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ABSTRACT (ENGLISH) 

Uveal melanoma is the most common type of intraocular malignancy in adults. 50% of 

patients develop liver metastases and 80% will die within the first year. Early detection of this 

type of cancer is virtually impossible and there are currently no effective treatment methods. As 

uveal melanoma is a very heterogeneous cancer with tumor cells undergoing differentiation, we 

propose that these characteristics may explain the high metastatic potential and resistance to 

treatment that is frequently observed. To better characterize uveal melanoma cells, we developed 

a cytometry panel composed of 7 different markers associated with cell states and cancer 

progression and screened 11 uveal melanoma cell lines derived from primary or metastatic 

human tumors. These experiments allowed us to demonstrate that CD36 along with others had 

high variability in the positive signals detected depending on the cell line that was analyzed. 

CD36 is a receptor involved in lipid uptake but has also been identified in several cancer types as 

a poor prognostic marker for patients as it increases the metastatic potential of tumor cells. To 

better understand the role of Cd36 in uveal melanoma, we suppressed its expression in uveal 

melanoma cell line using shRNA or siRNA to neutralize the mRNAs encoding the CD36 protein. 

We were able to demonstrate that the absence of Cd36 decreases the migration capacity of tumor 

cells as well as their invasive potential. We are currently conducting in vivo experiments to 

validate our in vitro results. Considering our results and based on the current literature, we 

propose that CD36 expression could be one of the factors increasing the metastatic potential of 

uveal melanoma. 
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ABSTRACT (FRENCH) 

Le mélanome uvéal est le type de cancer malin intra-oculaire le plus fréquent chez les 

adultes. 50 % des patients présentent des métastases au foie dont 80 % mourront au cours de la 

première année. La détection précoce de ce type de cancer est pratiquement impossible et il n'existe 

pas de méthodes ou de traitements efficaces actuellement. Le mélanome uvéal étant un cancer très 

hétérogène et dont les cellules tumorales subissent une différenciation importante, nous proposons 

que ces caractéristiques puissent expliquer le potentiel métastatique élevé et la résistance au 

traitement qui sont fréquemment observés. Dans le but de mieux caractériser les cellules de 

mélanome uvéal, nous avons mis au point un panel de cytométrie composé de 7 différents 

marqueurs que nous avons utilisé sur 10 lignées cellulaires de mélanome uvéal dérivées de tumeurs 

primaires ou métastatiques humaines. Ces expériences nous ont permis de mettre en évidence que 

l’expression de CD36 était très hétérogène en fonction de la lignée cellulaire analysée. CD36 est 

un récepteur impliqué dans l’absorption des lipides mais qui a aussi été identifié dans plusieurs 

types de cancer en tant que marqueur de mauvais prognostique pour les patients car augmentant la 

potentiel métastatique des cellules tumorales. Pour mieux comprendre le rôle de CD36 dans le 

mélanome uvéal, nous avons supprimé son expression en utilisant des shRNA ou des siRNA pour 

neutraliser les ARNm codant pour la protéine CD36. Nous avons pu démontrer que l’absence de 

CD36 diminue la capacité de migration des cellules tumorales ainsi que leur potentiel invasif. Nous 

procédons actuellement à des expériences in vivo afin de valider nos résultats in vitro. A la lumière 

de nos résultats et s’appuyant sur la littérature actuelle, nous proposons que l’expression de CD36 

pourrait être un des facteurs augmentant le potentiel métastatique du mélanome uvéal. 
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LITERATURE REVIEW AND INTRODUCTION 

1.1 The Physiology of the Eye 

  Vision is a critical component in human life that allows us to efficiently carry-out our 

daily activities. The human eye, also referred to as the “ocular globe”, takes in light from the 

environment and send signals to the brain through the optic nerve, ultimately allowing an 

individual to visualize their surroundings (How the eyes work, 2022). External muscles attached 

to the globe include the superior rectus, inferior rectus, medial rectus, lateral rectus, superior 

oblique, and the inferior oblique muscle which altogether allow movement of the eye for 

maximal central vision (Kels et al., 2015). This critical organ is composed of three primary 

layers around the vitreous cavity. The first layer being the outermost layer, commonly known as 

the “white” of the eye, is made up of the sclera and the cornea and its main functions include 

retaining structure and providing protection as shown in Figure 1 (Sridhar, 2018). The second 

middle layer known as the “uveal layer” consists of the iris, the ciliary body that produces the 

fluid in the eye and facilitates the re-shaping of the lens for accommodation during visualization 

(Yanoff & Duker, 2018), and the choroid which is a highly vascularized compartment and is the 

main regulator for blood flow in the eye and provides nutrients to the retina (Ehrlich et al., 2017; 

Boileau & Gilmour, 2012). Finally, the innermost layer is known as the retina with photoreceptor 

cells that convert light signals to visualize images. (Kels et al., 2015; K. H. Nguyen et al., 2020; 

Pradeep et al., 2022).  

The eye colour is a distinct phenotype of an individual during their lifetime. The colours 

of the eye vary depending on the levels of pheomelanin and eumelanin produced by 

melanocytes. These melanocytes originate from the neural crest and are present in all 

components of the eye that make up the uveal layer. (Sitiwin et al., 2019). It is also important to 
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note that melanin found in the eyes have auxiliary functions such as protecting the eyes from 

light, acting as a metal chelator, as well as regulating oxidative stress (Sitiwin et al., 2019; 

Weidmann et al., 2017).  

 

1.2 Uveal Melanoma 

1.2.1 Disease Epidemiology  

 Uveal melanoma is the most commonly occurring intra-ocular malignant cancer type in 

adults with the incident rate of approximately 5 in every 1 million population (Kaliki & Shields, 

2017; Singh et al., 2011). It occurs in the melanocytes of the choroid on the posterior side as well 

as the iris and the ciliary body on the anterior side of the uveal layer (Figure 1) with most of the 

reported cases occurring in the choroid (~90%) (Krantz et al., 2017). Amongst all ethnicities, the 

Caucasian, non-Hispanic white population has been identified to be the group that is most at risk 

making up approximately 97% of the total cases according to a study involving patient data from 

1973 to 2008 (Hu et al., 2005; Kaliki & Shields, 2017; Singh et al., 2011). It remains unclear as 

to what leads to the development of uveal melanoma, however, several risk factors have been 

suggested from the past and existing cases. These factors include sex – with the male population 

having a 30% greater chance of developing uveal melanoma, older age – usually from 50-80 

years of age with under 21 having lower chances of diagnosis and lower metastasis risk (Fry et 

al., 2018), fair skin colour, inability to tan, light coloured eyes such as blue or grey, and though 

rare, a germline mutation of BAP1 loss which gives increases risk for metastasis relapse (Jager et 

al., 2020). Interestingly, geographic location also appears to be a risk factor as a study reports 

that uveal melanoma incidence risk increased with the increase in latitude in Europe (Krantz et 

al., 2017). 
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Despite being a relatively rare disease, approximately 50% of patients diagnosed with 

uveal melanoma develop metastasis to distant organs – predominantly to the liver (95%), 

followed by lungs (24%), the bones (16%), and the skin (11%) (Woodman, 2012). From the 

diagnosis with metastasis, uveal melanoma patients have a very poor one-year median survival 

of approximately 4 months with or without treatment (Gragoudas et al., 1991; Lane et al., 2018). 

Another study has highlighted the high mortality rate of 92% after 2 years with the diagnosis 

with metastasis and long-term survival past 5 years was only observed in approximately 1% of 

the total study cohort (Diener-West et al., 2005). With such statistics upon metastasis 

development, uveal melanoma patients are stratified into low (group 1A), intermediate (group 

1B), and high (group 2) risk groups depending on the predicted patients’ chances for developing 

metastasis in attempt to provide more prognostic information. The most commonly used 

prognostic testing in the clinic today is the gene expression profiling (GEP), also recognized as 

the DecisionDx-UM test (Harbour & Chen, 2013). With the additional information on tumor size 

and location, GEP has been considered to be more accurate than past prognostic methods such as 

cytogenetic testing for monosomy 3 for aggressive uveal melanoma (van Gils et al., 2008; 

Worley et al., 2007). However, due to the high variability in results depending on the physical 

location of the biopsy, this is yet to be standardized. Additionally with less than 5% of patients 

displaying detectable metastases at the time of initial diagnosis, early detection and diagnosis of 

uveal melanoma remains to be extremely difficult, which leaves patients with increased risk for 

cancer progression (Harbour & Chen, 2013; Stålhammar, 2020). Altogether, it is critical to be 

able to understand how the development of tumor cells in the uveal layer of the eye gets initiated 

and result in the progression to distant metastasis in almost half of the total patient population. 
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The predominant site of metastasis in uveal melanoma patients is the liver, however, it 

remains relatively unknown as to how the tumor cells travel and colonize primarily at the liver 

than at any other organs. So far, uveal melanoma cells are understood to be spreading through 

the blood from studies detecting cancerous molecules such as extracellular vesicles and 

circulating tumoral DNA in blood samples extracted from uveal melanoma patients. However, 

there is no clear relationship as to why the specific site of metastasis occurs at the liver. One of 

several proposed ideas is that the liver expresses a growth factor known as insulin growth factor 

1 (IGF-1) and uveal melanoma cells express its receptor known as insulin growth factor receptor 

1 (IGF-R1), attracting uveal melanoma cells specifically to the liver (Bustamante et al., 2021). A 

study has also reported increased metastasis related deaths due to increased levels of IGF-R1 

expression by uveal melanoma patients (All-Ericsson et al., 2002). An interesting aspect about 

the IGF-proposed mechanism is that the activated MAPK pathway through the binding of the 

IGF-1 ligand to its receptor, is the same pathway to which uveal melanoma patients present 

resistance to MAPK- targeted therapy (Carvajal et al., 2014).   

 

1.2.2 Cutaneous Melanoma versus Uveal Melanoma 

 Despite sharing a similar name, cutaneous melanoma and uveal melanoma are distinct 

from each other in terms of their mutation burden, risk factors, treatment options, and overall 

survival in patients. Cutaneous melanoma is often categorized into their genetic mutation 

subtypes which are BRAF mutant, NRAS mutant, NF1 mutant, or triple-wild type (Akbani et al., 

2015). Unlike cutaneous melanoma, around 90% of uveal melanoma patients usually harbour a 

GNAQ or a GNA11 mutation on the G-protein alpha subunit in a mutually exclusive manner 

(Decatur et al., 2016). The GNAQ and GNA11 encode for the G-alpha protein Q (Gaq) and G-
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alpha protein 11 (Ga11) on the 7-transmembrane G-protein coupled receptor to activate pathways 

such as the MAPK, PI3K/AKT, and PKC (Shoushtari & Carvajal, 2014). This GDP to GTP 

hydrolysis-mediated activation of the receptor gets fixed in its constitutive activated state due to 

the mutations at the glutamine 209 (Q209) residue of the GNAQ and GNA11 (Shoushtari & 

Carvajal, 2014). These mutations alone remain insufficient to understand how uveal melanoma 

arise or to be able to determine patient prognosis. Secondary mutations in BAP1, EIF1AX, and/or 

SF3B1 allow physicians to gain a better understanding on the type of uveal melanoma that the 

patient is diagnosed with, however this too, has not been very accurate in the clinics (Gallenga et 

al., 2022). Due to the identification of driver mutations and druggable targets for cutaneous 

melanoma, treatment options such as MEK inhibitors, BRAF inhibitors, and immunotherapy has 

led to improvements in patient survivals (Jenkins & Fisher, 2021). Moreover, as sun exposure 

appear to be the leading risk factor for developing cutaneous melanoma, preventative measures 

such as sun avoidance, wearing physical barriers such as sunglasses, and wearing sun protectants 

have been suggested. (Arisi et al., 2018). However, similar standardized treatments and 

preventative measures for uveal melanoma patients is yet to be discovered.  

 

1.2.3 Treatment Options for Uveal Melanoma 

Primary means of treatment options for uveal melanoma include enucleation, 

radiotherapy, and photodynamic therapy (J. Yang et al., 2018). In the past, enucleation has been 

the gold standard for treating uveal melanoma, but with advanced technology and with patients 

seeking to preserve the eye, small to medium sized tumors (size ranging from 1.00 mm to 8.00 

mm in height or less than 16.0 mm in diameter) can be treated with radiotherapy to kill off 

cancerous cells through DNA damage of actively replicating cells (Reichstein & Brock, 2021). 
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There are four different types of radiotherapy available for uveal melanoma patients including 

plaque brachytherapy, proton beam therapy, along with gammaknife and cyberknife methods as 

a stereotactic radiosurgery treatment (Finger, 1997; Reichstein & Brock, 2021; Zemba et al., 

2023). 

Enucleation: Enucleation is a surgical approach to remove the entire eye which is 

usually the method of treatment with the presence of a big tumors that are greater than 8.00 mm 

in height or greater than 16.0 mm in diameter, significant vision loss, and the large extent of 

extraocular growth (PDQ Adult Treatment Editorial Board, 2002; Tataru & Pop, 2012; J. Yang 

et al., 2018). It has been understood that enucleation prevents metastasis and metastasis-related 

deaths only when the surgery is performed while the tumor is still small (1.00 mm – 3.00 mm in 

height or 5.00 mm – 16.00 mm in diameter) (PDQ Adult Treatment Editorial Board, 2022; B 

Damato, 2010). However, it remains a challenge to be able to detect uveal melanoma during its 

early stages as many of the cases remain asymptomatic (Krantz et al., 2017). Despite being such 

an invasive treatment method, the results are not as astonishing where multiple studies report that 

patients experience recurrence in the form of extrascleral extension, and that some even pass 

away within the first 5 years after surgery (Dogrusöz et al., 2020; Heng et al., 2022). In addition, 

a study by Damato et al. examining patients’ quality of life (QoL) after enucleation highlights the 

significant psychological difficulties that they are faced with. Patients experience anxiety for 

metastasis and recurrence, visual difficulties while carrying out daily activities, have concerns 

about their visual appearance, and experience ocular discomforts as well as discharges, all 

leading up to higher likelihood to suffering depression or failing to maintain their emotional 

well-being (Damato et al., 2019).  
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Plaque Brachytherapy: Plaque brachytherapy has been the primary route for treatment 

other than enucleation and was developed due to the “Zimmerman hypothesis” during the 1970s. 

The hypothesis was that the development of metastasis in the liver may be due to the sudden 

increase in intraocular pressure after the optic nerve gets disconnected from the globe, leading to 

the spread of tumor cells into the systemic circulation, ultimately leading its way to the liver 

(Brewington et al., 2018). During this procedure, a gold plaque with radioactive materials is 

sutured on the eye over or near the tumor residing location in attempt to stop the growth of tumor 

cells through ionizing radiation (Peddada et al., 2019; Reichstein & Brock, 2021). Various types 

of radioactive compounds are available for treatment such as Iodine 125, Cobalt 60, Ruthenium 

106, and Palladium 103(Brewington et al., 2018; Carol L. Shields et al., 2000). After subsequent 

exposure with the chosen radioactive compound, the plaque is removed, and the patient is 

monitored for any recurrence or metastasis through ultrasound of the abdomen or liver 

biochemical tests (Bande Rodríguez et al., 2020). Plaque brachytherapy has shown improvement 

with patient survival and maintaining primary tumor (Jiang et al., 2020), however, this appears to 

be highly dependent on tumor size and the stage of uveal melanoma (Stålhammar, 2020). In 

addition, the anatomical placement capacity of the plaque has been the limiting factor in the 

extent of treatment efficacy (Peddada et al., 2019).  

Proton beam therapy: This type of radiotherapy using protons as the charged particle, 

targets a specific area where the tumor is located. Protons are ejected at high speeds and are 

directed using tantalum clips which are sewn on patient’s episclera. This treatment approach 

targets specific regions and prevents the damaging of surrounding normal, non-cancerous cells 

with the large proton size and the narrow targeting range. But some disadvantages are that it  

requires strict restriction of any eye movements and the limited access to the proton accelerator 
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making this type of treatment very expensive (Finger, 1997; Gragoudas, 2006; Mishra & Daftari, 

2016; Reichstein & Brock, 2021). Despite the mentioned disadvantages, proton beam 

radiotherapy remains the “gold standard” of the radiotherapy for treating primary uveal 

melanoma tumors due to its highest success rate without the need for secondary enucleation 

(Mishra & Daftari, 2016; Papakostas et al., 2017; Sikuade et al., 2015). 

Stereotactic radiotherapy: Another type of radiotherapy that is performed on small to 

medium sized uveal melanoma tumors is the stereotactic radiotherapy. It is very similar to proton 

beam therapy except for the use of concentrated gamma or x-rays instead of protons. The 

radioactive compounds are emitted guided by a 3-dimensional (3D) image that is typically 

obtained using a CT scan rather than the invasive tantalum clips (Jaywant et al., 2003; Reichstein 

& Brock, 2021). “Gammaknife” and “CyberKnife” are the two different methods of stereotactic 

radiotherapy. The main difference between the two methods is that the “CyberKnife” approach is 

non-invasive and does not require the fixation of the skull using a device that is otherwise needed 

for “Gammaknife” (Özcan et al., 2020; Reichstein & Brock, 2021). Despite the high level of 

preservation rate of the eye at approximately 85% (Eibl-Lindner et al., 2016; Schmelter et al., 

2022), local recurrence or metastasis and treatment-related adverse events such as radiation 

retinopathy, secondary glaucoma, loss of vision, and hemorrhage are still reported in a handful of 

patients (Eibl-Lindner et al., 2016; Finger, 1997; Modorati et al., 2020; Zemba et al., 2023).  

MEK inhibitors: Uveal melanoma has a relatively low mutation burden making it a 

difficult tumor type to treat via druggable targets. As previously mentioned, majority of uveal 

melanoma patients harbour a GNAQ or a GNA11 mutation in a mutually exclusive manner where 

the alpha subunit of the transmembrane G-protein coupled receptor (GPCR) that is responsible 

for the hydrolysis of GTP to GDP is mutated ultimately leading to the subsequent activation of 
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the MAPK pathway (Yongyun Li et al., 2020). This constitutive activation of the RAS-MEK-

ERK pathway leads to the increased gene transcription and mRNA translation to support tumor 

cell survival and pro-oncogenic activities. To prevent this, researchers have introduced MEK 

inhibitors such as binimetinib, cobimetinib, trametinib, and seleumetinib that are clinically 

available to target the pathways downstream of tumors harbouring GNAQ/GNA11 mutations.  

Unfortunately, various clinical trials proved none to minimal effects of these MEK inhibitors on 

the overall survival rate and the disease progression of uveal melanoma patients aside from also 

inducing treatment related adverse events (Carvajal et al., 2014, 2018; Steeb et al., 2018). As it 

will be discussed further below (section 1.3.3 Introduction to Cell States Markers) many of the 

receptor markers associated with cell state and tumor progression in our novel flow-based 

analysis panel are also responsible for activating the MAPK pathway which we posit may be 

able to provide an explanation towards the treatment resistance that is observed in uveal 

melanoma patients. 

Immunotherapy and Tebentafusp: Uveal melanoma patients, alike with other cancer 

patients have been trialed with immunotherapy using immune checkpoint inhibitors (CTLA-4 

and PD-1). These immune checkpoint inhibitors allow persistent activation of cytotoxic T cells 

by preventing the binding of checkpoint proteins to its respective ligands and receptors (Wessely 

et al., 2020). CTLA-4 inhibitors, Ipilimumab and Tremelimumab have undergone clinical trials 

with uveal melanoma patients but have shown no effective progress as analyzed in the review 

article by Wessely and colleagues (Wessely et al., 2020). The median progression free survival 

was less than 2 years and as high as 52% of enrolled patients experienced adverse events. 

Similarly, Nivolumab and Pembrolizumab as PD-1 inhibition therapy showed poor outcomes in 

multiple clinical trials with uveal melanoma patients. Median overall survival was around 12 
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months and there was limited data available on progression free survival and adverse events due 

to the lack of information provided from the clinical trials (Wessely et al., 2020). Aside from 

these results, it is also important to take notice of the low response rates from these checkpoint 

inhibition therapies at 10% and 7% with CTLA-4 and PD-1 respectively in uveal melanoma 

patients (Bol et al., 2019). Such response rates could be supported by the single-cell RNA 

sequencing performed by Harbour’s group where they saw less CTLA-4 and PD-1 expression in 

uveal melanoma patients.  Instead, they reported there was predominant expression of 

lymphocyte-activation gene 3 (LAG3) (Durante et al., 2020). The group’s sequencing results stay 

consistent with data from a study by Souri et al where they report the inverse correlation between 

LAG3 and its ligand expression with patient prognosis (Souri et al., 2021). Recently, there has 

been a phase 2-3 double blind clinical trial with cutaneous melanoma patients for a LAG3 

blocking antibody known as relatlimab. Results showed that combined treatment with nivolumab 

and relatlimab showed better effect on patient prognosis than nivolumab treatment alone (Tawbi 

et al., 2022). Though this is yet to be trialed on uveal melanoma patients, such clinical trials 

provide evidence on the importance of LAG3 as a target.  

Another type of immunotherapy that has recently been approved by the FDA is 

commonly recognized with the name Tebentafusp and works to redirect T cells to melanoma 

cells. Tebentafusp is a bispecific protein that binds to CD3 on T cells via and simultaneously 

binds the glycoprotein 100 (gp100) presented on the surface of melanoma cells in patients 

specifically carrying the HLA-A*02:01 antigen (Hua et al., 2022; Winstead, 2021). Several 

clinical trials have confirmed higher 1-year overall survival rate with Tebentafusp treatment in 

patients with both treatment naïve and treatment-refractory metastasized uveal melanoma 

(Carvajal et al., 2022; Nathan et al., 2021). However, despite what appears to be an exciting 
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advancement for metastasizing uveal melanoma, there still remains multiple shortcomings to this 

type of immunotherapy with the main concern focused on the overall response rate. Moreover, 

Tebentafusp is only applicable to patients with a specific HLA antigen as mentioned above, and 

approximately 50% of the Caucasian, non-Hispanic population that make up majority of the total 

reported cases are eligible (B. E. Damato et al., 2019). This leaves a large gap between the two 

populations, and limitation persists even within the eligible population due to the overall 

response rate being very low at 5-9% (Carvajal et al., 2022; Hua et al., 2022; Middleton et al., 

2020).  

Uveal melanoma has a high metastatic potential and approximately 1% of the patient 

population have detectable metastasis at the time of diagnosis (Dogrusöz et al., 2020). Treatment 

options including enucleation, plaque brachytherapy, radiotherapy, MEK inhibitors, and 

immunotherapy have shown minimal effect on patients and metastasis is still observed even after 

treatment. Once metastasized, patients have a very low 1-year median survival of approximately 

4 months (Lane et al., 2018; Rietschel et al., 2005). These outcomes highlight the critical need 

for us to identify additional druggable targets and treatment methods that can be standardized in 

majority of the uveal melanoma patients.  

 

1.3 Phenotype Plasticity 

1.3.1 Definition of Phenotypic Plasticity 

 For years, researchers have attempted to unravel the high metastatic potential of uveal 

melanoma especially with their detection rate being extremely low along with the reports on the 

occurrences of late metastases decades after resection (Kolandjian et al., 2013;  Shields et al., 

1985). One of the proposed mechanisms for approximately 50% of uveal melanoma patients 
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developing metastasis is high intratumor heterogeneity often observed as the result of individual 

tumor cells having the ability to switch from one cell state to another (de Lange et al., 2021; 

Folberg et al., 2006; Lin et al., 2021). Such phenomenon termed as “phenotype switching” is an 

adaptive feature and has been studied in the context of cancer progression, metastasis, and even 

the development of resistance to treatment options (Gupta et al., 2019). In the vertebrate eye, the 

cells of the pigmented regions – known as the iris and the retina – have been described to 

withhold the “unique ability to alter extensively their state of differentiation” according to a 

study that was published more than 4 decades ago (Okada, 1980). Moreover, it has been reported 

that the iris epithelium is capable of undergoing cell replication, de-differentiation, and re-

differentiation studied in the context of post-lensectomy (Yamada et al., 1975). During the 

replication phase, cells appeared to undergo de-pigmentation and lose their given function as 

well as recruiting macrophages and neutrophils. Noting that it has been reported only a fraction 

of de-differentiated cells of the iris epithelium are re-differentiated into lens cells or iris 

epithelium, the phenotype plasticity portrayed by these cells suggest the possibility of inducing 

tumor cells (Yamada et al., 1975). To date, the most common example of phenotype switching in 

epithelial cancers is the epithelial-to-mesenchymal transition where cells lose their epithelial 

characteristics through events such as reduced cell polarity and cell to cell adhesion properties, 

eventually giving rise to the stem cell like phenotype (Bhatia et al., 2020). Transition into the 

mesenchymal cell state is often related with driving phenotypic plasticity in cancer cells where 

some population of tumor cells gain stem-cell like properties. In cutaneous melanoma, cell states 

also exist and have been characterized through their expression of specific cell surface receptors 

and associated transcription factors (Huang et al., 2021). More specifically, transcription factors 

appeared to induce differential gene expression leading to changes in phenotypes of cancer cells 
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observed with varying levels of genes expressions that are associated with tumor progression 

(Bhatia et al., 2020; Bi et al., 2020). According to prior literature, single cell RNA sequencing 

technologies have driven the identification of multiple cell states through the detection of 

receptors and their respective expression levels on individual cells that are predominantly 

expressed on a given tumor mass (Ennen et al., 2015; Tirosh et al., 2016). Identification of the 

different cell states that lead to tumor heterogeneity in cutaneous melanoma can act as a great 

tool to develop more effective and personalized therapy options for patients. Unfortunately, 

relative to other heterogeneous cancer types such as cutaneous melanoma and breast cancer, such 

cell state information remains elusive for uveal melanoma.  

 

1.3.2 Phenotypic Plasticity in other Heterogeneous Cancer Types 

When discussing phenotypic plasticity, cells’ transition into stem cell state is an 

important hallmark to understand in terms of the cells’ characteristics and their expected 

behavioral patterns especially in cancer. However, available reports and ongoing research 

confirm that cell states are not so distinct but rather very well-interconnected and progressive (Jia 

et al., 2017). Cell states have been associated with tumor initiation and progression, and 

researchers should pay close attention to the events that occur leading to these shifts in cell 

states. How cells undergo phenotype switching has been largely subdivided into 3 routes which 

include differentiation, de-differentiation, and trans-differentiation (Gupta et al., 2019). Cell 

differentiation is a well-known event where immature stem cells become a specific cell type and 

gain function in response to the different transcription factors leading up to differential gene 

expression (Musacchio & Helin, 2013). In contrast, de-differentiation refers to the opposite 

where specialized cells such as melanocytes lose their characteristics like pigmentation and 
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experience changes in their gene expression of specific markers such as upregulated NGFR or 

Axl and downregulated MelanA or GP100 as well as gaining the potential to develop into any 

type of cells – including tumor cells (Y. J. Kim et al., 2021). Trans-differentiation of a cell 

occurs between a spectrum of cell states, and this may be induced by specific transcription 

factors and be detectable through the upregulation or downregulation of specific receptors as 

previously mentioned.  

Some characteristics of stem cell states in cutaneous melanoma is that they are able to 

undergo self-renewal and differentiation, asymmetric division, show vascular mimicry, form 

melanospheres, and show positive expression for NGFR marker with a proposed detection for 

phenotype switching through a combined MITF and AXL expression levels (Fang et al., 2005; 

Girouard & Murphy, 2011; Huang et al., 2021; N. Nguyen et al., 2015). Melanoma stem cell-like 

state have been observed to play a role in tumor initiation, metastasis, and therapy resistance and 

depending on the phenotypic state of a given cell, the potential to fulfill these functions appear to 

be altered (Huang et al., 2021; N. Nguyen et al., 2015). Currently explored cell states of 

cutaneous melanoma include but are not limited to hyperdifferentiated state, melanocytic state, 

intermediate state, starved-like melanoma state, de-differentiated state, and neural crest stem 

cell-like state (Huang et al., 2021). Breast cancer is another heterogeneous cancer type that has 

been studied more with regards to the process of epithelial to mesenchymal transition (EMT). 

Some characteristics that define their stem cell like state are similar to that of cutaneous 

melanoma where cells show to undergo self-renewal process, differentiate into endothelial cells, 

produce tumorspheres, and carry out pro-angiogenic activities (Czerwinska et al., 2020; Kong et 

al., 2020; Murphy et al., 2014). However, markers of stem cells differed from cutaneous 

melanoma in that breast cancer stem cells were isolated through CD104 positive and CD44 high 
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expression (Kong et al., 2020). Currently distinguished cell states for breast cancer include 

highly plastic phenotype, epithelial phenotype, mesenchymal phenotype, and cancer stem cell 

phenotype – all showing different capacity towards tumor initiation, metastasis potential, and 

treatment resistance (Kong et al., 2020).  

 

1.3.3 Introduction to Cell State Markers 

As previously mentioned in section 1.2.1 Disease Epidemiology, patients are stratified 

into different risk groups through the DecisionDx-UM gene expression profiling test. This test 

suggests that patients are subjected to different prognosis for uveal melanoma and that patients 

can be assigned to a risk group for developing metastasis depending on their results. However, a 

major shortcoming to this testing method is the use of fine needle aspiration biopsy as a method 

to collect samples. Uveal melanoma tumor mass is highly heterogeneous in that depending on 

the physical location of where the single bypass collection via needle biopsy takes place, the 

results may be highly variable (Stålhammar & Grossniklaus, 2021). Therefore, application of 

marker-based characterization of uveal melanoma tumors with markers associated with tumor 

progression may allow for the advancement towards accurate patient prognosis and early 

detection of metastasis. In chapter 2.4 Flow Cytometry of this thesis, a flow cytometry-based 

assay, wherein we detect the expression of AXL, CD36, CD166, MelanA, NGFR, GFRA2, and 

GP100 has been described. In the next paragraphs, we explain these receptors in greater detail. 

AXL: This receptor tyrosine kinase is broadly expressed in normal cells such as the bone 

marrow stroma cells, vascular smooth muscle cells, lens epithelial cells, retina, and renal cells 

(Axelrod & Pienta, 2014; Neubauer et al., 1994; The Human Protein Atlas). AXL has 

extracellular, transmembrane, and intracellular domains that work together to transduce signals 
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from the extracellular matrix into the cytoplasm once bound to its ligand, Gas6 or via the 

overexpression of AXL (Dagamajalu et al., 2021; Zhu et al., 2019). AXL activation results in 

activated downstream pathways including the MAPK pathway, PI3K/AKT pathway, and the 

JAK/STAT pathway (Axelrod & Pienta, 2014; Du et al., 2021; Zhu et al., 2019). Numerous 

studies suggest that through the activation of these aforementioned pathways, AXL contributes 

toward tumor progression through their regulation of cell to cell adhesion, tumor cell survival, 

migration, invasion, and drug resistance (Abu-Thuraia et al., 2020; Gay et al., 2017; Y Li et al., 

2009; McCloskey et al., 1997; Taniguchi et al., 2019; Zhu et al., 2019). AXL appears to be not 

only a marker of the stem-cell like cell state but is also seen to be responsible for inducing this 

phenotype supported by studies where reduced metastasis has been observed with Axl 

knockdown in other cancer types (Gjerdrum et al., 2010; Rankin & Giaccia, 2016). In uveal 

melanoma, AXL expression has been shown to play a role in sustaining tumor cell survival 

specifically through the interaction between Gas6 and the AXL receptor ultimately allowing for 

cancer progression observed by liver metastasis for example (van Ginkel et al., 2004). AXL 

expression in the eye can only be detected in the retina (The Human Atlas). 

Cluster of differentiation 36 (CD36): This is a scavenger receptor responsible for lipid 

uptake and is expressed on endothelial cells, monocytes, retinal pigment epithelium, hepatocytes, 

and adipocytes to name a few (Clemetson, 1997; Silverstein & Febbraio, 2009). CD36 is a 

transmembrane protein with its extracellular domain exposed to high levels of glycosylation 

(Isacke & Horton, 2000) and also interacting with numerous ligands such as thrombospondins, 

long chain fatty acids, collagens one(I) and four (IV), and retinal photoreceptor outer segments 

(Febbraio et al., 2001). Through the interaction with a diverse group of ligands, CD36 also plays 

a role in clearing apoptotic cells, regulating angiogenesis, transporting fatty acids as well as 
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being associated with the development of diseases such as atherosclerosis and various cancer 

types (Silverstein & Febbraio, 2009; Wang & Li, 2019). High expression of this receptor has 

been associated with poor prognosis in cancer patients where researchers reported positive 

correlation between tumor burden and metastasis risk and inverse correlation with patient 

survival (Hale et al., 2014b; Pan et al., 2019; Pascual et al., 2017; P. Yang et al., 2018). In 

cutaneous melanoma, increased CD36 expression has been associated with the starved-like 

melanoma cell state that showed higher tolerance to both nutrient starvation and therapy (Huang 

et al., 2021). CD36 expression is not detected in the uveal layer and any direct relationship 

between CD36 signaling and uveal melanoma is yet to be discovered. However, vasculogenic 

mimicry (VM) which is a process that aggressive tumor cells utilize to maintain survival by 

producing endothelial-like cells de novo has been first observed in uveal melanoma. There has 

been no further studies clarifying how this process arise in the context of uveal melanoma but a 

study by Martini and colleagues demonstrate that CD36 promotes the increased proximity 

between tumor endothelial cells and the tumor extracellular matrix (ECM) through its network 

with adhesion molecules (Martini et al., 2021; Wechman et al., 2020).  

Cluster differentiation 166 (CD166): Also recognized as activated leukocyte cell 

adhesion molecule (ALCAM), CD166 is frequently expressed on the surfaces of many different 

cells including but not limited to pancreatic cells, epithelial cells, glial cells, blood cells, and 

immune cells (Kahlert et al., 2009; The Human Protein Atlas). It is a member of the 

immunoglobin superfamily (IgSF) with five extracellular domains and the main function of 

CD166 is to act as a cell adhesion molecule through the binding to its receptor CD6 in a 

heterophilic manner or with another CD166 protein in a homophilic manner (Chappell et al., 

2015; Dana, 2016). Previously, CD166 has been studied to be altering bone phenotype through 



 32 

osteoblast differentiation and levels of hematopoietic stem cells. In continuum, this protein has 

been shown to be negatively correlated with patient survival as well as leading cancer 

progression by fostering cancer cells’ ability to migrate and invade (Donizy et al., 2015; Hooker 

et al., 2015; Kahlert et al., 2009). Through knockdown experiments in ovarian cancer and 

pancreatic cancer, researchers showed that with depleted Cd166 resulted in diminished cancer 

stem cell (CSC) characteristics in respective cell lines (Fujiwara et al., 2014; D. K. Kim et al., 

2020). Clinically, CD166 expression level was monitored where they saw increased protein 

expression in primary tumors but a relatively reduced level in lymph node metastases, in which 

both resulted in poor patient prognosis (Donizy et al., 2015). CD166 is not known to be detected 

in the healthy uveal layer of the eye and the currently understood role of CD166 in uveal 

melanoma requires further validation, however, Djirackor et al. reported significantly higher 

CD166 positive population in tumor cells compared to normal choroidal melanocytes (NCM). 

They proposed its role as a CSC marker supported with increased migratory and melanosphere 

forming capacity which stayed consistent with the results from Jannie and colleagues where they 

reported the positive correlation between CD166 expression levels and the migratory capacity 

(Djirackor et al., 2019; Jannie et al., 2012).  

Melanoma Antigen (MelanA): MelanA or also known as Melanoma Antigen 

Recognized by T cell-1 (MART-1) is a melanocyte differentiation marker and therefore, is only 

expressed on melanocytes present in areas such as the human skin and the retinal pigment 

epithelium of the eye (Coulie et al., 1994; De Mazière et al., 2002). It is a transmembrane protein 

that is expressed more intracellularly than on the plasma membrane (De Mazière et al., 2002). 

This protein has been studied in the context of immunotherapy due to its presentation to HLA-

A*A201 cytolytic T lymphocytes (CTL) through the major histocompatibility matrix (MHC) 
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class 1 (Seiter et al., 2002). Not only is the protein expressed in normal melanocytes of the skin 

and the eye, but studies have confirmed their expression levels in cutaneous melanoma and uveal 

melanoma (Busam et al., 1998; Fan, 2011). MelanA expression levels in relevance to patient 

prognosis and cell states have been studied primarily in cutaneous melanoma in that there is an 

inverse relationship with tumor thickness and lower levels of MelanA by tumor cells portray a 

neural crest-like state (Berset et al., 2001; Su et al., 2017). Perhaps in a contrasting manner, in 

the context of uveal melanoma, a few studies report that MelanA is differentially expressed 

across cell lines and higher expression levels were seen in liver metastases (Fan, 2011; Hoefsmit 

et al., 2020).  

Nerve Growth Factor Receptor (NGFR): Commonly recognized as cluster of 

differentiation 271 (CD271), this receptor is a transmembrane protein expressed on smooth 

muscle cells, melanocytes, mesenchymal cells, basal respiratory cells, and in the retina of the eye 

(The Human Protein Atlas; Tanaka, 2015). It acts as a receptor for a family of neurotrophin 

ligands at low affinity and has been shown to be involved with apoptotic events to induce 

Alzheimer’s disease (Bruno et al., 2023). The relationship between NGFR and apoptosis has also 

been explored in cancer, but its roles appear to be both pro-tumorigenic and anti-tumorigenic. In 

colorectal cancer, NGFR mediated apoptosis led to increased sensitivity towards chemotherapy 

agent Fluorouracil (5-FU) but in lung cancer, colon cancer, liver cancer, neuroblastoma, 

osteosarcoma and skin cancer cell lines, apoptosis induced by reduced levels of NGFR lead to 

reduced survival or cancer cells as well as increased sensitivity towards chemotherapy (H. Chen 

et al., 2021; Zhou et al., 2016). Where in some cancers such as prostate and bladder cancers, 

NGFR act as a tumor suppressor, in cutaneous melanoma, breast cancers, and glioblastoma, it 

has been well established to drive tumor progression through greater proliferative capacity and 
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inhibiting the activity of the tumor suppressor p53, as a as well as initiating tumor development, 

(Bashir et al., 2022; Boiko et al., 2010; H. Chen et al., 2021; Redmer et al., 2014; Tsang et al., 

2013; YANG et al., 2018; Zhou et al., 2016). Researchers suggest NGFR as a marker of stem 

cell state due to evidence such as mesenchymal cells expressing NGFR and studies confirming 

the receptor’s pro-tumorigenic roles (Boiko et al., 2010; Redmer et al., 2014). Interestingly, 

tumor heterogeneity also appeared to be driven by CD271 where Redmer et al. confirmed 

varying levels of CD271 expressing cells having correlation to the rate of cell division (Redmer 

et al., 2014). Several studies have also confirmed the stem-cell like property that CD271 positive 

cells portray in uveal melanoma (Djirackor et al., 2019; Joshi et al., 2016; Valyi-Nagy et al., 

2012). Levels of a known stem cell surface marker called CD166 was elevated along with NGFR 

expression. High levels of NGFR were also detected in cells participating in vascular mimicry in 

the uveal melanoma cells (Djirackor et al., 2019; Valyi-Nagy et al., 2012). 

Glial cell line Derived Neurotrophic Factor (GDNF) Family Receptor Alpha-2 

(GFRA2): This is a cell surface receptor that binds to glial GDNF and neurturin (NRTN) leading 

to the activation of the rearranged during transfection (RET) receptor for signaling (Jing et al., 

1997; Takahashi, 2001). There are relatively limited studies available explaining the relationship 

between cancer progression with GFRA2, but Ishida et al. highlight its role in identifying cardiac 

progenitor cells as well as mediating cell differentiation in the heart and another study claiming 

the activation of the phosphoinositase-3-kinase/Ak strain transforming (PI3K/AKT) pathway via 

GFRA2 to induce neuroblastoma cell proliferation (Ishida et al., 2016; Zuoqing Li et al., 2019). 

According to Gu et al., increased GFRA2 expression was also observed in pancreatic tumors of 

bigger than or equal to 3.00 mm (Gu et al., 2016). In support with these previously mentioned 

phenotypes from cancer cells with GFRA2 expression, along with several studies in cutaneous 
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melanoma, this receptor appears to be a marker of the neural crest stem cell state as well as 

inducing intratumor heterogeneity through phenotype switching (Huang et al., 2021; Rambow et 

al., 2018). In a study by Rambow et al., it was observed that upon a combination therapy with 

BRAF and MEK inhibitors, GFRA2 expressing cells were subsequently elevated (Rambow et 

al., 2018). In addition, GFRA2 expression levels were observed to be negatively related to 

treatment response (Rambow et al., 2018).  

Glycoprotein 100 (GP100): This protein is another melanocyte differentiation marker 

expressed in more diverse tissues groups but at low levels (Brouwenstijn et al., 1997; Seiter et 

al., 2002). As early as 1997, Brouwenstijn et al. observed GP100 expression in samples of lymph 

node, ovarium, retina, thyroid, liver, kidney, heart, and the oesophagus (Brouwenstijn et al., 

1997). An alternate name for GP100 is premelanosome protein (PMEL) and is a transmembrane 

glycoprotein responsible for defining the structural organization of melanosomes leading to their 

maturation (Pmel premelanosome protein [homo sapiens (human)], 2023). Expression levels of 

this protein has been associated with the differentiation status of cancer cells where high 

expression was indicative of a differentiated cell state apparent with a pigmented phenotype 

(Benboubker et al., 2022; Huang et al., 2021). Immunotherapeutic approaches have been 

designed with this marker in mind, because it was originally reported that melanoma infiltrating 

T lymphocytes recognized GP100 peptides presented by HLA-A*02:01 molecules (Kawakami & 

Rosenberg, 1997). Currently in uveal melanoma, GP100 is used as a bispecific T cell engager 

(BITE) for treatment with a newly approved drug called Tebentafusp (see section 1.2.3 

Treatment Options for Uveal Melanoma).  
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1.4 CD36 in Cancer Progression 

1.4.1 CD36 in Cells and Various Roles  

 CD36 is expressed on a wide variety of cells such as platelets, adipocytes, mammary 

epithelial, and even immune cells. With the molecular weight ranging from 53 to 88 kilodalton 

(kDa), this scavenger receptor is a transmembrane glycoprotein with two short cytoplasmic tails, 

two transmembrane domains, and a long extracellular domain that is exposed to high levels of 

post translational modifications (Figure 2) (Armesilla & Vega, 1994; R. Yang et al., 2022). To 

date, CD36 is susceptible to phosphorylation, ubiquitylation, palmitoylation, glycosylation, and 

acetylation where the extracellular domain has as much as 10 glycosylation sites, leading to 

alterations to its molecular weight (Tao et al., 1996; R. Yang et al., 2022). Post-translational 

modifications on CD36 has also been reported to affect where this protein is expressed amongst 

the cell surface, golgi apparatus, mitochondria, the endoplasmic reticulum, and endosomes (R. 

Yang et al., 2022).  

Interestingly, CD36 has several ligands to which it binds to leading to the fulfillment of 

multiple roles in a wide range of differing cell types. The first group of ligands that commonly 

bind are lipid-related molecules such as long chain fatty acids (LCFA), oxidized low-density 

lipoproteins, and oxidized phospholipids (Kar et al., 2008). Upon binding these ligands, CD36 

acts as a lipid transporter, lipolysis, induce pro-inflammatory response leading to diseases such 

as atherosclerosis and metabolic disorders, as well as carrying out functions such as phagocytosis 

and regulating fatty acid oxidation (Y. Chen et al., 2022; Ryeom et al., 1996; Silverstein & 

Febbraio, 2009; Wang & Li, 2019; Zhao et al., 2018). Another group of ligands that bind to 

CD36 are proteins including collagen, thrombospondin-I, amyloid beta, and advanced glycated 

end products (AGE) leading to the moderation of adhesive interactions between cell-cell and 
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cell-matrix, activate monocytes and platelets, prevent angiogenesis, and induce apoptosis (Asch 

et al., 1993; Dawson et al., 1997; Lehner & Quiroga, 2016; Silverstein & Febbraio, 2009; 

Susztak et al., 2005). Lastly, CD36 has also been studied in regards to its role in immunology as 

a pattern recognition receptor (PRR) on the surface of cells with a phagocytic function such as 

macrophages and monocytes as they are able to bind to the pathogen associated molecular 

patterns (PAMPs) on bacteria, fungi, and parasite infected human erythrocytes (Fraser et al., 

2004; Silverstein & Febbraio, 2009; Wang & Li, 2019).  

 

1.4.2 CD36 in Cancer 

Glioblastoma, gastric cancer, human oral carcinoma, lung small cell carcinoma, and 

cervical cancer are just a few of the cancer types where CD36 overexpression was associated 

with tumor progression (Hale et al., 2014a; Pan et al., 2019; Pascual et al., 2017; P. Yang et al., 

2018). From tumor initiation, tumor progression, development of metastasis, treatment 

resistance, and promoting phenotype switching, CD36 appears to act as a central regulator 

(Wang & Li, 2019). Amongst many of the previously mentioned functions of this surface 

receptor, lipid metabolism provides clues to be the promising pathway to investigate to unravel 

its pro-oncogenic role. The dysfunctional metabolic events led by CD36 with excessive fat 

supply can perhaps provide an explanation for the observed poor prognosis in breast cancer 

patients with HER-2 gene that leads to the over-expression of the fatty acid synthase (FASN) 

(Feng et al., 2019; Pepino et al., 2014). Additionally, CD36 mediated uptake of a specific type of 

fatty acid known as palmitate acid has shown to increase migratory and invasive ability of gastric 

cancer cells (Pan et al., 2019). It is important to note however, that although we understand 

CD36 plays a role in fatty acid uptake to drive cancer, the mechanism behind how they get 
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transported intracellularly remains to be explored (Luo et al., 2021). CD36 is expressed in 

various regions of the human eye and multiple ocular-associated diseases have been associated 

with the CD36 receptor such as glaucoma and retinal and corneal neovascularization, however, a 

direct relationship with uveal melanoma progression with CD36 has not yet been established (R. 

Yang et al., 2022).  

 

1.4.3 CD36 Inhibitors 

 The scavenger receptor’s role as a driver of both tumor development and disease 

progression make it an attractive target to inhibit. Currently, there are various types of inhibitors 

available that work as a competitive or a non-competitive inhibitor of CD36. Sulfo-N-

succinimidyl oleate (SSO) is a chemical inhibitor that works through competitive binding of the 

known ligands of this receptor (Kuda et al., 2013; Mansor et al., 2017). By inserting into the 

region at Lysine 164 which oxidized low density lipoproteins (ox-LDL) and long chain fatty 

acids (LCFA) bind to on CD36, sulfo-N-succinimidyl oleate (SSO) blocks CD36 signaling 

activity and lipid uptake through an irreversible inhibition (Kuda et al., 2013). Another inhibitor 

that works as an antagonist in inhibiting CD36 receptor is salvionolic acid beta (SAB) which 

works by preventing oxLDL uptake by CHO cells, THP-1 cells, and macrophages (Bao et al., 

2012). Bao and colleagues have confirmed that introducing salvionolic acid beta reduced lipid 

uptake both in vitro and in vivo and reported reduced lipid accumulation in hyperlipidemic 

mouse models (Bao et al., 2012). Last group of inhibitors used to test CD36 roles in diseases are 

known as AP5055 and AP5258 which has been determined to prevent the binding of oxidized 

low-density lipoproteins (ox-LDL) and long chain fatty acids (LCFA) in a non-competitive 

manner (Geloen et al., 2012). Upon treating Cd36-expressing HEK293 cells and atherosclerotic 
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mice with AP5055 and AP5258, there was reduced foam cell formation along with reduced 

plasma triglyceride concentration (Geloen et al., 2012). Besides using drugs, another method of 

inhibiting CD36 in cancer models include the use of anti-CD36 monoclonal antibody (Martini et 

al., 2021).  

As evident from inhibitors mentioned above, limiting the activity of CD36 appears to 

have a prophylactic effect through the interference in the process of lipid metabolism. Hence, 

there are many drugs for CD36 in clinical trials to prevent cancer progression as summarized in 

Table 1 (Wang & Li, 2019). Many of these inhibitors compete with the binding activity of 

thrombospondin-1 targeting the angiogenic activity that is also related to cancer progression. No 

direction relationship between these drugs and lipid uptake function of CD36 has been made, but 

ABT-510 which has entered phase 2 clinical trials showed weak levels of reduced myristate 

uptake which is a fatty acid playing a role in glycoprotein anchorage (Doering et al., 1993; 

Isenberg et al., 2008).  However, due to side effects such as anemia, hemorrhage in the 

gastrointestinal tract, headache, dizziness, radiation pneumonitis and even death from bowel 

obstruction with perfusion was observed in clinical trials, leading to the termination of the trials 

(Ebbinghaus et al., 2007; Molckovsky & Siu, 2008). Due to these reasons and observed side 

effects in ongoing pre-clinical studies for potential target therapy against CD36, currently, there 

is yet to be an approved CD36 inhibiting drug used in the clinics (Table 1) (Wang & Li, 2019). 
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Table 1. Drugs Against CD36 and CD166 in Pre-clinical and Clinical Trials. 

CD36 CD166 

ABT-510  

 

 

CX-2009 

CVX-045 

ABT-526 

ABT-898 

CVX-022 

3TSR 

TAX2 

ELK-SAHPs 

 

1.5 Rationale, Objectives, and General Introduction to the Project 

 Uveal melanoma is a highly heterogeneous cancer type and intratumor heterogeneity has 

been linked to disease progression leading to metastasis and therapy resistance (Marusyk et al., 

2020). Metastasis in uveal melanoma patients is a serious concern as less than 5% of the patients 

have detectable metastasis at the time of initial diagnosis and the median survival after diagnosis 

with metastasis only ranges between 4-6 months (Harbour & Chen, 2013; Lane et al., 2018; 

Rietschel et al., 2005). In other types of cancer such as cutaneous melanoma, various markers 

have been identified associated with metastasis risk and therapy resistance in relation to specific 

cell states. Therefore, I hypothesize that in uveal melanoma, there will be different cell states that 

co-exist to drive tumor heterogeneity and ultimately, metastasis. My project will first determine 

the extent of heterogeneity that can be observed from the uveal melanoma cell lines in the lab to 
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isolate a potential marker associated with metastasis development specifically in the context of 

uveal melanoma. Therefore, my aims are as following: 

Aim 1: Characterize Uveal Melanoma Cell lines with markers related to cell states/disease 

progression. 

Aim 2: Unravel a potential target mediating the high metastasis risk. 
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METHODS 

2.1 Cells and reagents 

Uveal melanoma cell lines (Mel270, 92.1, OMM2.5, MU2, MU2F, T108, T128, T142, 

T143, UM001, and H79) were kindly gifted by Dr. Solange Landreville (University of Laval, 

Quebec City). Mel270, 92.1, OMM2.5, MU2 and MU2F cells were cultured in Roswell Park 

Memorial Institute (RPMI) 1640 media (Wisent Bio Products) containing 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin (Wisent). T108, T128, T142, T143, 293, and 

HEK293FT cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Wisent Bio 

Products) supplemented with 10% FBS and 1% penicillin/streptomycin. UM001 cells were 

cultured in RPMI 1640 media supplemented with 10% FBS, 1% penicillin/streptomycin, 2% 

GluataMax (Gibco), 1% HEPES (Wisent), and 1% non-essential amino acids (NEAA, Gibco). 

H79 cell line was grown in low-glucose DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin. Additional uveal melanoma cell lines (1088mel, 624.38mel, 397mel, and 

1102mel) were kindly gifted by Dr Réjean Lapointe (University of Montreal, Montreal). All cell 

lines gifted by Dr Lapointe were cultured in RPMI 1640 media supplemented with 10% FBS and 

1% penicillin/streptomycin.  

Mel270 cells tagged with a luciferase (luc)-tdTomato (Mel270 luc-tdTomato/tagged 

cells) were used for both in vitro and in vivo assays. Briefly, second generation HIV-based 

lentiviral vectors were produced by co-transfecting HEK293FT cells with plasmids encoding the 

HIV-Rev (Addgene #12260), VSV-G (Addgene #12259), and the luc-tdTomato expression 

vector (Addgene #72486). Mel270 cells were then transduced by mixing the virus-containing 

supernatant, fresh media, and polybrene (8𝜇g/mL). The cells were then subsequently sorted for 

tdTomato+ cells after 3 passages post transduction. 
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All cells were cultured in a humified incubator at 37°C with 5% CO2.  

 

2.2 RNA interference   

2.2.1 siRNA mediated CD36 knockdown  

 Pre-designed CD36 siRNAs (duplex sequences shown below) were purchased from 

Integrated DNA Technologies (IDT; Ref #: 428499354 (siCD36 1) and 428499351 (siCD36 3)). 

Control siRNA (siCTL) was purchased from Qiagen (Cat No.: 1027280). All siRNAs were 

reconstituted and diluted in H2O to a working concentration of 20μM, aliquoted, and stored at -

80°C before use. For transient Cd36 knockdown, Mel270 luc-tdTomato and 92.1 cells were 

seeded in 6-well plates at a concentration of 300,000 cells per well. For each well, siRNAs 

(1μL), Opti-MEM Reduced Serum Medium (500μL, Gibco), and LipofectamineTM RNAiMAX 

Transfection Reagent (5μL, Invitrogen) were mixed by vortexing and were incubated in room 

temperature for 20 minutes. The mixture was then added to each well, followed by a media 

change 24 hours after transfection.  

 

 

 

 

 

 

2.2.2 shRNA mediated CD36 knockdown 

Short hairpin RNA (shRNA)-mediated knockdown was achieved using lentiviruses 

produced with vectors from the McGill Genome Perturbation Centre (Cd36, TRCN0000056998 
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and TRCN0000057000) and the pLKO empty vector as control in the HEK293T cell line. 

Mel270 cells were infected in the presence of 4 μg/ml polybrene, and 3 days after viral infection, 

cells were treated and selected with 2.5 μg/ml puromycin and bulk-sorted for tdTomato+, 

Cd36- cells. 

 

2.3 Immunoblotting 

 Cell pellets were lysed using RIPA buffer (400mL double distilled water, 15mL sodium 

chloride 5M, 5mL of 10% sodium dodecyl sulfate (SDS), 2.5g sodium deoxycholate, 25mL 

TRIS 1M pH 7.4, and 5mL of NP40) complete with protease inhibitor and phosphatase inhibitor. 

Samples were sonicated at 50% amplitude for 4 seconds and were then centrifuged at maximum 

speed for 15 minutes at 4°C. Protein concentration of each sample was measured by Bradford 

assay. Samples were prepared at the desired concentration and mixed with 4X bromophenol blue 

dye at a ratio of 3:1. Proteins were separated on a 10% SDS-PAGE gel and were then transferred 

to a nitrocellulose membrane. The membrane was stained with Ponceaus S Staining solution and 

was then washed with Tris Buffered Saline-Tween (TBST) solution twice before blocking with 

5% non-fat milk for 1 hour at room temperature. The membrane was then incubated in primary 

antibodies (diluted in 5% non-fat milk) at 4°C overnight. The next day, the membrane was 

washed with TBST (10 minutes per time, three times in total) and was then incubated in 

secondary antibody for 1 hour at room temperature. Membrane was again washed with TBST 

and was revealed using ECL Western Blotting Detection Reagent (Cytiva) or Immobilon 

Western Chemiluminescent HRP Substrate incubation (EMD Millipore). Antibodies used for 

immunoblotting include CD36 rabbit monoclonal antibody (EPR6573, Abcam #ab133625, 
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1:1000); GAPDH rabbit monoclonal antibody (D16H11, Cell Signaling Technologies #5174, 

1:5000). 

 

2.4 Flow Cytometry 

2.4.1 Staining 

 Cells were trypsinized, then washed with 1X Dulbecco's phosphate-buffered saline 

(DPBS) and pipetted into a v-bottom 96-well plate at approximately 1 million cells per well. 

After centrifugation at 2000 rpm for 1 minute, supernatant was discarded, and cells were stained 

with the Live/Dead Fixable Aqua solution (Invitrogen, 1:100 in DPBS) at 4° for 30mins. After 

washing and discarding the supernatant, cells were blocked with a homemade Fc block buffer 

diluted in FACS buffer (500mL PBS, 1.6mL 20% NaN3, 25mL FBS; filtered) at 1:10 on ice for 

30 minutes. Cells were then stained with prediluted antibodies with conjugated fluorophores 

(Table 2) on ice for 30 minutes, washed once and was fixed with 4% paraformaldehyde (PFA) 

on ice for 30 minutes. Cells were washed once before getting resuspended in 300𝜇L FACS 

buffer into polystyrene tubes (Corning, Cat#: CA60819-820).  

 

2.4.2 Antibody Titration 

 Equal numbers of any combination of Mel270, 92.1, OMM2.5, MU2, MU2F, T108, 

T128, T142, T143, UM001, and H79 uveal melanoma cells (from Dr. Solange Landreville) were 

mixed for the titration of AXL, CD36, CD166, MelanA, NGFR, and GFRA2, whereas a 

complete mix of 1088mel, 624.38mel, 397mel, and 1102mel cells (from Dr. Réjean Lapointe) 

were used to titrate GP100. The mix of cells were pipetted into a v-bottom 96-well plate at 

approximately 2 million cells per well. After Live/Dead staining and Fc blocking, cells were 
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stained with each antibody which was serially diluted at 1:50, 1:100, 1:200, 1:400, and 1:800 

dilutions in FACS buffer, with an unstained sample as the negative control (see section 2.4.1 

Staining for detailed staining procedure). Optimal antibody dilution was defined based on visual 

separation of the negative and the positive populations (Supplementary Figure 1), along with the 

calculated separation index of each dilution.  

  

2.4.3 Flow Cytometry Assays 

For screening uveal melanoma cells with markers in the UMarkit panel, 130,000 of 

Mel270, 92.1, OMM2.5, MU2, MU2F, T108, T128, T142, T143, H79, and UM001 cells were 

seeded in a 15cm cell culture dish and were cultured for 96 hours. All cells were grown in their 

respective media and the media was changed once at 48 hours after seeding. Cells were then 

trypsinized, washed with 1X Dulbecco's phosphate-buffered saline (DPBS), and pipetted into a 

v-bottom 96-well plate at approximately 1 million cells per well. The staining process with 

prediluted antibodies of the UMarkit panel (Table 2) is as mentioned in section 2.4.1 Staining. 

Compensation controls were prepared with antibodies and their respective beads as summarized 

in Table 2 to avoid spectral overlap between colours. They were prepared by incubating 5𝜇L of 

pre-diluted antibodies in approximately 100𝜇L of respective beads in polystyrene tubes 

(Corning, Cat#: CA60819-820) on ice for 30 minutes. 2mL of FACS buffer was added to the 

stained beads and were spun down at 400g for 5 minutes. Supernatant was discarded and beads 

were resuspended in 300𝜇L of FACS before running. 

For Annexin/PI staining, 300,000 Mel270 tagged cells were seeded in a 6 well plate and 

were transfected with siCTL (control scramble sequence), siCD36 1, or siCD36 3. Media was 

changed once at the 24-hour timepoint post-transfection and at 48 hours, media and cells were 
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collected into a polystyrene tube from one well for each condition. Cells were centrifuged at 

1700rpm for 3 minutes at 4°C. Supernatant was discarded, and cells were washed with 1 mL of 

DPBS before being centrifuged under the same conditions. Each tube of cells were stained for 15 

minutes on ice with 20𝜇L of staining mixture (10X binding buffer (BD BioSciences Cat#: 51-

6612E), 180	𝜇L ddH2O, 0.2 𝜇L Annexin V (Invitrogen Ref#: A23204), and 1	𝜇L PI (BD 

BioSciences Cat#: 51-66211E)).  

All flow cytometry data were acquired on LSRFortessa or CantoII and were subsequently 

analyzed using FlowJo software. 

Table 2. Antibodies/Markers in the UMarkit Panel. 

Marker Conjugated Fluorophore Company Beads 

AXL PE Cy7 eBiosciences OneComp 

CD36 PerCP-Cy5.5 BD Biosciences OneComp 

CD166 APC BioLegend OneComp 

MelanA APC Cy7 Novus Biologicals OneComp 

NGFR BV421 BD Biosciences UltraComp 

GFRA2 AF488 Novus Biologicals OneComp 

GP100 CF594 Biotium OneComp 

 

2.5 Wound Healing Migration Assay  

 Cells were transfected with siRNAs as described in section 2.2.1 siRNA mediated CD36 

knockdown and were grown until confluent approximately 24 hours after transfection. Scratch 

wounds were then created using a p10 pipette tip (Supplementary Figure 2A). Wells were 

washed once with PBS and fresh media was added. Images were taken immediately after using 
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an inverted microscope at 4X focus on different locations of the wound site (Supplementary 

figure 2A). After 24 hours, images were taken at the same locations. Images were analyzed with 

ImageJ software and percent wound closure was calculated with the following equation: 100 – 

[(width at 0 hour) ÷ (width at 24 hours) × 100]. All scratch assays were completed with 

technical triplicates and biological triplicates. Statistical analysis for scratch assays is specified in 

the figure legends.  

 

2.6 Invasion Assay 

 Mel270 tagged and 92.1 cells were transfected as described in section 2.2.1 siRNA 

mediated CD36 knockdown. Mel270 tagged cells were cultured in serum-free media for 

approximately 16 hours before seeding. 92.1 cells did not undergo serum starvation. On the day 

of seeding, transwells (8.0𝜇m, FALCON) were first coated with Matrigel at 300μg/ml for 30 

mins at 37°C. Cells were then seeded in serum-free media at the concentration of 150,000 cells 

per well into the coated transwell inserts. Cells were allowed to migrate and invade to the bottom 

chamber containing media supplemented with 10% FBS as chemoattractant for 24 hours. Cells 

were fixed using 4% glutaraldehyde (Sigma) and stained with 0.5% crystal violet solution for 30 

minutes. Non-migrated cells that remained on top of the transwell were manually removed using 

cotton tips (Supplementary Figure 2B). The remaining invaded cells were imaged using an 

inverted microscope at 10X magnification and were counted manually using the ImageJ 

software. All invasion assays were completed with technical replicates and biological triplicates. 

Statistical analysis for scratch assays is specified in the figure legends.  
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2.7 Proliferation Assay 

 Mel270 tagged cells and 92.1 cells were seeded in 6-well plates at 300,000 cells and 

200,000 cells per well, respectively. Cells were trypsinized and counted using a hemocytometer 

at indicated time points (24 hours, 48 hours, and 72 hours).  

 

2.8 RNA extraction and Quantitative real-time PCR 

 RNA was extracted from Mel270 tagged and 92.1 cell pellets with the E.Z.N.A.â Total 

RNA Kit 1 (omega BIO-TEK, SKU: R6834-01) following the manufacturer's instructions. 

Extracted RNA were quantified using the Nanodrop 1000 Spectrophometer (ThermoFisher 

Scientific). cDNA was prepared from 1𝜇g of the extracted RNA using the iScriptTM cDNA 

Synthesis Kit (BIO-RAD, Cat#: 1708891BUN). The target gene CD36 and the housekeeping 

gene HPRT1 were quantified using the Applied Biosystems 7500 Fast Real-Time PCR System 

with pre-designed gene probes (ThermoFisher Scientific, Cat#: 4331182 and 4333768F, 

respectively).  

 

2.9 Splenic injection 

 4-6 weeks old NOD CRISPR prkdc Il2r Gamma (NCG) male mice were purchased from 

Charles River Laboratories. One day before the procedure, all mice were shaved and was given 

an ear tag for identification and approximately 1 hour before the procedure, all mice were given 

carprofen. Freshly trypsinized cells were washed and resuspended in DPBS at a concentration of 

1.0 X 107 cells per mL and were kept on ice before injection. All surgery tools were autoclaved 

before use. During the procedure, all mice were given isoflurane as anesthesia with oxygen (O2). 

To access the spleen, a small incision was made on the skin just below the rib cage on the left 
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side of the mouse, followed by another incision on the muscle layer. Upon successful location of 

the spleen, connective tissues were removed using a cotton tip and the organ was “scooped out” 

using a curved tweezer. Splenic vein needed to be identified to observe the change in colour of 

the vein after injecting 1.0 X 106 cells into the spleen with a 26G 1mL needle. After allowing the 

blood to clot using a cotton tip, the spleen was put back into place and the muscle layer was 

closed using a 13mm 3/8c surgical suture. Approximately 10𝜇L of lidocaine was given before 

closing the epidermal layer with surgical clips. Topical antibacterial cream was put around the 

surgical wound to prevent any infections from occurring. ~500uL of saline was given through 

subcutaneous injection before removing the mouse from anesthesia. Mice were put into their 

respective cages and into the 33°C incubators before being taken back to the sterilized animal 

room. At 24 hours and 48 hours post-injection, all mice that underwent surgery were given 

carprofen and saline. All procedures except the splenic injection took place under a ventilation 

hood to maintain a sterile environment.  

 

2.10 Kinetic Curves for IVIS Imaging 

 After splenic injection of tumor cells, all mice in the same condition were injected with 

200𝜇L of D-luciferin via intraperitoneal (IP) injection. Images were taken using the IVIS 

machine every 3 minutes immediately after injection until a decline in signal emission was 

apparent. Luminesence signal from each image were graphed together from which the kinetic 

curve was generated. The timepoint at which maximum intensity is achieved was determined 

with the kinetic curve along with the percent total emission (photons/second) which was 

calculated by dividing all emission signals with the maximum emission.  
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2.11 Immunohistochemistry (IHC) Staining 

 Mouse livers were fixed in 10% formalin and were paraffine-embedded at the Research 

Pathology Facility at the Montreal Center for Experimental Therapeutics in Cancer (MCETC). 

Sections were deparaffinized and rehydrated before antigen retrieval. Antigen retrieval was 

performed by heating the sections with an antigen retrieval solution (50mL 10X TRIS EDTA 

pH9, 450mL double distilled water, 250𝜇L Tween 20) in a pressure water bath to unmask the 

antigen epitope. The tissue sections were then stained with an antibody specific to human 

nucleolin (Abcam #ab136649, 1:100 dilution), using mouse brain as a negative control tissue. 

The tissue sections were then washed and incubated with HRP antibody. Antibody staining was 

visualized using Magenta Red (Dako) chromagen reagents and counter-stained with 

haematoxylin (Thermo Fisher Scientific). The slides were dehydrated and mounted with 

coverslips. All stained sections were imaged by ZEISS Axio Sca.Z1 to detect micrometastases 

and analysed using QuPath v0.2.3.  

 

2.12 Statistical Analysis 

 All statistical analyses were performed using GraphPad Prism 9 Software. Figure legends 

specify the statistical analysis (Welch’s t-test, one-way ANOVA) used for each assay and define 

error bars. P values less than 0.05 were considered significant. 
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RESULTS 

3.1 Characterization of Uveal Melanoma Cell Lines  

3.1.1 Flow Cytometry using a Novel “UMarkit” Panel shows High Heterogeneity Amongst 

Uveal Melanoma Cell Lines. 

 Uveal melanomas are highly heterogeneous as detected via single cell RNA sequencing 

in previous studies (Lin et al., 2021; Pandiani et al., 2021). To be able to assess if this 

heterogeneity is also detectable in our human uveal melanoma cell lines at the protein level, we 

have developed a novel multi-colour fluorescence activated cell sorting (FACS) panel consisting 

of seven different cell surface markers, which we have collectively termed as “UMarkit” (Table 

2). Antibodies included in the UMarkit panel were against the following proteins: AXL, CD36, 

CD166, MelanA, NGFR, GFRA2, and GP100, and their general expression profiles and 

functions have been elaborated in section 1.3.3 Introduction to Cell State Markers. With a 

mixture of several uveal melanoma cell lines as outlined in section 2.4.2 Antibody Titration, 

successful antibody titration was achieved, giving us the optimized antibody dilutions to be used 

in the “UMarkit” panel (Table 2). Eleven different human cell lines derived from either a 

primary uveal melanoma or a uveal melanoma liver metastasis were characterized for the 

expression of the aforementioned proteins. Positive populations were identified with the gating 

strategy as depicted in Figure 3A and with the negative control of each antibody identified as the 

corresponding fluorescence minus one antibody (FMO) samples. The obtained results were quite 

fascinating in that we saw a great variability in the number of markers that were expressed by 

each cell line, along with the variability across the cell lines regarding the percentage of cells 

expressing each specific protein marker (Figure 3B). Through repeated screening, we were able 

to confirm the unique signatures of each cell line with the varying levels in the populations of 
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cells expressing each marker. Specifically, it was interesting to see AXL, a marker of stem-cell 

like phenotype with a role in sustaining tumor cell survival through its interaction with the Gas6 

ligand, was expressed only in the H79 cell line amongst the four liver metastasis derived cell 

lines (Figure 3B). Another interesting observation was that the cell line derived from the liver 

metastasis of the MU2 cell line annotated as MU2F, had similar percentage of cells with MelanA 

expression but once metastasized to the liver, there appeared to be an emergence of a fraction of 

cell population gaining CD166 expression as depicted in the bar graph for MU2F (Figure 3B). 

Across the panel of 11 different uveal melanoma cell lines, the melanocytic differentiation 

markers MelanA and GP100 remained largely undetected. However, it was noted that GP100 

expression appeared to be correlated with the cells’ pigmentation status in that increase in GP100 

expression resulted in greater pigmentation (Figure 3C). Between T128, T142, and T143 cell 

lines, only three of the seven markers were detected, where we saw that the percentage of 

antibody positive cells were consistent. From the high level of similarity portrayed between these 

3 cell lines, it was interesting to observe that only T128 had drastically over 10% of cells with 

NGFR expression unlike T142 or T143. 

 CD36 was detected in multiple uveal melanoma cell lines at varying levels. The majority 

of the Mel270, OMM2.5, and UM001 cells were CD36 positive whereas approximately half of 

the cells were positive for CD36 in 92.1, and a small population of approximately 1.00% was 

detected in H79 (Figures 3B and 4A). It is also important to point out that we have identified 

there to be a significant difference between the percentage of cells staining positive for CD36 

expression from a given sample, compared to the average expression within the total CD36 

positive cells gated out from each cell line. When we compared the mean fluorescence intensity 

(MFI) values of CD36 in Mel270 and 92.1, results showed that 92.1 had approximately 1.6-fold 
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more CD36 expression than Mel270. In line with this finding, the Cd36 mRNA levels were 

higher in 92.1 than in Mel270 (Figure 4C). From these results, we can suggest that although 

Mel270 has more cells with CD36 expression, 92.1 cells appear to have higher expression for 

this surface receptor.  

 

3.1.2 Confirmation of Flow Cytometry Results for CD36 Expression by Western Blot 

 Given the importance of CD36 in tumor progression (Pascual et al., 2017; Wang & Li, 

2019), we wanted to confirm our flow cytometry data to ensure that the cell lines indeed were 

expressing CD36. We thus performed western blot analysis on a panel of uveal melanoma cell 

lysates probing for CD36 protein expression. The results with our UMarkit flow-based panel 

were highly replicated by western blot analysis in that we detected bands only in the cell lines 

that we have characterized cells to be positive for CD36 (Figure 4B). Moreover, the normal 

choroidal melanocytes did not show any expression for CD36 which stays consistent with the 

published literature that CD36 is only expressed in the retinal pigment epithelium of the eye 

(Silverstein & Febbraio, 2009). Mel270 and OMM2.5 cell lines profiled for CD36 expression 

with western blot analysis confirmed that the percentage of cells expressing CD36 is high, 

relative to the other cell lines that we have profiled. 92.1 and UM001 samples had bands of less 

intensity than those of Mel270 and OMM2.5. We made the additional observation that the CD36 

bands detected were variable in molecular weight between the cell lines. With evidence from 

past literature and the nature of CD36 surface protein, we propose that this may be due to post-

translational modifications that occur for CD36, such as glycosylation and phosphorylation 

(Luiken et al., 2016).  
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3.2 CD36 on its Effects on Migration and Invasion Capacity in Uveal Melanoma Cells 

3.2.1 Tagging Mel270 

 Uveal melanoma metastasizes to the liver in approximately 50% of patients (B Damato, 

2010; Rietschel et al., 2005; J. Yang et al., 2018), and splenic injection of tumor cells is used to 

model liver metastasis in mice (H. Yang et al., 2015). For any in vivo experiments, we wanted to 

be able to track uveal melanoma cells over time in the livers of mice while they are still alive. 

Therefore, we tagged our Mel270 parental cells with a vector expressing luciferase-tandem 

dimer Tomato (tdTomato). We had the alternative option to tag the Mel270 cell line with green 

fluorescence protein (GFP) fluorophore, however, GFP had a greater chance of overlapping with 

other colours in the UMarkit panel than the tdTomato (Table 2). This was something to consider 

as we would be able to then have the option to extract tumor lesions and characterize the liver-

colonized tumor cells with the UMarkit panel. Mel270 was transduced with virus produced from 

the HEK293T cell line and was treated with puromycin before bulk sorting. Tagging of the cells 

was confirmed through luminescence and fluorescence with luciferase detected by the GloMax 

and tdTomato on the inverted microscope respectively (Figure 5A). We used this tagged version 

of the Mel270 cell line to perform all assays such as the wound closure assay, invasion assay as 

well as all in vivo studies.  

 

3.2.2 siRNA Mediated Knockdown of CD36 

 To be able to unravel the role of CD36 in uveal melanoma and its role in the onset and 

development of liver metastasis, we depleted this receptor protein first in a cell line with the 

highest percentage of CD36 expressing cells, relative to all other markers. Mel270 was a great 

candidate in this aspect (Figures 3B, 4A, and 4B). Tagged-Mel270 cells were transfected with 
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control siRNA (negative control scrambled sequence) and two different CD36 siRNAs to induce 

a transient knockdown. Efficient knockdown of CD36 was confirmed through western blot 

analysis (Figure 5B). Next, we assessed whether the knockdown of CD36 had any effect on cell 

proliferation over three different time points at 24 hours, 48 hours, and 72 hours. Tagged Mel270 

cells were plated and transfected with siRNAs and then fixed and stained with crystal violet, 

which revealed no significant difference in cell proliferation between the control siRNA and 

CD36 siRNA knockdown conditions (Figure 5C). We also assessed cell proliferation by 

counting the cells and once again there were no differences detected between both CD36 siRNAs 

and the scramble siRNA control conditions (Figure 5D). Lastly, to detect if any cell death occurs 

due to the siRNA knockdowns, we performed an apoptosis assay with Annexin V/propidium 

iodide (PI) staining and showed that the transfections of CTL or CD36 siRNAs did not lead to 

apoptotic cell death (Figure 5E). Therefore, we concluded that silencing of CD36 using siRNA 

did not affect the proliferation or apoptosis of Mel270 cells.  

 

3.2.3 Migration and Invasion Capacity of Uveal Melanoma Cells  

 As previously mentioned in section 1.2.1 Disease Epidemiology, metastasis risk is a 

critical component when treating uveal melanoma patients as there is very high metastatic 

potential at the rate of approximately 50% amongst all patients and the one-year survival rate is 

very poor (Rietschel et al., 2005).Therefore, to gain an understanding on the role of CD36 in 

characteristics associated with metastatic cells, we performed wound healing (scratch) assays and 

trans-well invasion assays in the context of the siRNA knockdown assay described in section 

3.2.2 siRNA Mediated Knockdown of CD36. As shown in Figure 6A, Mel270 tagged cells with 

CD36 knockdown had significantly less of its wound closed after 24 hours compared to the 
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control siRNA transfected cells, in the scratch assay. Next, using the boyden chamber invasion 

assay, the invasive capacity of the Mel270 tagged cells with CD36 expression knocked down 

invaded less, compared to the CTL siRNA knockdown conditions (Figure 6B). siCTL, siCD36 1, 

and siCD36 3 transfections were confirmed using flow cytometry (Figure 6C). These data 

collectively represent that Cd36 may play a role in the migration and invasion of Mel270 uveal 

melanoma cells.  

  

3.3 In vivo Experiments to Determine the Role of CD36 through Liver Metastasis Model 

3.3.1 Generation of shRNA Stable Knockdown Cell Line with Tagged Mel270 

 siRNA mediated knockdown only results in a temporary knockdown of the target gene. 

However, as in vivo metastasis models require longer periods of time to allow for cells to reach 

distant organs, we produced a stable Cd36 knockdown Mel270 tagged cell line using shRNA. 

Puromycin-resistant lentiviral control shRNA vector (pLKO) was used to generate a non-target 

(NT) Mel270 tagged cell line as a control, and two different shRNA sequences targeting CD36 

were used to generate stable Cd36 knockdown Mel270 tagged cell lines (for a brief schematic 

diagram of the protocol, please refer to Figure 7A). Stable knockdown of Cd36 was confirmed 

through flow cytometry and western blot analysis where we verified that efficient silencing was 

achieved by one of the two CD36 shRNA constructs (Figure 7B).  

 

3.3.2 Mouse Model of Uveal Melanoma Liver Metastasis 

For us to next unravel the role of CD36 in uveal melanoma liver metastasis, we decided 

to perform splenic injections on NOD CRISPR Prkdc Il2r Gamma (NCG) male mice with the 

Mel270 cell lines. Splenic injection of tumor cells is a common method to induce liver metastasis 
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by injecting cancer cells into the spleen leading the cells to travel first through the splenic vein 

and into the portal vein to reach the liver. Prior to injecting the nontarget and stable Cd36 

knockdown cells, we first created a pilot cohort to see if metastasis to the liver can be achieved at 

all through the splenic injection of Mel270 tagged uveal melanoma tumor cells, as well as to 

determine the time point at which lesions on the surface of the livers can be detected but not 

overcrowded. After injection, approximate tumor burden was determined using in vivo imaging 

system (IVIS) detecting the luminescence emitted following intraperitoneal injection (IP) of D-

luciferin. A kinetic curve was generated enabling us to determine the imaging timepoint to be 10 

minutes post-injection with D-luciferin at which peak intensity will be achieved. All mice were 

imaged weekly until the first humane euthanization of mouse #116 at day 10 post-injection with 

the IVIS signal of 9.57 X 108 photons/s, but no surface tumor lesions on the liver, spleen, nor the 

lungs were visible (Figure 7D). However, IVIS imaging showed infiltration of tumor cells in the 

liver, residual tumor cells in the spleen from the injection (Figure 7D). The presence of Mel270 

tagged uveal melanoma cell micrometastases in the liver were confirmed using human nucleolin 

immunohistochemistry (IHC) staining of liver sections, where only the human Mel270 tagged 

uveal melanoma cells stained positive for nucleolin in the mouse tissue (Figure 7D). On day 32 

post tumor-cell injection, mice #118 and #120 showed 1.03 X 1011 photons/s and 2.77 X 1010 

photons/s respectively on IVIS, and both animals were sacrificed with their liver, lungs, and 

spleen isolated. Ex vivo imaging of the liver showed that most of the tumor cells were residing in 

the liver than in the spleen or the lungs (Figure 7D). Tumor lesions on the surface of the liver and 

the spleen were visible with the naked eye at 32 days post tumor cell injection.  

 Next, to translate our in vitro studies where we revealed the significant effect of CD36 

knockdown on migration and invasion (Figures 6A, 6B), in vivo, we injected 1.00 X 106 control 
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(shCTL) Mel270 tagged and stable Cd36 knockdown (shCD36 knockdown) Mel270 tagged cells 

into the spleen of NCG mice. Based on the kinetic curve, optimal imaging time was calculated to 

be 9 minutes post-injection with D-luciferin for both control and knockdown conditions. Based 

on the results from the pilot cohort (Figure 7D), an in vivo experiment was designed (Figure 7C) 

and at day 24 post-injection of cells, the control group had an approximate average signal of 3.53 

X 109 photons/s and the Cd36 knockdown group had the approximate average signal of 1.81 X 

1010 photons/s. Again, the liver, the lungs, and the spleen were extracted for ex vivo imaging that 

confirmed all the detected signal in the mice came predominantly from the liver, followed by the 

spleen (Figure 7E). Despite having higher luminescence signal emitted from the shCD36 

knockdown group compared to the control group, we made the observation that livers of the 

mice in the shCD36 knockdown group had less liver surface lesions visible with the naked eye 

compared to that of the control group (Figure 7F), but this remains to be quantified. Based on 

this observation, work is ongoing to confirm the liver metastasis burden with human nucleolin 

immunohistochemistry staining on paraffin embedded sections of each liver from the study 

cohort.   
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DISCUSSIONS 

 Uveal melanoma is a complicated cancer type with patients showing poor prognosis upon 

diagnosis with metastasis (Lane et al., 2018). Despite treatment with enucleation, plaque 

brachytherapy, radiotherapy, and targeted therapy, progression to metastasis is seen in 

approximately 50% of the patient population. As of now, how metastases arise and why patients 

remain unresponsive to available therapy in uveal melanoma remains largely elusive. However, 

past literatures highlights the high levels of heterogeneity observed in uveal melanomas which 

has been further reported to be associated with tumor progression (de Lange et al., 2021; Diaz-

Cano, 2012; Lin et al., 2021; Stålhammar & Grossniklaus, 2021). Heterogeneity can result from 

varying stages of de-differentiation in cells leading to a variety of “reversible” cell states known 

as phenotype plasticity. These different cell states have been studied in other heterogeneous 

cancer types such as cutaneous melanoma and different markers have been discovered denoting 

of a specific cell state. Therefore, in my thesis project, I designed a novel multiparameter flow-

based assay to detect the expression of seven different cell surface markers, including AXL, 

CD36, CD166, MelanA, NGFR, GFRA2, and GP100, which we postulate are associated with 

uveal melanoma cell states in the context of metastasis and therapy resistance.  

 

4.1 Future Use of the UMarkit Panel  

The results from the screening of 11 different uveal melanoma cell lines supported prior 

literature in that we were able to confirm heterogeneity across and within different cell lines. 

There was a wide range in the total percentage of cells that were screened positive for any given 

specific marker of interest, as well as the variability in specific markers that were present in each 

of the different cell lines tested (Figure 3B). The expression of one cell surface marker known as 
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CD36 caught our attention due to its wide range in positive cell population across the uveal 

melanoma cell lines. Using western blot analysis for CD36, I was able to verify the accuracy of 

my flow cytometry assay as a method of detecting the specific uveal melanoma cell lines with 

their respective cell populations that were negative and positive for CD36 expression (Figure 4A, 

Figure 4B). CD36 was an excellent candidate for further interrogation, whereby we can study its 

role in uveal melanoma progression upon depletion or over-expression of Cd36. The candidacy 

of this receptor for study was further supported with the ongoing pre-clinical trials and clinical 

trials against CD36 (Table 1) (Wang & Li, 2019). This is a very important factor as ultimately; 

we hope to be able to translate our results and the screening tool into clinical practice.  

Another interesting finding was that the expression of AXL and CD36 seemed to be 

inversely correlated. For example, in the uveal melanoma cell line H79 we detected a high 

number of AXL positive cells and a low number of cells positive for CD36. While in OMM2.5 

and UM001 uveal melanoma cell lines there was a low percentage of AXL positive cells, 

whereas most of the cells were positive for CD36. It would be very interesting to see if there is 

any crosstalk between AXL and CD36 expression, such that the expression of one receptor may 

result in the repression of the other. Currently, work is ongoing in the lab on interrogating the 

pro-oncogenic role of Axl and with the results that are obtained, we will be able to further 

evaluate the relationship between AXL and CD36 on their involvement as cell state markers in 

relation to metastasis development. Moving forward, how the results from screening of the uveal 

melanoma cell lines using the UMarkit panel should be interpreted would need further 

investigation such as whether co-positivity amongst markers give a greater insight into cellular 

phenotypes (i.e., metastasis, therapy resistance). However, it is with no doubt that the results 

from this project provided more information on potential druggable targets for uveal melanoma 
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in which most appear to play a role in metastasis according to past literatures. With the new 

panel that we have developed, we are now able to use this tool to gather a more detailed database 

on uveal melanoma depending on the presence or absence of the marker of interest and at what 

levels of cells are positive which we hope will one day contribute to developing a standardized 

and an accessible prognostic and diagnostic tool in the clinics.  

 

4.2 CD36 and Post-translational Modifications 

 As previously mentioned, we confirmed the flow cytometry data for the percentage of 

CD36 expressing cells with western blot analysis for CD36 (Figure 4B). The bands that appeared 

were largely detected just below the 75 kDa marker, but it was noted that in some cell lines the 

bands for CD36 appeared to have a slightly lower apparent molecular weight (Figure 4B). We 

propose that the difference in the migration of the CD36 protein is associated with its differential 

post-translation modifications in some cell lines versus others. CD36 has a long extracellular 

domain (Figure 2) with 10 different glycosylation sites which has been known to affect the 

apparent molecular weight of the receptor (Tao et al., 1996). Aside from glycosylation, CD36 

can also be ubiquitylated, phosphorylated, acetylated, palmitoylated, and can also undergo O-

GlcNAcylation (R. Yang et al., 2022). Several of these post-translational modifications such as 

ubiquitylation and phosphorylation have been reported to modulate CD36 trafficking to the cell 

surface rather than residing at the golgi apparatus, the mitochondria, or the endoplasmic 

reticulum as previously mentioned in section 1.4.1 CD36 in Cells and Various Roles (R. Yang et 

al., 2022). Interestingly, the apparent molecular weights at which the CD36 bands appears at 

seem to correlate with the invasion capacity of the uveal melanoma cell lines. While performing 

invasion assays with additional cell lines, I observed that 92.1 and OMM2.5, with similar CD36 
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molecular weight detected (Supplementary Figure 3E), did not invade readily in the Matrigel 

coated trans-well assay. On the other hand, Mel270 cells, wherein the CD36 band was observed 

at a lower molecular weight than that of 92.1 and OMM2.5, invaded very well through the 

Matrigel coated trans-wells (Figure 4B and Supplementary Figure 3E). I indeed confirmed that 

the band I detected by western blot was CD36 in Mel270 and 92.1 cells, since knockdown of 

CD36 using siRNA or shRNA resulted in a loss of CD36 expression (Figures 5B, 7B and 

Supplementary Figure 3D). Along with these observations and with the knowledge that post-

translational modifications also affect the binding stability of its ligands such as fatty acids 

associated with driving cancer progression, events of post-translational modifications appear to 

be an important factor when studying CD36 in tumor biology (Luo et al., 2021; Wang & Li, 

2019). Future work in the lab will involve detecting, and inhibiting, these post-translational 

modifications on CD36, such as phosphorylation and glycosylation, to unravel their impact on 

the known roles of Cd36. We expect to reference from past literatures where they report 

phosphorylation of CD36 can be detected by performing immunoprecipitation or western blot 

with phospho-specific antibodies against the phosphorylation site of the CD36 extracellular 

domain threonine 92 (Thr92) (Chu & Silverstein, 2012; Ho et al., 2005). Similarly for CD36 

glycosylation, past literatures use mass spectrometry or western blot analysis against CD36 

antibody where they identify a CD36 band around 50kDa to be non-glycosylated versus the band 

appearing around 75kDa to be the glycosylated CD36 (Daquinag et al., 2021; Hoosdally et al., 

2009). It will be interesting to see if blocking post translational modifications such as 

phosphorylation or glycosylation of CD36 by inhibiting enzymes that catalyze such reactions 

would be sufficient to restrict any metastasis related activities portrayed by CD36. Notably, 

Thr92 is phosphorylated by protein kinase C (PKC) which has been targeted in uveal melanoma 
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as a therapy option without success. Researchers have suggested there to be escape mechanisms 

associated with PKC inhibitors showing very low levels of response and effect in patients 

(Lietman & McKean, 2022; Park et al., 2022). 

 

4.3 Animal Models of Uveal Melanoma 

 Currently there are no immunocompetent mouse models available to study uveal 

melanoma, thus we used the immunodeficient, NCG mouse model for our in vivo experiments. 

One limitation of this in vivo work with xenografts in NCG mice, is that it makes it difficult for 

us to investigate immune cell infiltration at the site of primary tumors or throughout the 

development of distant metastases. This can be a major drawback to our experiments when we 

study CD36 in relation to cancer as this well-known scavenger receptor is also expressed on 

macrophages. With our NCG mouse model, any results that we obtain must consider for the 

absence of functional T cells, B cells, and NK cells as well as for the reduced levels/function of 

macrophages and dendritic cells. Studies have demonstrated the relationship between CD36, 

macrophages, and liver metastasis where they describe there to be liver metastasis-associated 

macrophages in which higher levels of CD36 expression is observed and thereby, higher lipid 

metabolism is observed from these macrophages as well (P. Yang et al., 2022). With uveal 

melanoma patients being highly susceptible to developing liver metastasis, such shortcomings in 

animal models that serve to bridge between the lab and the clinic will lead to delays in providing 

new and effective treatment methods.  

Despite the need to consider for the roles of immune cells as previously described, there 

are limited mouse models available to study the complete tumor microenvironment of uveal 

melanoma. Immunocompetent mouse models for uveal melanoma include the syngeneic 
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cutaneous melanoma mouse model where cutaneous melanoma cells from mice are injected into 

immunocompetent mice as only the cells from the same genetic background as the host can be 

accepted (Richards et al., 2020). However, the known mutational differences between cutaneous 

melanoma and uveal melanoma tell us that this model will not provide accurate representations. 

Another immunocompetent mouse model available to date is by genetically engineering uveal 

melanoma primary tumors by inducing GNAQ and GNA11 mutations as well as sometimes 

introducing additional deletion of the BAP1 gene (Richards et al., 2020). Engineering these 

transgenic mouse models are very time consuming with the high probability of not being able to 

achieve the primary tumor itself (Richards et al., 2020).  

Where genetically engineered mouse models may provide information on the role of a 

specific gene in uveal melanoma, patient derived xenografts (PDX) may be a great option when 

exploring the general progression of uveal melanoma (Liu et al., 2023). PDX models are 

achieved by extracting tumor tissues from patients and implanting into study models such as 

mice (Abdolahi et al., 2022; Liu et al., 2023). PDX are available for uveal melanoma to represent 

the human disease which includes immunodeficient mouse models as well as zebrafish model. 

However, a major drawback to PDX is that only immunocompromised models are available 

which eliminates the engagement of immune cells during uveal melanoma progression.  

Nonetheless, the information that can be obtained from immunocompromised mouse 

models are valuable. In this thesis, we can understand the role of CD36 in uveal melanoma 

metastasis development independent from any interventions that may result from the immune 

cells. By injecting stable control shRNA and Cd36 shRNA knockdown Mel270 tagged cells via 

splenic injection, we were able to observe the effect of loss of Cd36 specifically in tumor cells in 

mediating liver metastasis. One limitation of this in vivo study was that only 1 of the 2 shRNA 
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vectors we used to generate Cd36 knockdown Mel270 tagged cells showed efficient knockdown 

(Figure 7B). Therefore, as there was no second shRNA mediated Cd36 knockdown cells to 

verify the results we have obtained, results need to be interpreted with the consideration that 

validation is still required. However, works are ongoing in the lab with another Cd36 shRNA 

vector to produce a second knockdown model in Mel270 tagged cell line to allow for this 

verification. Finally, upon generation of a future immunocompetent mouse model for uveal 

melanoma, the same experiment with NCG mice could be carried out with control cohort and 

Cd36 knockdown cohort with liver metastasis achieved through splenic injections. If any 

differences in liver metastasis burden have changed compared to our current NCG mice 

experiment, amongst many possibilities, one area to explore may be the CD36 expressed on 

macrophages that are specifically associated with liver metastasis (P. Yang et al., 2022).  

 Another field of focus that immunocompetent mouse models for uveal melanoma can 

fulfill is to test the efficacy of immunotherapy. Although immunotherapies such as the immune 

checkpoint inhibitors targeting CTLA-4 and PD-1 have been approved for use for uveal 

melanoma patients, the response rate was just a mere 10% and 7% for CTLA-4 and PD-1, 

respectively (Bol et al., 2019). In fact, single cell RNA sequencing performed on uveal 

melanoma patient samples have revealed that compared to CTLA-4 or PD-1, LAG3 was more 

highly expressed (Durante et al., 2020). Another study by the same group has confirmed this and 

have added on that CD8+ T cells express more of the LAG3 receptor than CTLA-4 or PD-1 

thereby suggesting the use of relatlimab may be more effective than anti-PD-1 or anti-CTLA-4 

therapy alone (Lutzky et al., 2020). In addition, the newly approved drug called Tebentafusp as a 

form of BITE therapy is only applicable to patients with a specific HLA antigen which only 

accounts for approximately half of the Caucasian, non-Hispanic population (making up 98% of 
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all the uveal melanoma cases) (B. E. Damato et al., 2019; C. L. Shields et al., 2015). With mouse 

models that have functional T cells, B cells, macrophages and NK cells, it gives us the 

opportunity to identify if the response to immune targeted therapies could be augmented by 

combining it with a drug targeting CD36 for example. This aspect will be critical as any anti-

cancer drugs developed against CD36 function will also affect the capacity at which immune 

cells expressing CD36 perform in the tumor microenvironment. Though the effects will vary 

depending on their reliance on CD36, this also appears to be a major area to consider when 

treating uveal melanoma patients as a study has already revealed the anti-tumor effect of CD36 

depletion in CD8+ T cells as an example (Ma et al., 2021).  

 

4.4 Quantifying Liver Metastasis 

 After injection with Mel270 tagged (luc-tdTomato) cells, with the use of IVIS imaging 

we detected luminescence signals from live mice. This gave us the approximate value of tumour 

cell burden in each mouse. However as noted in the Results section, though the Cd36 knockdown 

cohort had greater signal detected than the control cohort, we saw that the luminescence signals 

detected by the imaging machine did not provide a completely accurate representation of the 

tumor burden visible on the surface of the liver upon necropsy (Figures 7E, 7F). We saw that 

despite higher luminescence signal, with the naked eye, the Cd36 KD cohort appeared to have a 

“cleaner” liver surface compared to that of the control livers (Figure 7F). However, these 

observations need to be confirmed using traditional methods such as immunohistochemistry to 

robustly quantify liver metastasis allowing us to compare metastasis burden between the 

experimental conditions. Another field to explore from the data that I have acquired is to perhaps 

focus on the relationship between CD36 and colonization and subsequent outgrowth of uveal 
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melanoma cells at distant organs. CD36 positive cells are capable of initiating metastasis 

compared to cells with Cd36 depletion (Zhuo Li & Kang, 2017). And with the splenic injection 

directing the cells from the spleen into the lungs rather than travelling from the primary tumor, 

we could investigate if the capacity of the cells to colonize at a secondary organ differs with 

Cd36 knockdown. To further study colonization potential of uveal melanoma cells at distant 

organs upon Cd36 knockdown, we can introduce another metastasis model of tail vein injection 

to investigate how much lung metastasis can be observed. The IVIS machine allows us to keep 

track of where the cells are and if successful splenic injection has been performed, however, 

from the results that we have obtained, it is suggestive that greater signal may not necessarily be 

indicative of more lesions (Figure 7F). Therefore, not only will it be important to understand the 

routes of metastasis to the liver in uveal melanoma as explained in section 1.2.1 Disease 

Epidemiology, but it may be important to consider the extent as to how much the cells are able to 

not only travel to distant sites but to anchor and colonize.   
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CONCLUSION 

 In conclusion, uveal melanoma is a fatal cancer type where approximately half of the 

patients progress to metastasis and upon diagnosis with metastasis, it remains a challenge for 

patients to stay cancer-free despite available treatment options. My project has characterized 11 

different uveal melanoma cell lines by developing a novel FACS-based panel consisting of 

several markers associated with metastasis and therapy resistance along with their role as a 

marker for a specific cell state. These cell lines had their own unique signature number of cells 

expressing a given marker from the panel. The information that we have gathered not only 

emphasizes the heterogeneity of uveal melanoma tumors as reported in literature, but also adds 

another layer of information with CD36 and its role in uveal melanoma specifically in the 

context of liver metastasis. High expression of this scavenger receptor has been associated with 

negative patient survival, increased metastasis risk, and increased tumor burden in other types of 

cancers. However, its roles in uveal melanoma besides driving vascular mimicry is yet to be 

explored in detail. Therefore, we performed a siRNA-mediated transient knockdown of Cd36 

and investigated whether this intervention had any effect on uveal melanoma cells’ ability to 

migrate and invade in vitro. We were able to confirm that upon depletion of Cd36, the uveal 

melanoma cells’ ability to migrate and invade was significantly repressed compared to the 

control condition. And from our western blot analysis for CD36 expression in uveal melanoma 

cell lines and invasion assay with 92.1 and OMM2.5 cell lines, we propose that there may be 

potential mechanisms to metastasis regulation by CD36 through its post-translational 

modifications such as glycosylation and phosphorylation.  

 To observe the effect of Cd36 depletion in live animals, we generated an shRNA 

mediated Mel270 luc-tdTomato cell line. Interesting observation was made in that despite having 
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similar signal intensity detected by IVIS, shCD36 knockdown cohort mice appeared to have less 

surface lesions on the liver. To validate this observation, work is currently ongoing in the lab to 

complete human nucleolin IHC staining on paraffin embedded liver samples. Pilot study where 

mice were injected with Mel270 luc-tdTomato cells also showed lower levels of CD36 in tumors 

than in the surrounding liver cells. This result can be partially supported with past literatures 

reporting that liver cells express more CD36 through the rewiring of lipid metabolism during 

cancer progression. However, as there is a gap in knowledge looking at the relationship between 

CD36 expression in liver cells and CD36 expression in tumor cells, this can be an interesting 

avenue to explore.  

 This thesis along with many other published literatures highlight the crucial need for the 

advancement in understanding metastasis development in uveal melanoma patients. From the 

results that we have obtained, we propose CD36 as a promising study candidate especially so 

with the ongoing preclinical and clinical trials for drugs against this receptor (Table 1). 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Diagram of the Eye. A simple diagram of the Eye (globe) indicating the anterior and 
the posterior regions of the organ with ciliary body, iris, and choroid highlighted as these are 
main areas where uveal melanoma occurs. Generated with Biorender.com. Adapted from (Wu et 
al., 2019).  
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Figure 2 CD36 domains, post-modification sites, and its ligands. Diagram of CD36 
transmembrane receptor with intracellular domains and a long extracellular domain with many 
sites for post-translational modifications. Some of its ligands include thrombospondin-1 (TSP-1), 
retinal photoreceptor outer segment, long chain fatty acids, Type 1 and Type 4 collagens. 
Generated with Biorender.com. Adapted from (Karunakaran et al., 2021).  
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Figure 3 Characterization of Uveal Melanoma Cell Lines with UMarkit. A Gating strategy 
explaining how uveal melanoma cells were gated following acquisition by flow cytometry. 
Singlets were selected for followed by isolation of viable cells. Each antibody used in the flow 
panel had a negative control annotated as “FMO sample” to be able to create a gate for 
identifying cells with the specific marker of interest. Shown is CD166 as one example of an 
antibody in the flow panel. B Summary of uveal melanoma cell lines derived from a primary 
tumor or the liver metastasis. The bar graphs show the percentage of the total cells staining 
positive for each specific protein. C) Comparative images of cell pellets for MU2, Mel270 luc-
tdTomato (tagged), 92.1, and OMM2.5 cell lines for their pigmentation status.   
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Figure 4 Comparative CD36 Expression in Uveal Melanoma Cell Lines. A Each dot 
represents one sample (n=3). Bars end at the mean of each cohort; error bars, SD. Bar graph 
representing the percentage of CD36 positive cells in eleven different uveal melanoma cell lines. 
B Western blot analysis of choroidal melanocyte and uveal melanoma cell lysates to detect CD36 
protein levels. GAPDH is used as a loading control. C Each dot represents one sample (Mel270 
n=3, 92.1 n=3) (ns P≥0.05, *P≤0.05, **P≤0.01, ***P≤0.001; Welch’s t-test) Left: MFI values 
from flow cytometry analyses comparing average CD36 signals emitted from the CD36+ 
population. Right: Relative Cd36 mRNA levels for Mel270 cells and 92.1 cells analyzed with 
qPCR.  
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Figure 5 siRNA mediated Cd36 Knockdown. A Confirmation of tagging of Mel270 cells. 
Right: Brightfield image of Mel270 luc-tdTomato (tagged) cells under 10X magnification under 
the inverted microscope. Left: GFP image of Mel270 luc-tdTomato(tagged) cells under 10X 
magnification. B Western blot analysis to confirm CD36 knockown after transfecting cells with 
siRNA: scrambled control (siCTL), siCD36 1, and siCD36 3. C Proliferation assay in 6 well 
plates between 3 different conditions (siCTL, siCD36 1, siCD36 3) across 3 different time points 
(24 hours, 48 hours, 72 hours). D Line graph of cell counts on a proliferation assay with 3 
different conditions (siCTL, siCD36 1, siCD36 3) on 3 different time points (24 hours, 48 hours, 
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72 hours). Each dot represents n=3 where no * represent ns analyzed through one-way ANOVA 
(ns P≥0.05). E Apoptosis assay with Annexin V and PI staining 48 hours after transfecting cells 
with siCTL, siCD36 1 or siCD36 3. Low cell percentage in quadrants 1,2, and 3 represent low 
percentage of cells that have undergone both early and late apoptotic events.  
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Figure 6 Depletion of Cd36 leads to reduced migratory and invasive capacity in UM cell 
line. A Left: Bar graph for wound healing (scratch) assay with Mel270 luc-tdTomato (tagged) 
cells depicting respective percent wound closure for each condition. Right: Representative 
images for wound closure at 0-hour post-scratch and 24 hours post-scratch for siCTL, siCD36 1, 
and siCD36 3 transfected samples. B Left: Bar graph for invasion assay with Mel270 luc-
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tdTomato (tagged) cells relative to the control condition. Right: Representative images showing 
crystal-violet stained cells (purple) that have invaded through Matrigel-coated transwell in each 
condition. C Flow cytometry confirmation of Cd36 knockdown whilst retaining signal for td-
Tomato in Mel270 luc-tdTomato (tagged) cells used for all scratch assays and invasion assays. 
Reduced cell percentage in quadrant 2 in siCD36 1 and siCD36 3 sample shows depletion in 
Cd36 whilst maintaining tdTomato signal on the x-axis. Top of bar graph represents average of 
group; error bars, SD. Each dot represents 1 assay completed with 3 technical replicates (siCTL, 
siCD36 1, siCD36 3, n=3) (ns P≥0.05, *P≤0.05, **P≤0.01, ***P≤0.001; One-way ANOVA). 
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Figure 7 In vivo liver metastasis experiments with Mel270 cells expressing shCTL or 
shCD36. A Schematic diagram for the generation of shRNA mediated Cd36 knockdown Mel270 
tagged cells. Generated with Biorender.com. B Left: Western blot analysis confirming the 
efficiency of Cd36 knockdown in the Mel270 tagged cell line. Results confirm there is efficient 
knockdown only with the shCD36 2 vector compared to the shCTL. Right: histogram from a 
flow cytometry analysis to confirm Cd36 knockdown from shCD36 2 vector (red) compared to 
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the shCTL (blue). C Schematic diagram describing the timeline of the in vivo experiments from 
splenic injection to euthanize the animal to IHC staining to detect human nucleolin and CD36. 
Within the 24 days from injection of tumor cells to euthanization, IVIS images were taken 
weekly to track tumor cell burden and to confirm injections have achieved successful liver 
colonization. D Mice injected with 1.0 X 106 Mel270 luc-tdTomato cells. Top: Signal emitted 
(9.57e+8 photons/s) from mouse #116 from the pilot cohort at Day 10 post injection. Surface 
lesions on the liver were not detectable, nor on the spleen or lungs. However, ex vivo imaging 
confirmed presence of tumor cells on all three organs. IHC staining for human nucleolin on 
paraffin embedded liver sample confirmed micro-metastases at Day 10 post injection. Bottom: 
Signal emitted from mouse #118 (1.03e+11 photons/s) and #120 (2.77e+10 photons/s) from the 
pilot cohort at day 32 post-injection. Surface lesions on both livers are detectable but appear to 
be too overcrowded to allow for any comparisons of tumor number to be made between livers. E 
Summary of the study cohort on day 32 post-injection comparing the effect of shCD36 depletion 
on liver metastasis burden by injecting mice with 1.0 X 106 of either Mel270 luc-tdTomato 
shCTL cells or Mel270 td-Tomato shCD36 knockdown cells. IVIS images of the mice and 
organs (from left: liver, spleen lungs) for shCTL and shCD36 knockdown cohort show higher 
signal emitted by the shCD36 knockdown group than the shCTL cohort. F Comparative images 
of the livers from mice #239 and #240 from the shCTL cohort and the livers from mice #244 and 
#245 from the shCD36 knockdown cohort. Despite the shCD36 knockdown cohort having 
slightly higher signal emitted (#244: 9.26e+9 photons/s; #245: 7.90e+9 photons/s) than the 
shCTL cohort (#239: 3.12e+9 photons/s; #240: 2.74e+8 photons/s), there appeared to reduced 
surface liver lesions when visualized by the naked eye.  
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Supplementary Figure 1 Antibody Titration Visual Representation Graph. Example of a 
concatenated graph for antibody titration with all the dilutions of the antibody. This graph was 
produced for each antibody in the UMarkit panel to determine the ideal dilution to identify 
positive populations.  
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Supplementary Figure 2 Explanatory diagrams for Scratch assay and Invasion assay. A 
Diagram of a single well in a 6-well plate where dotted lines indicate where the scratch was 
made using a p10 pipette tip for wound healing (scratch) assays. Images were taken at the blue 
dots. B Illustration of an invasion assay using transwell and the location of the non-invaded 
(orange cells) cells and the invaded cells (purple cells). Using a cotton tip, non-invaded (orange 
cells) were swabbed off after fixing with 4% glutaraldehyde solution and staining with crystal 
violet solution.  
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Supplementary Figure 3 Wound Healing (Scratch) Assay and Invasion Assay with 92.1 UM 
Cell Line. A Left: Bar graph representing the % wound closed with 92.1 cells in each condition 
(siCTL, siCD36 1, siCD36 3). Each dot represents 1 assay completed with 3 technical replicates 
(siCTL, siCD36 1, siCD36 3, n=3) (ns P≥0.05; One-way ANOVA) and end of bar represents 
average of the cohort; error bar, SD. Results do not show any significant difference between 
control condition and Cd36 depletion condition. Right: Representative images of the scratch 
assay at 0 hr and 24 hours post-scratch. B Representative images of the results at 24 hours after 
seeding of the invasion assay with 92.1 cells under three conditions (siCTL, siCD36 1, siCD36 
3). Invaded cells were very minimal, and no trends were discovered. C Flow cytometry 
confirmation of Cd36 knockdown in 92.1 cells used for the scratch assays and invasion assays. 
Reduced cell percentage in the gate for siCD36 1 and siCD36 3 transfected samples indicate 
depletion of Cd36 compared to the siCTL transfected samples. D Western blot analysis to 
confirm Cd36 knockown after transfecting cells with siRNA: scrambled control (siCTL), siCD36 
1, and siCD36 3 in 92.1 cell line. E Representative images of invasion assay results for uveal 
melanoma cell lines Mel270 luc-tdTomato, 92.1, and OMM2.5. Cells have not been transfected 
with any siRNAs.   
 


