin complex 2 subunit MAPKAP1  

MTIC  monomethyl-triazeno-imidazole-carboxamide  

mTOR  mechanistic target of rapamycin 

mTORC1 mTOR complex 1 

mTORC2 mTOR complex 2 



xxi 

 

 

 

NRAS  neuroblastoma RAS viral oncogene protein 

n.s.   non-significance 

OCR  oxygen consumption rate 

p-AKT  phosphorylated protein kinase B 

p-mTOR  phosphorylated mechanistic target of rapamycin 

p-p70S6K phosphorylated p70-s6 kinase 

p70S6K  p70-s6 kinase 

PD-1  programmed cell death-1  

PD-L1  programmed death ligand-1 

PDGFR platelet derived growth factor receptor  

PI  propidium iodide 

PI3K   phosphoinositide 3-kinase 

PIP2   phosphotidylinositol 4,5 biphosphate  

PIP3  phosphotidylinositol 3,4,5 triphosphate  

PRAS40 proline-rich AKT substrate of 40kDa  



xxii 

 

 

 

PRR5  protein-rich protein 5  

PTEN   phosphatase and tensin homolog 

Raf   rapidly accelerated fibrosarcoma 

Raptor  regulatory-associated of mTOR 

Ras   proto-oncogene protein p21 

Rheb  ras homolog enriched in brain 

Rictor  rapamycin-insensitive companion of mechanistic target of rapamycin 

RPM  revolutions per minute  

TBST   tris-buffered saline tween 20 

TSC   tuberous sclerosis complex 

 

 



 

 

1 

 

1 Chapter 1: Literature review 

1.1 Introduction 

Canine melanocytic tumours can arise from different localizations on the body, with 

the oral cavity being the most common site (Gillard et al., 2014). In a retrospective study, 

malignant melanomas represented 70% of the 2350 histopathological melanocytic 

samples evaluated, while benign melanocytomas represented the remaining 30% of the 

samples (Gillard et al., 2014). This information demonstrates that most canine patients 

present with an aggressive disease. In another retrospective analysis, malignant 

melanoma represented 4.7% of all oral lesion histopathological submissions (Wingo, 

2018). Melanocytic tumours were found to represent only 3.1% of all canine skin tumour 

biopsy samples in Japan (Kok et al., 2019). The overall incidence of melanocytic tumours 

has not been clearly established in the canine population. 

In humans, consistently increased incidence of cutaneous melanoma has been 

affecting the global population over the past 60 years (Rastrelli et al., 2014). The 

incidence rate has climbed up at an alarming pace, almost tripling over 30 years in the 

American population and has reached 20.1/100 000 in the years 2003-2007 (Rastrelli et 

al., 2014). In parallel, the mortality rate has followed a similar trajectory (Rastrelli et al., 

2014). Sunburn history and intermittent sporadic acute sun exposure play a major role in 

the induction of melanoma in exposed skin (Gandini et al., 2005). Although UV-induced 

melanoma accounts for most human cases, a small proportion of melanoma is not caused 
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by sun exposure (Curtin et al., 2005; Yde et al., 2018). Advanced melanoma results in 

rapid death with an overall survival of 6.2 months in a meta-analysis regrouping 42 phase 

II trials (Korn et al., 2008). There is an urgent need for therapies to improve the survival 

of this aggressive and increasingly prevalent disease. 

The movement towards comparative medicine has brought many advantages to 

both human and veterinary medicine. Dogs have been identified as relevant models for 

specific types of human melanoma, as they share molecular and clinical similarities 

(Gillard et al., 2014; van der Weyden et al., 2020). Of particular interest, similarities have 

been established between canine oral melanoma and human mucosal melanoma, as well 

as canine footpad melanoma and human acral melanoma (van der Weyden et al., 2020). 

Just like human melanoma, canine melanoma can present with a high metastatic potential 

and poor outcome despite treatment (Bateman et al., 1994; Brockley et al., 2013; Dank 

et al., 2014; Freeman et al., 2003; Proulx et al., 2003). 

One particular resemblance between human non-ultraviolet (UV) induced 

melanoma and canine spontaneous melanoma is the activation of the phosphoinositide 

3-kinase/protein kinase B/mechanistic target of rapamycin (PI3K/AKT/mTOR) canonical 

signaling pathway in the cancer cells (Fowles et al., 2015). Understanding of this 

pathway’s role in canine melanoma pathogenesis and progression may prove relevant in 

the development of therapeutic agents that could improve outcome. Inhibition of the 

pathway by mTOR inhibitor rapamycin has been shown to have anti-neoplastic effects in 
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canine melanoma cell lines (Kent et al., 2009), resulting in a flourishing enthusiasm for its 

use against this cancer. 

Another therapeutic agent that has resulted in clinical benefit in dogs affected by 

melanoma is carboplatin, a platinum chemotherapeutic agent (Rassnick et al., 2001). 

Given the anti-neoplastic effects observed with the administration of rapamycin and 

carboplatin in canine melanomas, their conjoint use represents a potentially interesting 

novel therapy in the treatment of this cancer. Along those lines, the effects of the 

combination of rapamycin and carboplatin in tumour bearing patients is currently under 

investigation in a large veterinary clinical trial involving dogs affected by osteosarcoma 

(Leblanc, 2019), setting a clinical precedent that is relevant to this preclinical study. 

In this work, the general term "melanocytic tumours" is used to qualify all tumours 

arising from melanocytes. The term "melanoma" implicitly suggests an aggressive form 

of the disease. Despite the fact that this study includes data from oral and cutaneous 

melanomas, most of the available information on canine melanoma in the literature 

concerns the oral localization due to its higher frequency (Gillard et al., 2014). 
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1.2 Clinical aspects of canine melanoma 

1.2.1 The melanocyte 

The cell of origin of melanoma is the melanocyte. During vertebrate fetal 

development, the neural crest gives rise to different major progenitor cell classes, notably 

the melanocytic precursors (Henion & Weston, 1997; J. Y. Lin & Fisher, 2007). After 

migration to the skin, the melanoblasts transform into their final differentiated form, the 

melanocyte (Henion & Weston, 1997). The role of melanocytes is here described as 

previously reviewed. The main function of melanocytes is melanogenesis, the generation 

of melanin pigment (Serre et al., 2018). It is by the catalytic action of tyrosinase that L-

tyrosine is eventually transformed into melanin (Serre et al., 2018; Simon et al., 2009). 

Melanin is stored in the melanocyte in lysosome-like organelles described as 

melanosomes (J. Y. Lin & Fisher, 2007). Through the activation of the protease-activated 

receptor 2, keratinocytes uptake the melanosomes transferred from the melanocytes 

(Seiberg et al., 2000). The accumulation of melanin in the keratinocytes results in skin 

pigmentation (Seiberg et al., 2000). It is thought that melanin has a photoprotective effect 

(Gilchrest & Geller, 1999). Melanocytes, like all cells of the organism, are subject to 

genetic mutations. As reviewed before, mutagenesis may lead to malignant 

transformation of the melanocyte (Bastian, 2014). The development of melanocytic 

tumours has been linked to certain risks factors, as described below.  
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1.2.2 Risk factors for development of melanoma 

As opposed to human cutaneous melanoma, ultraviolet light does not appear to 

represent a major cause of melanoma in canine patients. It has been speculated that this 

can be in part because of the protective effect of their fur. On the other hand, hairless 

canine breeds do not appear particularly predisposed to cutaneous melanoma, with only 

one case report of a Xoloitzcunintli (Mexican Naked dog) affected by the disease reported 

in the literature (Garma-Aviña, 1995). It was suggested that dogs may be effective models 

for human melanomas arising from body parts hidden from the sun, such as mucosal and 

acral melanomas (Barutello et al., 2018; Gillard et al., 2014; Wei et al., 2016), as the 

pathogenesis may differ from the sun-exposed skin melanoma. There has been no report 

indicative of a particular environmental risk factor in dogs.  

As mentioned above, human cutaneous malignant melanoma has incontestably 

been linked with skin sun-exposure as the main environmental risk factor (Gilchrest & 

Geller, 1999). The pattern of sun-exposure is specifically important, with "intermittent 

exposure" and history of sunburn injuries being the main types predisposing to 

development of melanoma (Gandini et al., 2005). Another risk factor is having natural 

light skin pigmentation with freckles and/or blond or red hair (Marrett, 1992). However, 

melanoma does not only develop in sun exposed skin. Other main locations reported in 
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human include palmar and plantar locations (called acral melanomas) and mucosal 

melanomas. 

Specific melanoma anatomic locations on the human body have been associated 

with different genetic profiles depending on the sun exposure. In one study, defined 

categories have been proposed depending on the level of ultraviolet exposure, including 

‘"chronic sun-induced damage", non-"chronic sun-induced damage" (also called 

intermittent sun exposition), acral, and mucosal locations. An increased degree of 

chromosomal aberrations was found in the two later categories, as opposed to other 

types. This finding was interesting, as those areas of the body have a low ultraviolet light 

exposure. The non-"chronic sun-induced damage" group had most commonly mutated 

phosphatase and tensin homolog (PTEN) and B-Raf proto-oncogene serine/threonine-

protein kinase (BRAF) genes (Curtin et al., 2005). The relevance of those findings lies in 

the fact that a different pathogenesis is suspected based on the degree of long-term 

damage induced by the sunlight.  

 

1.2.3 Common sites  

In decreasing order, the most common anatomical sites for primary melanoma in 

dogs are the oral cavity/oral mucosa, haired skin, digit, nailbed, and eye (Gillard et al., 

2014). This is in opposition to humans, who uncommonly clinically present with mucosal 

melanoma with an occurrence of 0.8-3.7% (Wei et al., 2016; Yde et al., 2018). Within the 
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oral cavity of dogs, the most common sites in decreasing order are the gingiva, the 

labial/buccal mucosa, the palate, the tongue, and the pharynx (Spangler & Kass, 2006). 

Although contested (Esplin, 2008; Smedley et al., 2011), tumour localization has 

been linked with the neoplasm’s behaviour in dogs. One study evaluated the correlation 

between the location of melanocytic tumours and their prognosis (Spangler & Kass, 

2006). Melanomas were classified in three locations: the first from the oral cavity, the 

second from the buccal aspect of the lips or paws, and the third from the skin. The tumour-

specific mortality rate was 68%, 30%, and 7%, respectively based on the location of the 

tumour. Accordingly, the median survival time in dogs affected by melanocytic tumours 

was 118 days when arising from the oral cavity, 281 days when affecting the paws and 

labial regions and 493 days when found on the skin (Spangler & Kass, 2006). The fact 

that melanomas arising from the oral cavity have a poorer outcome compared to other 

locations in the body is further supported by a second study in which oral, digital, and 

cutaneous melanomas had a median survival time of 389 days, 1350 days, and median 

not reached, respectively (Brockley et al., 2013). 

 

1.2.4 Canine breeds at risk 

Breeds at risk for melanocytic tumours include Scottish Terrier, Beauce Shepherd, 

Schnauzer, Labrador, Poodle, and Rottweiler (Gillard et al., 2014). More precisely, dogs 

at risk for oral melanoma include Cocker Spaniels, Gordon Setter, Chow Chow, Golden 
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Retriever, miniature Poodle, Boxers, German-Shepherd, and mixed breed dogs with no 

apparent sex predilection (Ramos-Vara et al., 2000).  

Dogs with a darker coat may be more at risk of melanocytic tumours than dogs 

with a lighter coat (Gillard et al., 2014). This risk profile is interesting, as the opposite is 

noted in humans. In fact, people with lighter skin are predisposed to cutaneous melanoma 

(Marrett, 1992). This discrepancy may also support that sun exposure does not play an 

important role in the pathogenesis of canine oral melanoma. Furthermore, based on a 

review on human mucosal melanoma, there has been no correlation established between 

specific ethnic populations and the development of the disease (Yde et al., 2018). Of note, 

a study reporting staging data from a melanoma-affected population in Florida, USA, 

discovered that dark-skinned and "white Hispanic" people had a higher incidence of 

advanced stage disease upon presentation than "white non-Hispanic" people (Hu, 2009). 

They speculated that while the more advanced stage may be attributable to an inherent 

cause, poor disease awareness or lack of access to medical care may be contributing 

factors (Hu, 2009). 
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1.3 Diagnosis 

1.3.1 Cytology and immunocytochemistry 

Acquiring a diagnosis is the first step in animals presenting with a mass. Following 

determination of the etiology of the lesion, appropriate clinical staging is performed before 

initiating therapy. A treatment plan as well as a prognosis can then be established. 

Different techniques to obtain a diagnosis are available, however fine needle 

aspiration followed by cytological analysis is inexpensive, rapid, and can be performed 

with light sedation. The cytological collection consists of inserting a small-gauge needle 

in the lesion with or without aspiration with the help of a syringe. In a study, fine-needle 

insertion (without aspiration) led to diagnosis in 85% of oral tumours when cytology was 

compared with histopathological samples. More precisely, the technique resulted in 87% 

agreement with histopathology for canine oral melanomas (Bonfanti et al., 2015). Cases 

of amelanotic melanoma are more challenging, as their appearance can be similar to 

other undifferentiated neoplastic lesions, such as carcinomas or sarcomas (Modiano et 

al., 1999). In a study evaluating poorly differentiated oral tumours confirmed by 

histopathology and immunohistochemistry, cytology had a sensitivity of 67% and 

specificity of 86% for the diagnosis of amelanotic melanomas. When 

immunocytochemistry was performed using melan-A, vimentin, and cytokeratin, 

sensitivity and specificity both increased to 100% (Przeździecki et al., 2015).  
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1.3.2 Histopathology and immunohistochemistry 

In certain cases, a cytological diagnosis may not be obtained. Surgical biopsy can 

be used to determine the etiology of the mass in challenging situations. Incisional rather 

than excisional biopsies are generally indicated in oral tumours. The acquisition of a 

diagnosis with an incisional biopsy allows for adequate surgical dose planning, given the 

frequent invasion and risk of local recurrence. In an effort to avoid seeding, biopsy tracts 

should be in a location amenable to resection, thus samples should be collected from 

within the oral cavity and not via penetration of the overlying skin (Ehrhart, 2020). 

Immunohistochemistry represents a useful tool to confirm the diagnosis of 

melanoma in cases where the diagnosis is difficult with routine hematoxylin and eosin 

stains. Most melanocytic tumours harbour characteristic pigmentation but the lack of 

pigmented granules, may lead to an erroneous diagnosis. Similar to 

immunocytochemistry from fine-needle aspiration samples, immunohistochemical 

staining for melanocyte markers increases the reliability of the diagnosis. In a study, the 

combination of immunohistochemical stains for melan-A and PNL2 lead to the 

identification of a melanocytic neoplasms in 68% of the samples, which was higher than 

the use of each marker used alone (Giudice et al., 2010). The marker combination failed 

to identify most of the spindle cell variants of canine melanoma (Giudice et al., 2010). In 

a second study, the combination of melan-A, PNL2, and tyrosine-related protein 1 and 2 
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markers as a "cocktail" resulted in specificity of 100% and increased sensitivity of 94% 

compared to single-marker use (Smedley et al., 2011). In summary, the fact that a 

combination of several immunohistochemical markers is needed to increase diagnostic 

accuracy demonstrates that obtaining an accurate melanoma diagnosis is challenging. 

 

1.3.3 Staging  

Following diagnosis, establishing the extent of tumour dissemination helps guide 

the recommended treatment options. The canine oral melanoma World Health 

Organization staging scheme is based on primary tumour size, regional lymph nodes 

assessment, and distant metastasis (Owen et al., 1980). Stage I presents as a tumour 

measuring less than 2 cm with no metastasis. Stage II presents as a tumour measuring 

between 2-4 cm with no metastasis. Stage III presents as a tumour measuring more than 

4 cm or any tumour with positive lymph nodes. Stage IV presents as a tumour of any size 

with distant metastasis, regardless of the lymph node status (Owen et al., 1980). 

Interestingly, based on this staging system, "fixed nodes" upon palpation automatically 

classify as stage IV (Owen et al., 1980). Stage via the WHO system may have prognostic 

significance in canine oral melanoma (MacEwen et al., 1999), although this information 

has been refuted in other investigations (Brockley et al., 2013; Hahn et al., 1994). Staging 

includes complete blood count, biochemistry, urinalysis, imaging of the thorax, and 
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evaluation of the draining lymph nodes for metastasis. Obtaining advanced imaging of 

the primary tumour in preparation for local treatment is also advised.  

Lymph node palpation is not proven to be a reliable method for metastasis 

assessment of oral melanoma, with a 70% and 51% sensitivity and specificity, 

respectively (Williams & Packer, 2003). A second study validated the unreliability of this 

method, with a 66% and 84% sensitivity and specificity, respectively (Boston et al., 2014). 

Moreover, poor correlation has been found between cytological and histological 

evaluation for metastasis in dogs harbouring melanocytic tumours (Grimes et al., 2017). 

A second study showed similar results, with a sensitivity and specificity of 78% and 64%, 

respectively, compared to histological analysis (Boston et al., 2014). Different techniques 

of lymph node evaluation have been described with the goal of enhancing the ability to 

detect metastasis, including surgical extirpation of bilateral mandibular and 

retropharyngeal lymph nodes (Green & Boston, 2017) and sentinel lymph node mapping 

(Brissot & Edery, 2017). Obtaining an accurate result is crucial while staging patients, 

given that staging has been demonstrated to play an important role in establishing the 

prognosis (Smedley et al., 2011). Incorrect diagnosis could lead to failure to deliver the 

proper treatment. 

 As mentioned above, the local extent of a mass should be thoroughly examined 

prior to selection of the most appropriate local therapy. Computed tomography is the 

diagnostic test of choice for identification of bone changes and tumour invasion to the 

adjacent structures, given its higher sensitivity compared to radiography. In an imaging 
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comparison study, osteolysis was captured by computed tomography in 95% of the 

cases, whereas lysis was seen by radiography in 81% of the cases. Similarly, computed 

tomography was able to detect extension of the mass to adjacent structures in 90%, but 

only in 30% with radiography (Ghirelli et al., 2013). 

 

1.4 Melanoma behaviour and therapeutic options  

1.4.1 Prognostic factors  

While most canine melanomas are considered very aggressive, melanocytic 

tumours can have a widely variable behaviour and many prognostic factors have been 

evaluated in an attempt to link specific indicators to prognosis (Smedley et al., 2011). The 

malignant potential of the neoplasm is typically established based on several elements, 

with a stronger correlation for specific factors such as presence of distant metastasis, 

location, mitotic count, nuclear atypia, degree of pigmentation, degree of infiltration, and 

Ki67 index (which estimates the proportion of proliferative cells) (Smedley et al., 2011).  

The diagnosis of a melanoma located in the area of the mouth or lips should 

generally raise concern for a potential highly aggressive tumour with early dissemination 

as previously described in a scientific review (Smedley et al., 2011). In opposition, Esplin 

demonstrated that a subset of dogs harbouring well-differentiated oral melanomas (with 

heavy pigmentation and mitotic count of ≤ 3 figures/10 high power fields) may have a 
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favourable outcome, with a median survival time of 34 months after surgical excision 

(Esplin, 2008). Although anatomic site is not the only factor influencing the neoplasm’s 

behaviour, oral melanomas tend to have a shorter median disease-free survival than 

those arising from the skin (Gillard et al., 2014). 

 

1.4.2 Local invasion and treatment of the primary tumour 

Oral melanomas can be very invasive tumours and the need for aggressive local 

treatment should be emphasized. Bone lysis is a frequent feature of melanoma (Freeman 

et al., 2003) and is considered a negative prognostic factor (Proulx et al., 2003; Smedley 

et al., 2011). Rapid regrowth of the tumour following local therapy illustrates the invasive 

and destructive character of the tumour in its local environment.  

The first-line local treatment for melanoma is surgery when the location and size 

of the tumour allow it. Extensive surgery is critical to aim for complete excision of the 

tumour. Local recurrence is reported in as much as 44% of oral melanomas following 

surgery alone (Proulx et al., 2003). In one study, canine patients with surgically 

cytoreduced oral melanomas received weekly doses of platinum chemotherapeutic 

compounds combined with hypofractionated radiation therapy of 6 fractions of 6 gray. As 

the goal of the platinum drug administration was to increase radiosensitization to improve 

local control, the prescribed chemotherapy doses were purposefully much lower than 

those used for systemic treatment. Despite much effort to improve local control of the 
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tumour, regrowth of the cancer was diagnosed in as much as 15% of the patients within 

139 days (Freeman et al., 2003). In another study, 41% of the patients had local 

recurrence between 210-291 days after surgery despite aggressive treatment with 

radiation and carboplatin administration on microscopic residual disease after surgical 

excision (Dank et al., 2014), suggesting progression of the cancer despite a multimodal 

therapeutic approach.  

In non-surgical cases, radiation as a sole treatment for the primary tumour has 

been utilized. High dose per fraction appears to be the most effective radiation regimen 

(Bateman et al., 1994; Proulx et al., 2003), although an in vitro study describing the alpha-

beta ratio of four canine melanoma cell lines suggested that radio-sensitivity may be 

variable from a cell line to another (Yoshikawa et al., 2019). In the Bateman et al. study, 

a total of 24 gray was administered in 3 fractions (Bateman et al., 1994). When 

administered on macroscopic disease, radiation therapy resulted in an 82-83% response 

rate, but rapid local recurrence was diagnosed within a few months in a quarter of the 

patients (Bateman et al., 1994; Proulx et al., 2003). These results reveal that melanoma 

is incontestably locally invasive, but this tumour also develops devastating metastatic 

disease, which highlights the need for effective systemic treatment. 
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1.4.3 Metastatic potential and systemic treatment 

Human melanoma is known as a chemo-resistant tumour (A. S. Yang & Chapman, 

2009). Several chemotherapeutic agents have been used with the hope of slowing 

disease progression. In humans, the use of monomethyl-triazeno-imidazole-carboxamide 

(MTIC) prodrugs, such as dacarbazine and temozolomide has been well-described. The 

response rate of metastatic melanoma to dacarbazine varies between 7-32% as a single 

agent (A. S. Yang & Chapman, 2009). Similarly, response rates approaching 13-15% 

have been observed when carboplatin, cisplatin, docetaxel, paclitaxel, and temozolomide 

are used as single agents, demonstrating their minimal effect on melanoma (A. S. Yang 

& Chapman, 2009). Combination regimens improve response rates, conferring a 

justification to evaluating a similar concept in canine melanoma patients. 

The use of various chemotherapeutic agents has also been evaluated in canine 

melanoma with the goal of limiting disease progression. The metastatic potential of canine 

melanoma is significant, with detectable spread in a quarter of canine digital melanomas 

and more than half of canine oral melanomas at the time of initial diagnosis (Manley et 

al., 2011; Proulx et al., 2003), which stresses the need for effective systemic treatment.  

Temozolomide has been evaluated in combination with radiation therapy in a non-

randomized clinical trial with dogs affected by melanoma involving any site. Dogs 

receiving radiation only had a response rate of 87%, which was comparable to the group 

receiving radiation and temozolomide, with a response rate of 81%. Although there was 
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no statistically significant difference in survival, time to progression was improved from 

110 days to 205 days with the addition of temozolomide (Cancedda et al., 2016). The 

safety profile and maximum tolerated dose of temozolomide were recently established in 

an advanced tumour bearing dog dose escalation study in which 26 dogs (79% of the 

patients) were affected by melanoma (Marconato et al., 2020). The conclusion was that 

temozolomide can be administered up to once daily at 150 mg/m2 for 5 consecutive days 

every 4 weeks. The temozolomide dose intensity in Marconato’s study is higher than the 

one in the Cancedda’s study, in which the dose administered was 60 mg/m2 for 5 doses 

over 2.5 weeks (Cancedda et al., 2016; Marconato et al., 2020). Although the safety 

profile of the maximum tolerated dose is yet to be established when administered 

concurrently with radiotherapy, the combination of radiation therapy, and higher dose 

temozolomide may represent a promising treatment for canine melanoma.  

Another protocol that was evaluated was the combination of cisplatin and 

piroxicam in a clinical trial of oral tumour bearing dogs. With a response rate of 18% in 

dogs affected by oral melanoma, and renal toxicity observed in 35% of all patients, the 

use of this protocol is discouraged in canine oral melanoma patients (Boria et al., 2004). 

In a retrospective study, no difference was detected between canine patients undergoing 

oral melanoma surgical excision alone and canine patients receiving adjuvant systemic 

chemotherapy (including carboplatin, dacarbazine, doxorubicin, lomustine, metronomic 

chemotherapy or melanoma vaccine) following the surgical excision. The median survival 

time was 352 days for the first group and 335 days for the second. As part of the 
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limitations, the retrospective nature of the study and wide array of adjuvant treatments 

received by the patients precluded any powerful comparison of the anti-neoplastic activity 

from one agent to another (Boston et al., 2014). The specific role of carboplatin has been 

reviewed more intensively and will be discussed in the next paragraphs. Failure of 

chemotherapy to improve outcome demonstrates the chemo-resistant nature of 

melanoma. 

 

1.4.4 Carboplatin  

Evaluation of the effect of carboplatin, a platinum anti-neoplastic agent, has 

resulted in variable results and its use for the adjuvant treatment of canine melanoma 

remains controversial. Carboplatin administration may have a direct effect on the primary 

tumour, as a response rate of 28% is reported with single-agent carboplatin in a 

macroscopic disease setting after local recurrence (Rassnick et al., 2001). In this study, 

carboplatin was administered at a dose of 300 mg/m2 in small dogs weighing less than 

15 kg and at a dose of 350 mg/m2 in dogs heavier than 15 kg (Rassnick et al., 2001). It 

also appears that carboplatin administration could increase the interval between surgical 

excision of oral melanomas and local recurrence. More precisely, one study showed that 

dogs treated with surgery alone had a local recurrence 123 days post-operation versus 

303 days in dogs treated with surgery and adjuvant carboplatin, but the number of patients 

in each group was small. While the chemotherapeutic agent may initially delay the tumour 
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regrowth, an influence on overall survival has not been observed with its addition 

(Brockley et al., 2013). To note, this study utilized a lower, but still clinically acceptable 

carboplatin dose of 300 mg/m2, which could have resulted in a poorer response compared 

to the more dose-intensive Rassnick study (Brockley et al., 2013; Rassnick et al., 2001). 

Carboplatin does not appear to delay the onset of metastasis in canine melanoma. 

The interval before the appearance of pulmonary nodules when a cytoreductive excision 

of the primary tumour with or without adjuvant radiation therapy is followed by carboplatin 

is about four months (Dank et al., 2014). In one study, oral melanoma patients developed 

distant metastasis despite the administration of systemic carboplatin at a similar rate 

(29%) to historical control patients receiving local therapy alone (23-32%) (Dank et al., 

2014). When treated with radiation therapy, dogs affected by oral melanoma do not 

appear to benefit from the platinum chemotherapy administration, as their survival times 

are similar to untreated dogs (Proulx et al., 2003). The mean survival time in patients 

receiving palliative care, such as antibiotic and analgesic administration, is 147 days, 

which is not statistically different when compared to the survival of patients receiving 

carboplatin (Brockley et al., 2013). Of note, those studies were retrospective in nature 

and therefore may not be representative of the real clinical benefit of carboplatin 

administration. It is possible that carboplatin contributes to improve local control of canine 

oral melanoma, but its use as a single agent may not be sufficient in delaying the onset 

of distant metastasis (Dank et al., 2014; Rassnick et al., 2001).  
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Despite the disappointing effects of carboplatin on survival, benefits observed 

following its administration are encouraging, given the resistant nature of melanoma 

against chemotherapeutic agents. Based on a review of chemotherapy use in human 

metastatic melanoma, the development of a drug as an adjuvant therapy in clinical trials 

should be considered only if its response rate is higher than 20% (A. S. Yang & Chapman, 

2009). With a reported 28% response rate on canine melanoma (Rassnick et al., 2001), 

there is rationale for carboplatin to be combined with other systemic treatments to improve 

response rate and potentially extend time to tumour metastasis and overall survival. 

 

1.4.5 Immunotherapy 

One of the most promising recent advances in anti-cancer treatment in human 

medicine is the development of immune therapies, such as checkpoint inhibitors. 

Although this discovery has been promising, its use in veterinary medicine remains 

limited. The expression of programmed death ligand-1 (PD-L1), an immune checkpoint 

molecule, has been found to be elevated in a proportion of canine oral melanoma 

samples, with 36/40 (90%) samples affected based on immunohistochemistry (Maekawa 

et al., 2016). In research from the same group, an anti-tumour response was detected in 

1/7 (14%) dogs after the administration of c4G12, a monoclonal antibody against PD-L1. 

In addition, treatment with the drug increased cytokine production and mononuclear cell 
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proliferation (Maekawa et al., 2017). Further studies are necessary to explore this new 

treatment modality. 

Different immunotherapeutic strategies have been studied for the treatment of 

canine melanoma (Barutello et al., 2018). One that has attracted special attention is the 

development of a xenogeneic deoxyribonucleic acid (DNA) vaccine encoding for human 

tyrosinase. The commercially available ONCEPT melanoma vaccine is The Food and 

Drug Administration (FDA)-approved for canine patients with locally controlled stage II-III 

oral melanoma (McLean & Lobetti, 2015). The goal of the vaccination process is for the 

patient to mount humoral and cytotoxic responses against the malignant melanocytes 

(Bergman et al., 2003; Grosenbaugh et al., 2011). Production of specific anti-tyrosinase 

antibodies has been documented in 3/9 (33%) canine melanoma cases with a timeline 

corresponding to clinical regression of the tumour (Liao et al., 2007). While some data 

suggest benefit to the administration of the melanoma vaccine (Bergman et al., 2003; 

Grosenbaugh et al., 2011; McLean & Lobetti, 2015), this information remains 

controversial (Ottnod et al., 2013; Verganti et al., 2017). In light of the poor response of 

melanoma to conventional chemotherapy and documented safety of the vaccine, its use 

remains common practice in veterinary oncology (Grosenbaugh et al., 2011). 
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1.4.6 Outcome 

Current literature on canine oral melanoma is based on clinical observations that 

are retrospective in nature, frequently lacking control groups, with a limited number of 

individuals and highly variable treatments between patients, rendering comparison of 

treatment modalities challenging. Furthermore, classification of canine oral melanoma is 

not uniform and clearly defined throughout the studies, leading to doubtful and 

controversial data interpretation. 

Local recurrence is indeed a concern, but the ability of the tumour to rapidly 

disseminate systemically remains the main threat to patient survival (Freeman et al., 

2003; Proulx et al., 2003). Metastasis to the lymph nodes and lungs are diagnosed in 

59% and 7% respectively at time of presentation (Proulx et al., 2003). Eventually, 

approximately half of dogs will develop distant metastasis (Freeman et al., 2003; Proulx 

et al., 2003) in less than a year (Freeman et al., 2003). Based on the established oral 

melanoma WHO staging scheme, the reported median survival is 511 days, 160 days, 

and 168 days for stage I, II, and III respectively (MacEwen et al., 1986). Of note, there 

were no patients with stage IV disease in this study. Despite improvement in treatment 

options and more aggressive therapy, the median survival time remains about 7-14.5 

months (Bateman et al., 1994; Brockley et al., 2013; Dank et al., 2014; Freeman et al., 

2003; Proulx et al., 2003). 
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1.5 Molecular biology  

1.5.1 Growth signaling  

At the molecular level, signals that are external to the cell stimulate or inhibit certain 

pathways, resulting in an array of biological effects (Hanahan & Weinberg, 2000). Cellular 

signaling is an organized stepwise process that is tightly regulated through inhibitory 

signal feedback (Easty et al., 2011). Upregulation of certain pathways or failure to 

respond appropriately to these signals may result in uncontrolled growth and proliferation 

of the cell, potentially leading to malignant transformation (Hanahan & Weinberg, 2000). 

Tyrosine kinases are a family of transmembrane receptors or cytoplasmic proteins and 

their role in the cell is to control growth and survival through different intermediary proteins 

(Easty et al., 2011). Some of the growth regulator proteins that have been studied in 

melanoma include proteins that form part of the Ras-Raf-MEK-ERK and the 

PI3K/AKT/mTOR pathways. 

 

1.5.2 Tumour suppressor genes 

A diversity of molecules may contribute to melanoma pathogenesis, with the 

expression of various tumour suppressor genes often being repressed. Such alterations 

have been described in human melanomas, but only a paucity of information is available 

for canine melanoma (Modiano et al., 1999). Along with PTEN loss, p16 reduction was 
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noted in 27/33 (82%) and p53 in an abnormal location in 25/32 (78%) of samples 

examined in one study (Koenig et al., 2002). In another study, genome sequencing of 

human and canine melanomas was analyzed and revealed the presence of a somatic 

mutation in p53 in 15% of human mucosal melanomas, while only detected in 8% of 

canine oral melanomas (Wong et al., 2019). p16 is a cyclin-dependant kinase inhibitor 

and p53 is a major protein involved in DNA damage detection and repair responses. Both 

proteins are critical for normal progression through the cell cycle (Hanahan & Weinberg, 

2000). Mutations of tumour suppressor genes can have critical repercussions on cell 

homeostasis and their modification is often at the origin of tumour generation. 

 

1.5.3 Ras-Raf-MEK-ERK pathway  

The Ras-Raf-MEK-ERK pathway is vital for normal cellular biology as it regulates 

many cellular functions, such as differentiation, survival, migration, and senescence 

(Savoia et al., 2019). Proto-oncogene protein p21 (Ras) has three isoforms called 

GTPase HRas (HRAS), GTPase KRas (KRAS), and neuroblastoma RAS viral oncogene 

protein (NRAS). Rapidly accelerated fibrosarcoma (Raf) has also has three isoforms 

called serine/threonine-protein kinase A-Raf (ARAF), BRAF, and protein kinase raf 1 

(CRAF). Mitogen-activated protein kinase kinase (MEK) has two isoforms called MEK1 

and MEK2. Finally, extracellular signal-regulated kinase (ERK) has two isoforms called 

ERK1 and ERK2 (A. Sharma et al., 2012). Mutations in this pathway are frequent in 
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human melanomas, and its overactivation appears to play a major role in the 

pathogenesis. 

BRAF has been found to be mutated in as many as half of human melanomas, 

more specifically the replacement of valine by glutamate at codon 600 in 90% of the cases 

(Ascierto et al., 2012). Ultraviolet light is considered responsible for the introduction of 

somatic driver mutations, such as BRAF gene mutations, mainly through the generation 

of cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidone photoproducts. Those 

genetic modifications lead to genetic instability, predisposing cellular DNA to further 

mutations, which can lead to malignant transformation of the melanocytic cells 

(Besaratinia & Pfeifer, 2008). In humans, BRAF mutated melanomas are, for the most 

part, found on body parts exposed to the sun, and only rarely in mucosal or acral 

melanomas (Curtin et al., 2005; Wong et al., 2019). 

To a lesser extent, NRAS has been found to be altered in 15-20% of human 

melanomas (A. Sharma et al., 2012) and 20% of human mucosal melanomas more 

precisely (Wong et al., 2019). This finding is important, as RAS may control not only the 

Ras-Raf-MEK-ERK pathway, but also influences the activation of the PI3K/AKT/mTOR 

pathway (A. Sharma et al., 2012). 

The BRAF mutation is not prevalent in melanoma bearing dogs, with no dogs 

affected out of the 95 dogs investigated in one study (Gillard et al., 2014). In that same 

study, NRAS was altered in 3/95 (3%) dogs, all of which were affected by oral melanomas 

(Gillard et al., 2014). A second study supports the rarity of those mutations with 0/20 and 
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2/20 (10%) affected by BRAF and NRAS mutation respectively (Fowles et al., 2015). 

Along those lines, a third and more recent study comparing human and canine whole 

genome sequencing reported mutated BRAF in 3% and NRAS in 11% (Wong et al., 

2019). Taken together, this information suggests that mutations in Ras-Raf-MEK-ERK 

pathway are uncommonly found in canine melanoma samples. 

 

1.5.4 Targeting the Ras-Raf-MEK-ERK pathway  

Targeting BRAF, the most commonly mutated genes in the pathway Ras-Raf-

MEK-ERK in human melanoma, has improved the disease outcome. Vemurafenib, a 

BRAF inhibitor, was shown to improve the 12-month overall survival rate of advanced 

melanoma patients compared to dacarbazine, the standard of care chemotherapeutic 

agent (A. Sharma et al., 2012). Vemurafenib has not been used in canine melanoma due 

to the low BRAF mutation occurrence, but its effects have been evaluated in vitro in 

canine bladder urothelial carcinoma, where BRAF mutation is found in 70% cases 

(Cronise et al., 2019). 

 

1.5.5 PI3K/AKT/mTOR pathway  

PI3K/AKT/mTOR signaling pathway is vital to a variety of cellular functions, such 

as regulation of growth, proliferation, metabolism, and apoptosis (Chamcheu et al., 2019). 

This pathway is commonly dysregulated in human melanoma cell lines, as well as canine 
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melanoma cell lines, resulting in dysregulated cell proliferation (Calero et al., 2017; 

Fowles et al., 2015; Wei et al., 2016).  

PI3K/AKT/mTOR pathway regulation and roles are complex. Upon ligand binding 

to the receptor kinase on the cellular membrane, the receptor is phosphorylated, or in 

other words, activated. Subunits p85 and p110 join together and their binding results in 

the formation of a molecule called PI3K. Its role is to phosphorylate phosphoinositides. 

Phosphotidylinositol 4,5 biphosphate (PIP2) is transformed into phosphotidylinositol 3,4,5 

triphosphate (PIP3). As part of the cell’s homeostasis, this step is regulated by PTEN 

which dephosphorylates PIP3. PIP3 acts like a ligand to the PH domain of AKT, which is 

phosphorylated and recruited to the cellular membrane (Yap et al., 2008). Phosphorylated 

AKT activates the Tuberous Sclerosis Complex (TSC) complex. This action prevents it 

from switching off Ras homolog enriched in brain (Rheb), an activator of mTOR complex 

1 (mTORC1). Ultimately, AKT phosphorylation results in the activation of mTOR through 

the action of the aforementioned proteins (Zoncu et al., 2011). The pathway activation 

eventually promotes the formation of proteins, such as eukaryotic translation initiation 

factor binding protein (4E-BP1) and p70-s6 kinase (p70S6K) (Dufour et al., 2011; Yap et 

al., 2008). The pathway eventually leads to protein synthesis, cell growth, and survival 

(Figure 1). 
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Figure 1: PI3K/AKT/mTOR pathway. Rapamycin and everolimus inhibit mTOR. AKT, protein kinase B; GF, growth 
factor; mTOR, mechanistic target of rapamycin; p70S6K, p70-s6 kinase; PI3K, phosphatidylinositol-3-kinase; PIP2, 
phosphotidylinositol 4,5 biphosphate, PIP3 phosphotidylinositol 3,4,5 triphosphate; PTEN, phosphatase and tensin 
homologue. 
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The mTOR protein is of importance in this pathway as it represents a “druggable” 

target to inhibit the signaling cascade. It is an active participant in cell regulation through 

its integration into two different complexes. The first, mTORC1, is formed by regulatory-

associated protein of mTOR (Raptor), DEP domain-containing mTOR-interacting protein 

(DEPTOR), proline-rich AKT substrate of 40kDa (PRAS40) and mTOR, target of 

rapamycin complex subunit LST8 (mLST8) (Dufour et al., 2011). PRAS40 is mTORC1’s 

negative regulator (Zoncu et al., 2011). mTORC1’s principal role is to ensure translation 

initiation, protein synthesis, and autophagy inhibition through the phosphorylation of 

p70S6K and 4E-BP1 proteins (Dufour et al., 2011; Zoncu et al., 2011). mTORC1 

contributes to the G1-S phase progression (Dufour et al., 2011). The second complex, 

mTOR complex 2 (mTORC2) is made of rapamycin-insensitive companion of mechanistic 

target of rapamycin (Rictor), mTOR, mLST8, protein-rich protein 5 (PRR5), DEPTOR, and 

target of rapamycin complex 2 subunit MAPKAP1 (mSin1) (Dufour et al., 2011). mTORC2 

contributes to AKT’s phosphorylation, as well as activation of other proteins with 

proliferation and survival as an end result (Dufour et al., 2011). PI3K/AKT/mTOR is also 

a negative regulator of autophagy, which may contribute to its role in tumourigenesis 

(Zoncu et al., 2011). 

PI3K/AKT/mTOR pathway dysregulation may originate at different points in the 

pathway, such as mutations at the level of the receptor tyrosine kinase, PI3K subunits, 

AKT, and PTEN (Dufour et al., 2011). PTEN is a key player in the regulation of the 

pathway as a tumour suppressor gene (Hanahan & Weinberg, 2000). When genes 
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encoding for PTEN are downregulated, the absence of PI3K/AKT/mTOR pathway 

regulation results in its overactivation (Dufour et al., 2011). Mutation of PTEN has been 

noted in 2/95 (2%) canine patients affected by melanoma, or more precisely in 2/77 (3%) 

of oral melanomas (Gillard et al., 2014). In a second study, the mutation was also 

infrequent, with 3/65 (5%) canine oral melanomas being affected (Wong et al., 2019). In 

contrast, in another study, PTEN loss affected 4/7 (57%) of melanoma cell lines and 16/27 

(59%) of all dog melanocytic tumour samples examined (Koenig et al., 2002). These 

results show that although PTEN downregulation may be the cause of PI3K/AKT/mTOR 

pathway upregulation, other mechanisms may be implicated. 

 

1.5.6 Implication of the PI3K/AKT/mTOR pathway in cell metabolism   

The PI3K/AKT/mTOR signaling pathway plays an important role in the cell’s 

metabolism. As described by Hanahan in "Hallmarks of Cancer: The next generation", 

reprogramming energy metabolism has been described as one of the ten well-known 

hallmarks (Hanahan & Weinberg, 2011). One of these metabolic changes is the oxygen 

tension-insensitive transformation of glucose into lactate, called the Warburg effect 

(Warburg, 1956). While non-cancerous cells tend to use mitochondrial respiration for 

energy production when oxygen is available, cancer cells preferentially use the less 

efficient glycolytic pathway to produce ATP (Warburg, 1956). One of the important 

contributors of this mechanism is the hypoxia-inducible factor (HIF-1). Through different 
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mechanisms previously reviewed (Courtnay et al., 2015), the transcription factor HIF-1 

leads to aerobic glycolysis. HIF-1 was shown to be increased by the PI3K/AKT/mTOR 

pathway (Hudson et al., 2002). Therefore, upregulation of the PI3K/AKT/mTOR pathway 

in cancer cells can reconfigure their metabolism through inappropriate overactivation of 

HIF-1, leading to generation of lactate as a result of glycolysis in an oxygen-irrespective 

fashion. As a result, the evaluation of glycolysis is relevant in canine melanoma cells 

known to have an active PI3K/AKT/mTOR signaling pathway. 

Cellular metabolism can be measured with a number of methodologies. One way 

to measure oxidative phosphorylation and glycolysis in cancer cells in vitro in a high-

throughput manner is with the Agilent Seahorse bioanalyzer XFe. The Seahorse 

instrument measures the oxygen consumption rate (OCR) and the extracellular 

acidification rate (ECAR, mpH/min) by repeated sampling of conditioned media from cells 

grown in specialized 24-well or 96-well culture plates under a variety of conditions 

(Mookerjee et al., 2015; J. Zhang et al., 2012). The Agilent Seahorse bioanalyzer XFe 

uses pH sensitive probes to measure ECAR in real time (Wu et al., 2007). Extracellular 

pH is influenced by lactate produced by cells during glycolysis and CO2 produced during 

mitochondrial respiration (Mookerjee et al., 2015). Therefore, by monitoring the changes 

in extracellular pH through measurement of the ECAR while blocking mitochondrial 

respiration, the contribution of both mitochondrial respiration and glycolysis to the 

metabolism of the melanoma cells can be evaluated (Wu et al., 2007). 
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1.5.7 Targeting the PI3K/AKT/mTOR pathway  

Rapamycin is a commercially available immunosuppressive agent. It is approved 

by the FDA for human patients receiving renal transplant or for patients affected by 

lymphangioleiomyomatosis (RAPAMUNE (Rapamycin) Label, 2011). It is known 

commercially under the name of Rapamune. Rapamycin acts as a small-molecule 

inhibitor that targets mTOR through allosteric regulation (Zoncu et al., 2011). Allosteric 

regulation designates the change of conformation of a given ligand-binding site, when a 

substance or drug binds at certain site, called an allosteric site. The mechanism by which 

rapamycin turns off mTOR is by binding to the FKBP-12 protein, which paralyzes the 

activity of mTORC1 specifically (Zoncu et al., 2011). Although most of the inhibition 

happens by downregulation of mTORC1, some evidence suggests that it may also 

partially inhibit mTORC2 (Sarbassov et al., 2006). Rapamycin appears to be inhibiting 

p70S6K completely, whereas only partially inhibiting 4E-BP1 (Thoreen et al., 2009). This 

finding means that a positive feedback loop by 4E-BP1 may contribute to rapamycin 

resistance (Thoreen et al., 2009). Inhibition of mTORC1 by mTOR inhibitors results in 

autophagy induction (Zoncu et al., 2011). Amino acid deprivation also results in the same 

effect (Thoreen et al., 2009). This means that in situations of stress, mTORC1 is inhibited, 

resulting in emergency degradation of the intracellular organelles, promoting cell survival 

in some cases, but also cell death in others (Zoncu et al., 2011).  

Everolimus is another mTOR inhibitor approved by the FDA. It is used in different 

cancers including HER2-negative breast cancer as a rescue agent, advanced 



 

 

33 

 

neuroendocrine tumours of pancreatic origin, renal cell carcinoma as a rescue agent, 

renal angiomyolipoma and unresectable subependymal giant cell astrocytoma. Its 

commercial name is Afinitor. It is an analog of rapamycin, designated as a rapalog. The 

main molecular target of mTOR is also mTORC1, but it also partially downregulates 

mTORC2 (AFINITOR (Everolimus) Tablet, 2012).  

Evidence has shown that inhibiting the PI3K/AKT/mTOR pathway has an inhibitory 

effect on canine melanoma cell growth in vitro (Kent et al., 2009). In three different canine 

oral melanoma cell lines, AKT, mTOR, and p70S6K, as well as their phosphorylated forms 

were shown to be expressed by the tumour (Kent et al., 2009). Cell exposure to rapamycin 

resulted in decreased expression of phosphorylated (active) form of both mTOR and 

p70S6K over a 24-hour period (Kent et al., 2009). Furthermore, surviving fraction of 

melanoma cell lines was significantly decreased by the administration of rapamycin (Kent 

et al., 2009). A second study confirmed that the PI3K/AKT/mTOR pathway can be 

inhibited by rapamycin in CML-6M and 17CM98 melanoma cell lines (Fowles et al., 2015).  

While mTOR inhibition appears to be an attractive anti-neoplastic method, 

resistance mechanisms to conventional mTOR inhibitors have been elucidated in people 

(Carew et al., 2011). Metastatic melanoma clinical studies have demonstrated that 

targeting mTOR with rapamycin analogs is insufficient on its own to result in a significant 

clinical benefit (Margolin et al., 2005). Different mechanisms have been proposed for the 

resistance to rapalogs. One example of those mechanisms is the modification of the 

target molecule, in this case FKBP-12, that may result in failure to bind to mTORC1. 
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Another mechanism is the upregulation of upstream proteins such as AKT by mTORC2, 

which may circumvent the blockade of mTORC1 (Carew et al., 2011). To overcome those 

mechanisms, the addition of a second drug to potentiate the effects of rapalogs or to stop 

the feedback loops by targeting PI3K amongst others has been shown to improve the 

response to treatment (Carew et al., 2011).  

The demonstrated clinical activity of carboplatin against canine melanoma in vivo 

and the target modulation observed in vitro after administration of rapamycin in canine 

melanoma cell lines led to the design of this study.  

 

1.6 Melanoma cell lines  

It is crucial to recognize the contribution of preclinical models to understand their 

importance as a first line in cancer therapy research. Preclinical tumour models are 

invaluable tools in the evaluation of anti-cancer therapy as previously reviewed (S. V. 

Sharma et al., 2010). Those models include monoculture cell lines, three-dimension cell 

cultures, co-culture cell line prototypes, mice genetically selected to develop a specific 

tumour and xenograft models (S. V. Sharma et al., 2010). Compilations of histology-

specific cancer type samples (called collections) represent cells collected from cancer-

bearing patients. They have been shown to facilitate the analysis of genomic 

heterogeneity and therefore allow for evaluation of drug sensitivity based on gene 
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expression (S. V. Sharma et al., 2010). Panels gathering several human cancer types, 

such as the National Cancer Institute NCI60 panel, have been established for drug 

response evaluation purpose (Shoemaker, 2006). 

The contribution of multiple cell line testing in melanoma specifically was evaluated 

by Lin and colleagues in a study regrouping 101 human melanoma cell lines (W. M. Lin 

et al., 2008). The study described the diversity of genes expressed in different samples 

and the correlation to drug response (W. M. Lin et al., 2008). This observation is especially 

relevant to the current study, as Lin’s study demonstrated the importance of using multiple 

cell lines in the evaluation of treatment efficacy to better encompass the heterogeneity of 

this disease. 

To date, a single cancer panel has been created for dogs; the Flint Animal Cancer 

Center (FACC) panel (Fowles et al., 2017). Canine cancer cell lines found in the panel 

were previously characterized using different genetic assays (Fowles et al., 2017). They 

include five canine melanoma cell lines, namely CML-6M, CML-10c2, 17CM98, Jones 

and Parks (Fowles et al., 2017). Creation of the panel represents a useful tool for future 

neoplastic disease research in dogs. 
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1.7 Rationale   

1.7.1 Objectives 

Human melanoma is an aggressive illness with significant metastatic potential. 

Like their human counterpart, canine melanoma is a malignant tumour with rapid 

progression leading to death. Previous work has demonstrated the upregulation of the 

PI3K/AKT/mTOR pathway in both species. Like in humans, targeting this pathway in 

canine patients appears to be a logical step forward. Rapamycin and other rapalogs have 

been used for the treatment of various neoplasia such as melanoma. They have been 

used as a sole treatment or combined with other anti-neoplastic agents. Their inhibitory 

effects on mTOR are at the origin of their anti-tumoural properties. Resistance to those 

drugs are in part due to the feed-back loops that exist in the pathway. Coupling mTOR 

inhibitors with other drugs, such as chemotherapy, is one strategy that has been 

documented to improve response to treatment in human medicine. Unfortunately, failure 

to prevent progression of the tumour is mainly attributable to the tumour’s poor response 

to systemic chemotherapy. One of the few chemotherapeutic agents documented to 

result in clinical tumour shrinkage of melanoma in dogs is carboplatin, a platinum agent. 

Based on that information, incorporation of an mTOR inhibitor with carboplatin in the 

treatment of canine melanoma might be beneficial and improve survival of dogs affected 

by melanoma. 



 

 

37 

 

The objectives of the study were to evaluate the effects of rapamycin and 

everolimus, both small-molecule inhibitors of mTOR, on canine melanoma cell lines as 

single agents and when combined with carboplatin. More precisely, the goal was to 

assess the effects of the drugs on cell viability, cellular apoptosis, signaling protein 

modulation, and cellular metabolism through standard laboratory assays, 

 

1.7.2 Hypotheses   

The main hypothesis is that the combination of rapalogs and carboplatin will be 

synergistic and have anti-neoplastic effects on canine melanoma. More precisely, the 

hypotheses are that: 

1. Treatment with mTOR inhibitors and carboplatin will result in decreased cell 

viability and that their combination will be synergistic. 

2. Treatment with mTOR inhibitors and carboplatin will increase cell death by 

apoptosis. 

3. mTOR inhibitors will modulate the expression of mTOR and its downstream 

protein products. 

4. Treatment with mTOR inhibitors will decrease activity of the cell glycolytic 

pathway. 
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2 Chapter 2: Investigation of the effects of mTOR inhibitors 

rapamycin and everolimus in combination with carboplatin 

on canine melanoma cells 

2.1 Introduction 

Canine melanoma is a malignant tumour arising from the melanocytes that produce 

pigmentation of the epithelium (Smith et al., 2002). Sites commonly affected in dogs 

include the oral cavity and digits (Smith et al., 2002). Rapid local recurrence after surgical 

excision and adjuvant carboplatin, with or without radiation therapy is reported in 41% of 

the patients (Dank et al., 2014), illustrating the neoplasm’s local invasiveness. Moreover, 

significant metastatic potential has been described in oral melanoma, with lymph node 

and lung metastasis in 59% and 7% of cases respectively at time of presentation (Proulx 

et al., 2003). Similarly, a metastatic rate of 27% was observed in digital melanomas at the 

time of initial staging (Manley et al., 2011). While the outcome is variable, most patients 

succumb to rapid disease progression despite treatment (Bateman et al., 1994; Brockley 

et al., 2013; Dank et al., 2014; Freeman et al., 2003; Proulx et al., 2003).   

One of the mainstays in oncology to address residual disease after surgery or to 

prevent metastatic events in aggressive cancers is the use of chemotherapeutic agents. 

The addition of adjuvant chemotherapy following surgical excision doesn’t appear to 

extend survival, suggesting that melanoma is largely resistant to conventional 
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chemotherapy (Boston et al., 2014; Brockley et al., 2013). One of the more efficacious 

conventional chemotherapeutics used to treat canine melanomas is carboplatin, which 

reduces tumour size in only 28% of patients only when administered alone (Rassnick et 

al., 2001). Therefore, novel strategies targeting important cellular pathways in canine 

melanoma are currently needed to potentiate the effects of chemotherapy and positively 

impact disease outcome.   

One of the pathways shown to be aberrantly overactivated in human and canine 

melanoma is the PI3K/AKT/mTOR signaling cascade (Chamcheu et al., 2019; Wei et al., 

2016). This pathway is critical for cellular metabolism, growth, and survival (Chamcheu 

et al., 2019). In some cases, overactivation of this cellular signal is due to a mutation/loss 

in the tumour suppressor gene PTEN (Pópulo et al., 2012), which has been reported in 

up to 59% of canine melanocytic tumours (Koenig et al., 2002). Rapamycin and 

derivatives like everolimus, commonly called “rapalogs”, are small molecules that target 

mTOR, thereby altering/inhibiting the PI3K/AKT/mTOR pathway (Carew et al., 2011). 

Both of these drugs are well established, commercially available compounds that make 

them advantageous for future studies in dogs and humans. Exposure to rapamycin 

decreases both the active form of mTOR and its active downstream protein p70S6K, 

resulting in decreased surviving fraction of canine melanoma cell lines in vitro (Kent et 

al., 2009).   

Since both rapamycin and carboplatin have each demonstrated measurable 

responses in canine melanoma as single agents, the goal of this study was to evaluate 
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the combined effect of mTOR small molecule inhibitors when coupled with 

carboplatin. The study was conducted using multiple canine melanoma cell lines and 

laboratory assays for cancer cell growth/viability, apoptosis, target modulation, and 

glycolytic metabolism. It was hypothesized that combination treatment will result in 

decreased viability, inhibition of the mTOR pathway, and increased cellular apoptosis. It 

was hypothesized that the treatment with mTOR inhibitors will translate to reduction of 

the glycolytic pathway. 

 

2.2 Materials and methods 

2.2.1 Cell culture 

Four canine melanoma cell lines were used. CML-1, CML-6M, and CML-10c2 cell 

lines were acquired from Auburn University and 17CM98 from the University of 

Wisconsin-Madison (Table 1). CML-1, CML-6M, CML-10c2, and 17CM98 originated from 

an oral melanoma, a lymph node metastasis from a primary cutaneous melanoma, a 

primary cutaneous melanoma, and a lymph node metastasis from a primary oral 

melanoma, respectively (Chon et al., 2013; Wolfe et al., 1987). Cells were grown in 

monolayer culture in Dulbecco’s Modified Eagle Medium (DMEM) (Wisent, St-Bruno, 

Quebec) with 10% fetal bovine serum (FBS) (Wisent, St-Bruno, Quebec), 100 U/mL 

penicillin/streptomycin and 2.50 µg/mL amphotericin-B (Thermo Fisher Scientific, 
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Waltham, Massachusetts) added to the media. Cell cultures were kept in a controlled 

environment at 37°C humidified air and 5% CO2.  

 

2.2.2 Chemical reagents 

Stock solutions of carboplatin (Accord Healthcare, Kirkland, Quebec) were 

maintained at 10 mg/ml, diluted in culture medium. Carboplatin (Accord Healthcare, 

Kirkland, Quebec) was acquired from the Ontario Veterinary College pharmacy. Stock 

rapamycin (Selleckchem, Houston, Texas) and everolimus (Selleckchem, Houston, 

Texas) were maintained 10 mM, diluted in dimethyl sulfoxide (DMSO) (Sigma‐Aldrich, St. 

Louis, Missouri). 

 

2.2.3 Cell viability  

Cell viability was evaluated using the crystal violet assay. Briefly, cells were quantified 

using a Countess automated cell counter (Invitrogen, Carlsbad, California) and seeded 

at 3 x 103 cells/well in a 96-well plate. After 24 hours, cells were incubated with carboplatin 

(0.0001 - 900 000 nM), rapamycin (0.001 - 100 000 nM) or everolimus (0.001 - 100 000 

nM). Colourimetric assay using crystal violet was performed after 72 hours of incubation 

with the drugs. All media and drugs were removed from the wells. 0.5% crystal violet 

biological stain (Thermo Fisher Scientific, Waltham, Massachusetts) diluted in 20 % 
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methanol (Thermo Fisher Scientific, Waltham, Massachusetts) was instilled in each well 

to evaluate cell viability. The stain was left for ten minutes and gently rinsed with deionized 

water. Overnight drying was followed by the addition of 10% acetic acid (Thermo Fisher 

Scientific, Waltham, Massachusetts). Plates were rocked at 40 revolutions per minute 

(RPM) for fifteen minutes and read by a microplate reader Synergy 2 (BioTek, Winooski, 

Vermont) at an absorbance of 590 nm. Carboplatin results were normalized to a vehicle 

control of culture medium, and rapamycin and everolimus were normalized to DMSO.  

The experiment was performed once in each cell line. 

 

2.2.4 Drug combination experiments 

Harvesting conditions and protocols matched those of viability experiments described 

above. Five drug concentrations were paired combining carboplatin (3 – 300 µM) with a 

small molecule inhibitor (0.1 – 10 nM). Experiments were run in triplicate for each cell 

line. 

 

2.2.5 Apoptosis 

Cells were quantified using a Countess automated cell counter and were seeded into 

6-well plates at 2.5 x 105 cells per well and incubated for 24 hours. Cells were treated 

with single-agent carboplatin (15 µM), rapamycin (10 nM), everolimus (10 nM) or a 
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combination treatment for 24 hours or 72 hours. Cells were then collected and stained 

with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide 

(eBioscience, San Diego, California) to detect apoptosis by flow cytometry. The positive 

control samples were obtained by heat shock; an aliquot containing the corresponding 

cell line was immersed in 100 degrees Celsius water for 30 seconds to induce apoptosis. 

Flow cytometry was performed on a BD Accuri C6 flow cytometer (BD Biosciences, 

Franklin Lakes, New Jersey) at 5 x 104 events per group. Spillover between FITC and PI 

(FL1 and FL3 channels) was accounted for and compensated. Experiments were run in 

duplicate for each cell line. 

 

2.2.6 Protein extraction 

Cells were quantified using a Countess automated cell counter and were seeded into 

6 cm plates at 5 x 105 cells/well. Cells were incubated for 6 hours in culture media and 

then resuspended in starvation culture media using DMEM high glucose (Wisent, St-

Bruno, Quebec) with 0.1% FBS, 100 U/mL penicillin/streptomycin, and 2.50 µg/mL 

amphotericin-B for 18 hours. Incubation was followed by administration of single agent 

carboplatin (15 µM), rapamycin (10 nM) or everolimus (10 nM), or a combination 

treatment for 24 hours. Cells were preincubated for 15 minutes with 2 mM sodium 

orthovanadate (Alfa Aesar, Haverhill, Massachusetts) as a pre-treatment to preserve 

phosphorylated proteins. Protein was extracted in complete lysis buffer (Cell Signaling 
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Technology, Danvers, Massachusetts) containing 20 mM Tris‐HCl (pH 7.5), 150 mM 

NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton‐X 100, 2.5 mM sodium pyrophosphate, 

1 mM β‐glycerophosphate, 1 mM sodium orthovanadate, 1 μg/mL leupeptin, 1 mM PMSF, 

2 μg/mL aprotinin, and 1% phosphatase inhibitor cocktail II. Plates were incubated on ice 

for 5 minutes followed by cell scraping. Collected protein was incubated for 20 minutes 

on ice prior to collection of supernatant. Protein concentration was quantified by the 

Bradford protein assay (Bio-Rad, Hercules, California) using a bovine serum albumin 

(BSA) standard curve.   

 

2.2.7 Immunoblotting  

Protein lysates were loaded onto 7.5% or 10% sodium dodecyl sulfate polyacrylamide 

gels and run through electrophoresis using 20 μg of protein per well. A wet transfer was 

performed onto a polyvinylidene difluoride membrane (Bio-Rad, Hercules, California) and 

then blocked in 5% BSA (Wisent, St-Bruno, Quebec) in Tris-buffered saline tween 20 

(TBST) (Bio-Rad, Hercules, California) for 1 hour. Membranes were incubated overnight 

at 4°C with the following rabbit primary antibodies: monoclonal phosphorylated 

mechanistic target of rapamycin (p-mTOR) #5536S, monoclonal mechanistic target of 

rapamycin (mTOR) #2983S, monoclonal phosphorylated p70-s6 kinase (p-p70S6K) 

#9234S, monoclonal p70 S6 kinase (p70S6K) #2708S, polyclonal phosphorylated protein 

kinase B (p-AKT) #9271S, and monoclonal protein kinase B (AKT) #4691S (Cell Signaling 
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Technology, Danvers, Massachusetts) diluted 1:1000 in BSA. The mouse primary 

monoclonal antibody alpha-tubulin #T5168 (Sigma-Aldrich, Saint-Louis, Missouri) diluted 

1:5000 in BSA was used as a loading control. Secondary rabbit or mouse antibodies 

conjugated to horseradish peroxidase (Cell Signaling Technology, Danvers, 

Massachusetts) were used for chemiluminescence imaging by a ChemiDoc MP imaging 

system (Bio-Rad, Hercules, California).   

 

2.2.8 Metabolism and glycolysis 

A Seahorse XFe24 analyzer (Agilent Technologies, Santa Clara, California) was used 

to measure the effects of small molecule inhibitors on metabolism of the four cell lines. 

Cells were quantified using a Countess automated cell counter and seeded in Seahorse 

XFe24 24-well cell culture microplates (Part No: 100777-004) at 4 x 104 cells per well and 

incubated for 24 hours. Cells were treated with rapamycin (10 nM) and everolimus (10 

nM) for 24 hours. Cells were rinsed and resuspended in Seahorse XFe media (cat# 

102353-100) with 2 mM L-glutamine (Thermo Fisher Scientific, Waltham, Massachusetts) 

prior to performing a glycolytic stress test as per the manufacturer’s protocol. Glucose (10 

mM), oligomycin (1 µM), and 2-deoxy-D-glucose (2-DG) (100 mM) were added into port 

A, B, and C, respectively obtained from the Seahorse XFe24 Extracellular Flux Assay Kit 

(Part No: 102340-100) for real-time injection into the media. Blank wells were set to A1, 

B4, C3, and D6.   
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2.3 Statistical analysis 

Half-maximal inhibitory concentration (IC50) curves were generated using a non-

linear regression model and Hill’s equation in GraphPad Prism 6 (GraphPad Software 

Inc, La Jolla, California). Combination indexes (CIs) were calculated based on the Chou-

Talalay method using CompuSyn (ComboSyn Inc, Paramus, New Jersey). Flow 

cytometry data was analyzed using FlowJo V10 (FlowJo LLC, Ashland, Oregon). One-

way ANOVA and post hoc analysis using the Dunnett multiple comparisons test was used 

to compare treated groups to the vehicle DMSO control. Seahorse data was analyzed 

with Wave 2.0 (Agilent Technologies, Santa Clara, California) to obtain ECAR for non-

glycolytic acidification, glycolysis, glycolytic reserve, and glycolytic capacity. An unpaired 

t-test and post hoc analysis using the Dunnett method were performed for analysis of the 

Seahorse data. Statistical significance was set to p < 0.05 where indicated.  

 

2.4 Results 

2.4.1 Cell viability after carboplatin, rapamycin or everolimus treatment 

The viability of each cell line was evaluated after single-agent treatment to guide the 

choice of drug doses for subsequent combination experiments. The IC50 values obtained 
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were variable throughout the four cell lines; the IC50 of rapamycin ranged between 9.0 x 

103-1.0 x 1013 nM and IC50 of everolimus ranged between 7.2 x 103-1.3 x 104 nM. The 

IC50 of carboplatin ranged between 2.3-24.2 µM depending on the cell line (Figure 2). 
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Figure 2: Cell viability curves after 72-hour treatment with increasing dose of rapamycin, everolimus and carboplatin. Cell viability was measured by staining with 
crystal violet. Crystal violet assays indicate that chemotherapy drug carboplatin decreases viability of canine malignant melanoma cells. IC50 values were variable 
among the cell lines evaluated with administration of mTOR inhibitors. IC50, half-maximal inhibitory concentration; mTOR, mechanistic target of rapamycin. 
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2.4.2 Effect of drug combination on cell viability 

The combination treatment of rapamycin and carboplatin resulted in a CI value below 

1, indicating drug synergy when used in combination compared to the use of either single 

agent. The effect was stronger when lower-dose pairings were used. As higher dose 

pairings were administered, CI values were above 1 for some cell lines, indicating no 

significant superiority compared to single agent use. The mean CI value for 

rapamycin/carboplatin treatment for all cell lines combined was 0.14 ± 0.18 for the lowest 

dose pairing and 0.84 ± 0.45 for the highest dose pairing (Figure 3 and 4). A similar trend 

was observed in the everolimus and carboplatin combination treated cell lines. The mean 

CI value for everolimus and carboplatin treatment for all cell lines combined was 0.11 ± 

0.06 for the lowest dose pairing and 1.20 ± 0.78 for the highest dose pairing (Figure 5 

and 6). 
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Figure 3: Effect on viability after 72-hour treatment with dose pairing of chemotherapy drug carboplatin and rapamycin. 
Crystal violet relative absorbance at 590 nm was measured after treatment with carboplatin and rapamycin combination. 
The X-axis and the Y-axis represent dose pairings and relative viability respectively. Experiments were performed in 
triplicate. 
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Figure 4: Effect on viability after 72-hour treatment with dose pairing of chemotherapy drug carboplatin and rapamycin. 
CI was calculated for all pairings. The X-axis and the Y-axis represent dose pairings and CI values respectively. The 
bars indicate the mean CI values. CI < 1 synergistic, CI = 1 additive, and CI > 1 antagonistic. Experiments were 
performed in triplicate. Lower concentration dose pairings exhibit a synergistic effect. CI, combination index. 
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Figure 5: Effect on viability after 72-hour treatment with dose pairing of chemotherapy drug carboplatin and everolimus. 
Crystal violet relative absorbance at 590 nm was measured after treatment with carboplatin and everolimus 
combination. The X-axis and the Y-axis represent dose pairings and relative viability respectively. Experiments were 
performed in triplicate. 
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Figure 6: Effect on viability after 72-hour treatment with dose pairing of chemotherapy drug carboplatin and everolimus. 
CI was calculated for all dose pairings The X-axis and the Y-axis represent dose pairings and CI values respectively. 
The bars indicate the mean CI values. CI < 1 synergistic, CI = 1 additive, and CI > 1 antagonistic. Experiments were 
performed in triplicate. Lower concentration dose pairings exhibit a synergistic effect. CI, combination index. 
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2.4.3 Effect of carboplatin, rapamycin and everolimus on apoptosis 

To evaluate if cell viability was affected by apoptosis, annexin V and PI expression 

were measured with flow cytometry. Significant early and late apoptosis were not 

observed after 24-hour drug treatment. However, 72-hour treatment resulted in a 

significant increase in early apoptosis in the group treated with the rapamycin and 

carboplatin combination compared to the vehicle control (p ˂ 0.0001). Significant late 

apoptosis was noted in the group treated with single agent carboplatin (p ˂ 0.01), with 

rapamycin and carboplatin combination (p ˂ 0.01), and with everolimus and carboplatin 

combination (p ˂ 0.001). Interestingly, a subjective increase in early apoptosis was noted 

in the group treated with single agent carboplatin and with everolimus and carboplatin 

combination, which did not reach significance (Figure 7). 
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Figure 7: Flow cytometry apoptosis analysis after 24-hour or 72-hour treatment with carboplatin (15 µM), everolimus 
(10 nM), or rapamycin (10 nM) as a single agent drug or in combination. Combined analysis of early and late apoptosis 
fractions encompassing all cell lines comparing single agent, combination, and vehicle treatments. Cells were stained 
with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide. X-axis and Y-axis represent 
treatments administered and % of control apoptosis respectively. Experiments were performed in duplicate. None of 
the treatments resulted in a significant increase in apoptosis after 24-hour treatment. After 72-hour treatment, a 
significant increase in early apoptosis were observed in the group treated with rapamycin and carboplatin combination 
compared to the vehicle control. A significant increase in late apoptosis was noted in the groups treated with carboplatin 
single-agent, rapamycin and carboplatin combination, and everolimus and carboplatin combination. Significance was 
recorded at ** p < .01, *** p < .001, **** p < .0001 using a one-way ANOVA, Dunnett’s multiple comparisons test, 
comparing treated groups to the vehicle control (DMSO). C, carboplatin; DMSO, dimethyl sulfoxide; E, everolimus; n.s., 
non-significance; R, rapamycin. 



 

 

56 

 

2.4.4 Effect of carboplatin, rapamycin and everolimus on signaling protein 

expression 

The potential mechanisms for the observed decrease in cell viability and increase 

in apoptosis were evaluated. To confirm that rapamycin and everolimus acted through 

their canonical effect in melanoma cell lines in vitro, the expression of upstream and 

downstream proteins to mTOR was qualitatively assessed with western blotting. 

Immunoblotting revealed the presence of native AKT and its phosphorylated active 

form in all four melanoma cell lines. AKT was not affected by treatment with either 

carboplatin or mTOR inhibitors. Single-agent carboplatin did not affect mTOR nor its 

downstream protein p70S6K in any cell line.  

Rapamycin as a single agent decreased p-mTOR in CML-1, CML-6M, CML-10c2, 

and 17CM98. It also decreased p-p70S6K in CML-1, CML-6M, and 17CM98, but not in 

CML-10c2. When combined with carboplatin, rapamycin decreased p-mTOR in CML-1, 

CML-6M, CML-10c2, and 17CM98. The combination also decreased p-p70S6K in CML-

1, CML-6M, and 17CM98, but not in CML-10c2. 

Everolimus as a single agent decreased p-mTOR in CML-1, CML-10c2, and 

17CM98, but only slightly in CML-6M. It also decreased p-p70S6K in CML-1, and CML-

6M, but not in CML-10c2 and 17CM98. When combined with carboplatin, everolimus 

decreased p-mTOR in CML-1, CML-6M, CML-10c2, and 17CM98. The combination also 

decreased p-p70S6K in CML-1 and CML-6M, but not in CML-10c2 and 17CM98. 
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Overall, the small molecule inhibitors effectively targeted activated mTOR in all cell 

lines, but its active downstream protein p70S6K was not always affected by the treatment 

in CML-10c2 and 17CM98 (Figure 8). 
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Figure 8: Immunoblotting of phosphorylated and native upstream and downstream proteins of mTOR in the 
PI3K/AKT/mTOR pathway after 24-hour treatment with carboplatin (15 µM), everolimus (10 nM), or rapamycin (10 nM) 
as a single agent drug or in combination. The top table indicates the use of a vehicle (-) or the use of a drug (+). Vehicles 
were DMSO for mTOR inhibitors and growth medium for carboplatin. Protein measured indicated on the left with their 
molecular weight on the right. Immunoblotting indicates that mTOR inhibitor treatment decreases mTOR and its 
downstream protein. AKT, protein kinase B; DMSO, dimethyl sulfoxide; kDa, kilodalton; mTOR, mechanistic target of 
rapamycin; p-AKT, phosphorylated protein kinase B; p-mTOR, phosphorylated mechanistic target of rapamycin; p-
p70S6K, phosphorylated p70-s6 kinase; p70S6K, p70-s6 kinase 
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2.4.5 Effect of rapamycin and everolimus on metabolism 

To evaluate the potential metabolic effects of rapalog treatment on canine 

melanoma cells the effects of mTOR on glycolysis and its inhibition by rapalogs were 

measured using Seahorse respirometry, with an overall time course of 100 minutes and 

ECAR graphs (Figure 9). 

Non-glycolytic acidification represents the measure of baseline acidification in the 

cell environment when making abstraction of glycolysis. In all melanoma cell lines, a 

significant difference was detected between mTOR inhibitor treatment and their control 

(p < 0.001 to p < 0.0001) (Figure 10).  

To measure the effect of mTOR inhibitors on glycolysis, glucose was administered 

to the cells and the change in ECAR due to glucose conversion to pyruvate was 

measured. Glycolysis increases extracellular acidification when glucose is converted to 

pyruvate. The change in ECAR was significantly smaller in CML-10c2 and 17CM98 when 

treated with rapamycin (p < 0.01 to p < 0.0001), and in CML-1, CML-10c2 and 17CM98 

when treated with everolimus (p < 0.01 to p < 0.0001) compared to non mTOR-treated 

control cell media. In conclusion, rapamycin and everolimus decreased the induction of 

glycolysis after glucose injection in some of the cell lines (Figure 10). 

Glycolytic capacity represents the maximum ECAR due to glycolysis only after 

cellular respiration has been inhibited by oligomycin. The glycolytic capacity was 

significantly smaller for CML-1, CML-10c2, and 17CM98 when treated with both 
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rapamycin (p < 0.01 to p < 0.0001) and everolimus (p < 0.0001) compared to vehicle 

(Figure 10). 

Glycolytic reserve represents the change in ECAR after administration of the 

ATPase inhibitor oligomycin which blocks cellular respiration, leaving glycolysis as the 

main ATP production mechanism. It is calculated as the difference in ECAR before and 

after administration of oligomycin. The change in ECAR was significantly smaller in CML-

1, CML-10c2, and 17CM98 treated with rapamycin (p < 0.001 to 0.0001), and in all four 

cell lines treated with everolimus (p < 0.01 to p < 0.001). Therefore, rapamycin and 

everolimus both decreased the glycolytic reserve of melanoma cells compared to 

untreated melanoma cells (Figure 10).   

The changes in ECAR measured after injection of glucose and oligomycin were 

confirmed to be due to changes in glycolysis inside the cells by injecting 2-DG and the 

return to baseline ECAR in all cell lines (Figure 9). 

In conclusion, treatment with rapamycin and everolimus impaired the ability of the 

melanoma cells to use glycolysis to produce energy, especially when cellular respiration 

was blocked (mimicking anaerobic conditions). These findings suggest that rapalogs 

could have an effect on cellular proliferation and survival through glycolysis inhibition. 
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Figure 9: Graph representation of metabolism evaluation after 24-hour treatment with rapamycin (10 nM) or everolimus 
(10 nM). Glycolytic stress test measuring ECAR after real-time injection of glucose (10 mM), oligomycin (1 µM), and 2-
deoxy-D-glucose (2-DG) (100 mM). X-axis and Y-axis represent time and ECAR respectively. DG, Deoxy-D-glucose; 
ECAR, extracellular acidification rate.   
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Figure 10: Bar plot representation of metabolism evaluation after 24-hour treatment with rapamycin (10 nM) and 
everolimus (10 nM). Seahorse metabolic parameters of glycolytic function measured in ECAR where single-agent drug 
treatments are compared to vehicles. Vehicles were DMSO. X-axis and Y-axis represent treated cell lines and ECAR 
respectively. Significance was recorded at ** p < .01, *** p < .001, **** p < .0001 using unpaired t-tests comparing 
treated groups to the vehicle DMSO control. 2-DG, 2-deoxy-D-glucose; DMSO, dimethyl sulfoxide; ECAR, extracellular 
acidification rate. 
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2.5 Discussion 

The aim of this study was to evaluate the activity of the PI3K/AKT/mTOR pathway in 

four melanoma cell lines after being co-treated with carboplatin and one of two different 

mTOR inhibitors. The main goal of combination therapy is to maximize therapeutic effect 

while minimizing toxicity from each drug. The chemotherapy drug carboplatin was 

selected after demonstrating clinical anti-cancer effects in just under one third of canine 

oral melanoma patients (Rassnick et al., 2001). mTOR inhibitors were chosen as they 

interfere with the PI3K/AKT/mTOR pathway, a major proliferation cascade of relevance 

to canine melanoma. 

As expected, carboplatin decreased cell viability in all cell lines in a dose dependent 

manner. mTOR inhibitor doses needed to achieve IC50 were markedly variable. It has 

been suggested that mTOR inhibitors may inhibit cell proliferation without inducing 

apoptosis (Fowles et al., 2015; Hua et al., 2019). Significant reduction in cell viability was 

not achieved when everolimus was used as a single agent in the dose range used in this 

study in CML-6M and 17CM98 which are metastatic cell lines. In line with these findings, 

a phase II clinical trial in human patients affected by metastatic malignant melanoma 

demonstrated low anti-tumour activity of everolimus when administered as a single agent 

(Vera and al., 2018). Resistance to mTOR inhibition by rapalogs as monotherapy has 

been documented through different mechanisms (Carew et al., 2011; Hua et al., 2019). 
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Combining rapalogs with other drugs may improve response (Hua et al., 2019; Jhanwar-

Uniyal, 2009).   

Combination indices were evaluated with the different treatment drugs to study drug 

interaction. The combination index is a mathematical formula used to evaluate the 

antagonism/synergism between two drugs. For each drug, the dose when used in 

combination is divided by the dose used alone to obtain the same effect. These ratios are 

calculated for each drug and added. The formula is:  

CI = D1/Dx1 + D2/Dx2  

Where D1 is the dose of a first drug given in combination, Dx1 is the dose of a first drug 

given as a single agent, D2 is the dose of a second drug given in combination, and Dx2 is 

the dose of a second drug given as a single agent. Hence, if the CI value is lower than 1, 

it illustrates synergism. If the CI value is equal to 1, it illustrates additivity. Finally, if the CI 

value is greater than 1, it illustrates antagonism (Chou, 2006). In all four cell lines, 

carboplatin and mTOR inhibitors induced a greater synergistic effect (CI ˂1) at low-dose 

combinations. This result demonstrates that the drugs were synergistic at low dose 

pairings. With higher dose pairings, that phenomenon was not observed. It was 

postulated that at higher dose, one of the drugs may have masked the effect of the 

second. This observation is known as "antagonistic buffering" (Yeh et al., 2006). Based 

on those results, combining carboplatin with rapamycin or everolimus results in 

synergistic inhibition of canine melanoma cell viability.  
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To evaluate the effect of combining carboplatin and rapamycin or everolimus on 

apoptosis, cells were submitted to flow cytometry after incubation with the drugs. As 24-

hour treatment did not lead to significant apoptosis, a second time point was evaluated at 

72 hours post-treatment. Treatment combination led to induction of early and late 

apoptosis, whereas no effect was observed with single agent mTOR inhibitors. Early 

apoptosis was significantly increased compared to vehicle controls in cells treated with a 

combination of carboplatin and rapamycin, whereas significance was approached in the 

cell groups treated with carboplatin or a combination of carboplatin and everolimus. Late 

apoptosis was significantly increased compared to vehicle controls when a treatment 

contained carboplatin (as a single-agent or combined with the other rapalogs). Induction 

of apoptosis by carboplatin is mainly caused by DNA cross-links (Dilruba & Kalayda, 

2016). These results show that combination treatment of canine melanoma cells with 

carboplatin results in increased cell death by apoptosis.  

 Qualitative protein detection using western blot showed activation of the 

PI3K/AKT/mTOR pathway in the four canine melanoma cell lines evaluated in this study. 

It also confirmed that treatment with rapalogs led to appropriate modulation of the active 

form of mTOR in all cell lines. Its downstream protein p70S6K was not consistently 

inhibited in the cell lines CML-10c2 and 17CM98. This finding was consistent with 

previous investigations (Kent et al., 2009). The lack of inhibition observed some cell lines 

may be secondary to existing feedback loops documented in the pathway (Carew et al., 

2011). As previously stated, PI3K/AKT/mTOR signaling appears to be greatly involved in 
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melanoma pathogenesis in both human and canine species (Wei et al., 2016). Among 

others, this pathway allows cells to thrive through its implications in regulating 

metabolism, growth, and survival (Y. Yang et al., 2019). Blockade of this important 

cascade was successful in our experiments, which supports the idea that rapalog activity 

can inhibit an important active signaling pathway in canine melanoma.  

To understand the effects of the chemotherapy agents on cancer cell metabolism, 

Seahorse bioanalyzer analyses were performed on canine melanoma cell lines. Aerobic 

glycolysis, as first described as a major metabolic alteration in cancer cells by Otto 

Warburg (Warburg, 1956) contributes to melanoma’s malignant behaviour (Hosseini et 

al., 2017). Crucial pathway alterations have been held responsible for these bioenergetic 

profile dysregulations in human melanoma, caused by BRAF mutations, NRAS 

overexpression, or deletion of PTEN (Hosseini et al., 2017), among others. In fact, 

transgenic mice overexpressing PTEN have anti-cancer properties due to their oxygen 

consumption reprogramming (Garcia-Cao et al., 2012). Overall, results in this study 

demonstrate that both rapamycin and everolimus can inhibit glycolytic rates in four canine 

melanoma cell lines. Inhibition of glycolysis may impair one of the main malignant features 

of this neoplasm, which may represent an attractive target to consider for future treatment. 

However, further work is warranted to fully understand the nature of glycolysis inhibition, 

and its downstream effects on consequent cellular processes (i.e. cell migration, 

metastasis, etc.).  
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As deregulation of the PI3K/AKT/mTOR signaling pathway is a major component 

of melanoma malignancy (Chamcheu et al., 2019; Wei et al., 2016), much interest has 

been brought to its modulation in human cutaneous melanoma (Chamcheu et al., 2019). 

The role of mTOR inhibitors as potential anti-neoplastic agents have been investigated in 

canine models. Rapamycin effects have been evaluated using in vitro preclinical models 

of melanoma (Fowles et al., 2015), mast cell tumour (Rebuzzi et al., 2007), osteosarcoma 

(Gordon et al., 2008; Parrales et al., 2018) and prostatic carcinoma (Usui et al., 2017). 

Importantly, Fowles and colleagues described the effects of rapamycin with or without the 

addition of macrotubule associated protein kinase (MAPK) inhibitors on canine melanoma 

cell lines and canine tumour isolates. Similar to our findings, the PI3K/AKT/mTOR 

pathway was found to be an important pathway for canine melanoma and rapamycin 

halted the kinase cascade (Fowles et al., 2015). In the Fowles’ study, rapamycin 

treatment resulted in G1 cell cycle arrest rather than cell death, which could explain the 

lack of apoptosis documented by the present study (Fowles et al., 2015). A single study 

described the clinical effects of rapamycin on canine cancer-bearing patients. The goal 

of that study was to establish rapamycin’s pharmacokinetics and pharmacodynamics in 

dogs affected by osteosarcoma (Paoloni et al., 2010). Everolimus effects have only been 

studied in vitro in canine mammary carcinoma (Adachi et al., 2016). To date, there has 

been no report of mTOR inhibitors used clinically as anti-cancer treatment in canine 

melanoma. The paucity of available information proves that rapalogs are only at their 

infancy in the treatment of cancer-bearing canine patients. 
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Despite both medications being mTOR inhibitors, differences between rapamycin 

and its derivative everolimus have previously been identified. Those differences were 

observed clinically at the level of their half-lives, distributions, metabolisms, and toxicity 

profiles (Klawitter et al., 2015). More precisely, at the molecular level, in addition to 

inhibiting the mTORC1 complex like its analog, everolimus has a superior effect on 

mTORC2 complex inhibition and also blocks ERK phosphorylation, which is not the case 

for rapamycin (Jin et al., 2014). In the present study, everolimus and rapamycin both 

repressed the mTOR proliferation signal, resulting in decreased glycolytic rates without 

markedly increasing cell death when administered as a single agent. It is possible that in 

clinical settings, differences could be identified. Despite reported variation between 

rapamycin and everolimus, their effects on  canine melanoma cell lines were similar. 

One advantage of using rapamycin and everolimus is that the safety and toxicity 

profiles have been well established in humans. Multiple side effects affecting a broad 

spectrum of systems have been reported in humans receiving rapamycin and everolimus 

(Kaplan et al., 2014). These include, but are not limited to, skin disorders, biochemical 

dysregulation (such as diabetes, hyperlipidemia, hypercholesterolemia, etc.), 

hypertension, and hematological adverse effects (Kaplan et al., 2014). Such adverse 

events have not been reported in canine patients receiving rapamycin at 0.1 mg/kg over 

a period of 10 weeks in a randomized control trial (Urfer et al., 2017). Likewise, in a 

prospective dose escalation study where pharmacokinetics and pharmacodynamics of 

rapamycin at 0.01 mg/kg to 0.08 mg/kg in cancer-bearing dogs were described, a 
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maximal tolerated dose was not attained within this dose range, as the drug was well 

tolerated (Paoloni et al., 2010). In that study, self-limiting gastro-intestinal signs, 

thrombocytopenia, and a mild febrile event were recorded (Paoloni et al., 2010). In dogs, 

everolimus has only been evaluated in two studies in the context of hematopoietic stem 

cell transplantation (Junghanss et al., 2012; Machka et al., 2014). While marked toxicities 

including graft rejection, infection and death were observed with those protocols, it is 

important to note that everolimus was administered with aggressive immunosuppressant 

therapies such as 2 gray total body irradiation combined with either mycophenolate 

mofetil or cyclosporine (Junghanss et al., 2012; Machka et al., 2014).  Although mild side 

effects were previously reported, rapamycin appear clinically well tolerated in canine 

patients, illustrating rapalog potential as safe drugs for use in combination therapy with 

chemotherapeutics. Further clinical studies are warranted. In the present study, 

significant synergistic effects were observed between carboplatin and rapalogs. This 

finding suggests that, if used together, this combination could reduce the risk of adverse 

side effects while maximizing antineoplastic benefits in patients with melanoma. 

 Some limitations are to be considered in the present study. The first and most 

important limitation is the in vitro design of the study. Neoplasms in vivo are much more 

biologically complex, considering their interaction with the microenvironment, mutations 

resulting in phenotypic changes, selective pressures, etc. Therefore, this preclinical study 

results may not fully reflect the effects or changes that would be observed in clinical 

studies. Although carboplatin and mTOR inhibitor use has individually been described in 
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canine patients, the clinical toxicity resulting from their co-administration remains 

unknown. Further work is needed to establish the safety profile of these drugs in 

combination.  

Another limitation is the different origins and mutational profiles of the cell lines 

used in this study, occasionally generating heterogeneity in the results. Indeed, 

rapamycin and everolimus failed to inhibit the expression p-70S6K in CML-10c2, a 

primary cutaneous melanoma cell line. Variability in protein expression after treatment 

with mTOR inhibitors may be due to the cell line’s inherent resistance to the drugs. Since 

many pathways dictate cellular functions with multiple cross-talks and effectors, there 

may be redundancies in how mTOR controls cell survival. On another hand, the various 

data obtained as a result of the cell line diversity demonstrates that response to treatment 

is variable from a cancer to another, and this is most likely reflective of the clinical 

response.  

In conclusion, rapamycin and everolimus target the mTOR pathway in canine 

melanoma cells and decrease the glycolytic rate. Co-treatment at low doses with 

carboplatin results in a synergistic decreased cell viability. Time dependent cell death by 

apoptosis was observed when rapalogs were combined with carboplatin, although this 

effect may be mainly induced by carboplatin. As melanoma continues to represent a 

deadly disease in canine patients, further work to establish impactful treatment is needed.  
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3 Chapter 3: Summary and conclusion 

3.1 Summary  

Canine melanoma represents a clinical challenge due to its aggressive nature and 

high propensity for systemic spread. Furthermore, its resistance to systemic 

chemotherapy makes it an aggressive tumour, leaving clinicians with few effective tools 

to fight against this deadly disease.  

The goal of this study was to validate the role of PI3K/AKT/mTOR pathway in canine 

melanoma and to evaluate the combination treatment of mTOR inhibitors and 

conventional chemotherapy on the behaviour of the neoplasm. By directing novel therapy 

at the machinery that fuels tumour growth, the hope is to find more effective treatments 

against melanoma. 

Confirmation that the PI3K/AKT/mTOR pathway is active in canine melanoma cells 

was obtained through the demonstration of the presence of its downstream 

phosphorylated proteins by immunoblotting. The cascade was effectively blocked by 

small molecule inhibitors in most cell lines. These results showed that rapalogs can inhibit 

an important pathway that contributes to the growth of melanoma. 

Inconsistent cell viability inhibition was obtained from treatment of the cancer cells 

with mTOR inhibitors. Without killing the cells directly, mTOR inhibitors may only affect 

their progression through the cell cycle (Fowles et al., 2015). The addition of the 
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chemotherapeutic agent carboplatin successfully decreased cell viability in a synergistic 

manner as predicted. Taken together, this information demonstrates the therapeutic 

potential of simultaneous administration of mTOR inhibitors and carboplatin. 

While viability was affected by the combination of mTOR inhibitors and carboplatin, 

cell death by apoptosis was only detected after 72 hours of exposure to the drugs. These 

results may signify that apoptotic signals are triggered following longer than 24-hour 

exposure to the drugs. For early apoptosis at 72 hours, although statistical significance 

was only reached with the combination of rapamycin and carboplatin, carboplatin alone 

and its combination with everolimus were subjectively increased compared to vehicle 

controls, whereas treatment containing carboplatin induced late apoptosis. Taken 

together, these results suggest that carboplatin is primarily responsible for apoptosis. 

Evaluating apoptosis in between the 24-hour and 72-hour time points may provide 

additional information on progression from early to late apoptosis. In summary, it appears 

that the presence of carboplatin is necessary in the therapy to lead the cells to progress 

through the apoptotic pathway. 

This project utilized the Seahorse bioanalyzer to investigate the potential impact of 

mTOR pathway disruption on melanoma cell metabolism. Glycolysis was significantly 

decreased with the addition of mTOR inhibitors, which was in line with the hypothesis. 

Rapalogs decreased non-glycolytic acidification, glycolytic capacity, and glycolytic 

reserve of melanoma cells compared to untreated melanoma cells. The direct effects of 
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the interruption of cellular glucose metabolism remain uncertain but this finding may be 

relevant in the treatment of melanoma.  

The study of the mechanisms by which rapalogs and carboplatin impact 

PI3K/AKT/mTOR signaling protein, cell growth, and cell survival of canine melanoma is 

an asset in understanding the disease and may ultimately result in improved patient 

outcome. Further studies are required to evaluate the importance of this pathway in the 

progression of canine melanoma. 

 

3.2 Limitations 

The main limitation is the in vitro design of the study. Extrapolating results from an 

in vitro study may not always result in clinically relevant doses. Drug doses used in this 

study are clinically relevant based on previous studies. In the present study, rapamycin 

was administered at 10 nM in the treatment of cells for the apoptosis and metabolic assay. 

In a pharmacokinetic study on rapamycin, dogs receiving 0.08 mg/kg IM once had a 

maximum serum concentration of 11.49 nM (10.5 ng/mL) (Paoloni et al., 2010). In a 

second pharmacokinetic study, dogs receiving 0.1 mg/kg PO once had a maximum serum 

concentration of 9.15 nM (8.39 ng/mL) (Larson et al., 2016). In the present study, 

carboplatin was administered at 15 µM in the treatment of cells for the apoptosis and 

metabolic assay. In a pharmacokinetic study, when injected at 300 mg/m2, the maximum 
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serum concentration corresponded to 270 µM and a concentration of 15 µM was achieved 

2 hours after injection in Beagle dogs (Gaver et al., 1988). On the other hand, although 

in vitro models allow better understanding of the effects of treatment effects on cancer 

cells, the results obtained may not fully be representative of clinical models (Niu & Wang, 

2015). Experiments on isolated cultured cells do not encompass the complexity of the 

cancer’s interactions with its environment in the live organism. In addition, distribution, 

metabolism, and excretion of the administered drugs are also under the influence of each 

individual’s organs function. 

In this study, the IC50 of rapamycin and everolimus could not be clearly identified 

for our melanoma cell lines. In a previous study evaluating the effects of rapamycin on 

some of the same cells, an IC50 was obtained for all five cell lines, with values between 

0.027 and 2.6 nM. Of note, CML-6M, CML-10c2, and 17CM98 cell lines were utilized in 

that study (Fowles et al., 2015), corresponding to our cell line population. To this point, it 

remains uncertain why the results of the present study are dissimilar to Fowles’. One of 

the differences between Fowles’ methods and the present study was the cell viability 

assessment. In fact, in Fowles’ study, fluorometric assay using resazurin was used 

instead of colourimetric assay using crystal violet in the present study. The fact that 

resazurin has been reported to be more sensitive than certain colourimetric assays may 

be at the origin of the difference between the two studies (Page et al., 1993). In addition, 

cells were seeded at 500 or 1000 cells/well in a 96-well plate in the Fowles study, whereas 

they were seeded at 3000 cells/well in the present study. Whether these differences may 
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have significantly influenced the results remains uncertain. Alternatively, the differences 

may be the consequence of the age of the cell lines. As cell lines are used and passaged, 

their gene expression may change (Mouriaux et al., 2016) and generate result 

discrepancies.  

Selective pressure in culture dish may result in a homogeneous cancer cell 

population. Therefore, genotypes and phenotypes of cultivated cells over time may not 

reflect the characteristic heterogeneity of the cancer cell population encountered in the 

individual. Obviously, this divergence may be at the origin of the reason why targeted 

therapy may successfully inhibit a pathway in cultured cells, though might not affect a 

large portion of the mutant neoplastic cells when translated in vivo. 

The provenance of the cell line samples used for our experiments was diverse 

(Table 1). The four cell lines used in this study were previously described in different other 

works, which allows parallels to be established between studies; cells were collected from 

an oral primary melanoma (CML-1) (Alexander et al., 2006; Chon et al., 2013; Wilson-

Robles et al., 2015; Wolfe et al., 1987), a cutaneous primary melanoma (CML-10c2) 

(Chon et al., 2013; Das et al., 2019; Fowles et al., 2015; Maeda et al., 2016; O’Donoghue 

et al., 2011), a metastatic lesion from an oral melanoma (CML-6M) (Alexander et al., 

2006; Chon et al., 2013; Das et al., 2019; Fowles et al., 2015; Maeda et al., 2016; 

O’Donoghue et al., 2011; Wilson-Robles et al., 2015; Wolfe et al., 1987) and a metastatic 

lesion from a cutaneous melanoma (17CM98) (Alexander et al., 2006; Chon et al., 2013; 

Das et al., 2019; Fowles et al., 2015; Maeda et al., 2016). Several cell lines were used to 
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increase the power of this study by capturing biological variation. Although the purpose 

of using an assortment of cell lines is to obtain a more accurate representation of the 

reality and to reflect the different scenarios that could be clinically encountered (primary 

versus metastatic), this may render experiment results more challenging to interpret. A 

larger number of cell lines may have provided a better statistical power and could have 

illustrated a more accurate trend in response to treatment, thereby better reflecting what 

might be expected if this treatment strategy was to be assessed clinically. 

 

3.3 Future directions 

Crosstalk and redundancies exist in the PI3K/AKT/mTOR pathway; hence its 

complete inhibition can be difficult to accomplish. Several mechanisms of resistance have 

been proposed. One example is the positive feedback of p70S6K inhibition on PI3K 

expression, as p70S6K normally inhibits platelet derived growth factor receptor (PDGFR), 

which activates PI3K (Efeyan & Sabatini, 2010; H. Zhang et al., 2007). Another intricate 

crosstalk example is the interactive loop between mTORC1 and mTORC2. mTORC2 has 

been found to phosphorylate AKT, which subsequently activates mTORC1, denoting that 

mTOR has both an upstream and downstream effect on AKT. Evidence suggests that 

mTORC1 and mTORC2 cannot be concurrently operational. These signaling 

redundancies can be at the origin of the intrinsic resistance to mTOR inhibitor induced 

cell death (Efeyan & Sabatini, 2010). In a human phase I clinical trial where patients were 
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administered everolimus, p-AKT was found to be increased in 50% of tumour cells, which 

could signify augmentation by a feedback loop (Tabernero et al., 2008). In a canine in 

vitro study, p-AKT did not subjectively appear increased after treatment with rapamycin, 

but those results were not confirmed by densitometry (Kent et al., 2009). Grasping the 

way crosstalk signaling mechanisms influence PI3K/AKT/mTOR activation will likely 

assist in improving the way the pathway can be targeted and therefore improve therapy. 

Blocking the pathway at different levels may represent a method to circumvent 

feedback loops. Combination PI3K/AKT/mTOR pathway blockers have been developed 

and are proven to be more beneficial at pathway neutralization than single target 

inhibitors. For example, inhibition of PI3K could increase rapalog potency. LY294002, a 

PI3K inhibitor, was found to decrease invasiveness of human neoplastic melanoma cells 

when used in combination with everolimus (Ciołczyk-Wierzbicka et al., 2020). Direct AKT 

blockade could also represent another avenue to increase rapalog anti-tumour effects. 

AKT inhibitor MK-2206 with everolimus resulted in decreased metalloproteinase activity 

in human melanoma cells (Ciołczyk-Wierzbicka et al., 2020). Alternatively, some drugs 

block the pathway at multiple locations. For example, in a human melanoma metastatic 

model, the PI3K/mTORC1/mTORC2 inhibitor GSK2126458 improved survival of 

xenograft mouse models compared to vehicle (Vaidhyanathan et al., 2016). Lastly, recent 

work demonstrated that targeting RICTOR as part of the mTORC2 complex could be 

effective in the treatment of melanoma liver metastasis (Schmidt et al., 2018). Of interest, 

RICTOR was found to be upregulated in metastatic lesions in that study (Schmidt et al., 
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2018). The use of these drugs has yet to be described in canine melanoma but could 

represent a strategy to improve upon results obtained with mTOR inhibitor treatment.  

In addition to blocking the PI3K/AKT/mTOR cascade, coupling its inhibition with 

the targeting of other important signaling pathways may be beneficial in cancer treatment. 

Inhibition of mTOR by rapamycin was shown to increase MAPK (ERK) in neoplastic 

human endothelial cells (Dormond-Meuwly et al., 2011). The addition of a MEK inhibitor 

potentiated mTOR treatment in that study, resulting in anti-angiogenic effect (Dormond-

Meuwly et al., 2011). Those results suggested mTOR inhibition may be optimized when 

used in combination with Ras-Raf-MEK-ERK pathway inhibitors. 

Simultaneous PI3K/AKT/mTOR and Ras-Raf-MEK-ERK pathways blockade has 

been evaluated in vitro in canine melanoma cells. In one study, the MEK inhibitor 

GSK1120212 was combined with a dual PI3K/mTOR inhibitor and administered to seven 

different canine melanoma cell lines, including 17CM98. Their combination resulted in a 

synergistic cytotoxicity compared to their use as single agents (Wei et al., 2016). In 

another study, the combination of AZD6244, a MAPK (ERK) inhibitor, with rapamycin 

resulted in a synergistic effect in 17CM98 and Jones cell lines, as well as an 

additive/synergistic effect in CML-6M and CML-10c2 canine melanoma cell lines (Fowles 

et al., 2015). While some cell lines were blocked in the cell cycle at G1 with the treatment, 

this finding was not repeatable in all cell lines (Fowles et al., 2015). No significant 

apoptosis was detected after up to 48 hours, suggesting cytostatic effects of the 
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combination on those cell lines (Fowles et al., 2015). This information demonstrates the 

benefit of simultaneous interruption of vital pathways in canine melanoma. 

 

3.4 Comparative aspects 

Human and dog melanomas have many similarities at the molecular and clinical 

level. However, some important differences exist between the tumours of the two species. 

Most melanomas in humans affect the skin and frequently carry a mutation in the BRAF 

gene (Curtin et al., 2005). In opposition, most canine melanomas arise from the oral cavity 

or the lips and are uncommonly caused by a mutation in the BRAF gene (Fowles et al., 

2015; Gillard et al., 2014). A small subset of human melanomas are mucosal, but these 

remain infrequent with such a presentation encountered in less than 4% of all melanoma 

cases (Yde et al., 2018). Mucosal melanoma can arise from the mouth, the sinonasal 

tract, the respiratory tract, the gastrointestinal tract or the genitourinary tract (Yde et al., 

2018). Parallels between canine melanoma and human mucosal melanoma have 

previously been established (Nishiya et al., 2016). Like dogs, human mucosal melanomas 

are not believed to be triggered by UV light (Yde et al., 2018), which is supported by the 

rare BRAF mutation, most commonly encountered in sunburned skin (Curtin et al., 2005; 

Fowles et al., 2015). Mucosal melanomas affecting the head and neck region are found 

in the sinonasal tract (59.5%) or oral cavity (40.5%) (Meleti et al., 2008). In both species, 

the disease is highly metastatic (Meleti et al., 2008; Proulx et al., 2003). The oral location 
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is associated with extremely malignant tumours with a 5-year survival of 38.4% in humans 

and an overall median survival time of 346 days in dogs in spite of surgical excision 

followed by radiation therapy (Boston et al., 2014; Meleti et al., 2008). There are no 

standard of care treatments for human mucosal melanoma (Meleti et al., 2008). 

Administration of the programmed cell death-1 (PD-1) human antibodies pembrolizumab 

and nivolumab to mucosal melanoma in human patients has resulted in a short median 

progression-free survival of 4 months (Shoushtari et al., 2016). The role of anti-PD-1/PD-

L1 has not been clearly established in dogs, but given the beneficial results seen with 

human melanoma therapy, this novel research field is appealing (Maekawa et al., 2016, 

2017). In fact, antibovine PD-L1 antibodies successfully bound to PD-L1 in canine 

melanoma cells, inhibiting its ligation with its receptor PD-1 (Maekawa et al., 2014). To 

summarize, the many links between human mucosal melanoma and canine melanoma 

make the canine species a good spontaneous model for this rare human disease. 

One of the specific areas of focus in comparative melanoma research is the 

similarities between certain human and canine melanoma genomic profiles. As such, 

previous description of both species’ genomic profiles showed that, although not identical, 

there are some resemblances in key genes, such as p53, PTEN, and NRAS (Wong et al., 

2019). Dysregulation of important pathways, such like PI3K/AKT/mTOR may have an 

important role in tumourigenesis and cancer progression. The demonstration of the 

pathway activation in melanoma was shown in both human and canine species (Calero 

et al., 2017; Chamcheu et al., 2019; Fowles et al., 2015; Kent et al., 2009). This study 
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confirmed that targeting the pathway may disturb cancer cell homeostasis. Whether its 

sole inhibition is powerful enough to result in significant clinical benefit in melanoma 

patients is uncertain. The addition of carboplatin potentiated the effects of rapalogs in 

decreasing melanoma cell viability. Induction of cell apoptosis was also observed after a 

long incubation with carboplatin, whether it was administered alone or in combination with 

rapalogs. Treatment with rapamycin or everolimus decreased the glycolytic pathway in 

melanoma cells. Combination treatment with rapamycin and carboplatin is under current 

investigation in a large clinical trial involving North American dogs affected by 

appendicular osteosarcoma (Leblanc, 2019). While consideration should be given to the 

combination of rapalogs and carboplatin in the treatment of canine melanoma, further 

research is necessary to investigate the clinical benefit of such a therapy. 

Dogs are a valuable human cancer model at different levels. In fact, humans and 

dogs share the same environment, and both develop spontaneous diseases (Barutello et 

al., 2018; Nishiya et al., 2016; Shoushtari et al., 2016; Wei et al., 2016). The role of cancer 

cell interactions with their microenvironment is crucial to their survival and proliferation. 

Therefore, immunocompetent models like dogs are invaluable to comprehend the disease 

and evaluate response to treatment. From another perspective, veterinary medicine 

benefits from the understanding of melanoma’s pathogenicity and therapeutic advances 

in human medicine. Comparative medicine is key and every discovery counts, as we all 

share a common path to providing better care to our cancer patients. 
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Cell lines Origin Provenance 

CML-1 Oral melanoma Auburn University 

CML-6M Lymph node metastasis from a primary 

cutaneous melanoma 

Auburn University 

CML-10c2 Primary cutaneous melanoma  Auburn University 

17CM98 Lymph node metastasis from a primary 

oral melanoma 

University of Wisconsin-Madison 

Table 1: Canine melanoma cell line origin. 
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APPENDIX   

 

 

  

Figure 11 Flow cytometry apoptosis analysis for cell line CML-1 after 24 hours of treatment (first replicate). 
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Figure 12 Flow cytometry apoptosis analysis for cell line CML-1 after 24 hours of treatment (second replicate). 
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Figure 13 Flow cytometry apoptosis analysis for cell line CML-6M after 24 hours of treatment (first replicate). 



 

 

116 

 

  

Figure 14 Flow cytometry apoptosis analysis for cell line CML-6M after 24 hours of treatment (second replicate). 
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Figure 15 Flow cytometry apoptosis analysis for cell line CML-10c2 after 24 hours of treatment (first replicate). 
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Figure 16 Flow cytometry apoptosis analysis for cell line CML-10c2 after 24 hours of treatment (second replicate). 
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Figure 17 Flow cytometry apoptosis analysis for cell line 17CM98 after 24 hours of treatment (first replicate). 
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Figure 18 Flow cytometry apoptosis analysis for cell line 17CM98 after 24 hours of treatment (second replicate). 
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Figure 19 Flow cytometry apoptosis analysis for cell line CML-1 after 72 hours of treatment (first replicate). 
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Figure 20 Flow cytometry apoptosis analysis for cell line CML-1 after 72 hours of treatment (second replicate). 
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Figure 21 Flow cytometry apoptosis analysis for cell line CML-6M after 72 hours of treatment (first replicate). 



 

 

124 

 

 

  

Figure 22 Flow cytometry apoptosis analysis for cell line CML-6M after 72 hours of treatment (second replicate). 
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Figure 23 Flow cytometry apoptosis analysis for cell line CML-10c2 after 72 hours of treatment (first replicate). 
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Figure 24 Flow cytometry apoptosis analysis for cell line CML-10c2 after 72 hours of treatment (second replicate). 
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Figure 25 Flow cytometry apoptosis analysis for cell line 17CM98 after 72 hours of treatment (first replicate). 
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Figure 26 Flow cytometry apoptosis analysis for cell line 17CM98 after 72 hours of treatment (second replicate). 


