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ABSTRACT 

Uveal melanoma (UM) is the most common intraocular malignancy in adults and approximately 

50% of UM patients will develop refractory metastases. Metastatic UM (MUM) commonly 

involves the liver, yet the mechanism of this progression is still poorly understood. The research 

herein studies the level and pattern of hepatic fibrosis in MUM and investigates the biological 

functions and signalling pathways associated with the UM secreted proteome and the proteome 

of extracellular vesicles (EVs) released by UM. 

 

Histological and immunohistochemical analysis of MUM samples demonstrated fibrotic 

extracellular matrix (ECM) deposition in 100% of cases and this was concomitant with hepatic 

stellate cell (HSC) activation in 86% of cases. Neither the pattern nor the extent of fibrosis were 

associated with any assessed genetic feature of the tumour. The research presented compared 

the secreted proteome of normal choroidal melanocytes (NCM) with that of patient-derived UM 

cells at high or low risk of metastatic progression. This highlighted an association between UM 

secreted proteins and cell growth, adhesion and migration. Pathway analysis identified mTOR, 

Rho GTPase and HSC activation signalling through the UM secretome. Further analysis suggested 

that these functions/pathways were upregulated in UM compared with NCMs and in HR-UM 

compared with LR-UM. As a large number of proteins in the UM secretome were predicted to be 

of EV origin, methods were developed for the isolation and characterisation of UM small 

exosome-like EVs. These EVs were in the size range of exosomes and demonstrated the 

characteristic ‘cup-shaped’ morphology.  UM EV proteomes were associated with mTOR, Rho 

GTPase and integrin signalling, similar to results presented earlier in this Thesis. Analysis suggested 

that these functions/pathways were downregulated in MUM compared with PUM and were 

upregulated in GNA11-mutant UM EVs compared with those from GNAQ-mutant UM. 

 

The research herein provides the rationale for further investigation into UM EV signalling and its 

role in promoting metastatic progression. The roles of mTOR, Rho GTPase and integrin signalling 

networks have previously shown importance in UM. The present research suggests that these 

mechanisms may be governed through intercellular signalling via secreted proteins and EVs. 
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CHAPTER 1: INTRODUCTION 

1.1. Uveal melanoma epidemiology and incidence 

The uveal tract is the middle layer of the eye and is comprised of the choroid, ciliary body 

and iris in one continuous structure (Millodot, 2014) (Figure 1.1). Within the uveal tract are 

stromal melanocytes (Cummings, 2013), which are thought to undergo malignant 

transformation to give rise to uveal melanoma (UM). Greater than 90% of all UM occur in 

the choroid, the remainder arising in the iris or ciliary body (Coupland, Lake and Damato, 

2014). 

 

UM is the most common intraocular malignancy in adults (Coupland, Lake and Damato, 

2014); the reported incidence of UM varies around the world, most estimates suggest 

between three and ten persons per million per year (Singh, Turell and Topham, 2011). In 

2012, Keenan et al., reported that the national incidence in England had remained steady 

over the prior decade, with estimates of ten persons per million per year (Keenan, Yeates 

and Goldacre, 2012). 

 

UM is more prevalent in Caucasians (Singh, Turell and Topham, 2011) with significant risk 

factors including fair skin, light eye colour, cutaneous freckles and a propensity to sunburn, 

among others (Nayman et al., 2017). Unlike cutaneous melanoma, however, UM does not 

appear to be associated with an ultra-violet (UV) induced mutational signature (De Lange et 

al., 2015). UM has a peak incidence between 60 and 80 years of age (Keenan, Yeates and 

Goldacre, 2012). Recent reports have indicated a rare familial predisposition to UM 

(Canning and Hungerford, 1988), which is linked to germ-line BRCA1-associated protein 1 

gene (BAP1) mutations (Abdel-Rahman et al., 2011); the role of BAP1 in UM is discussed in 

more detail in Section 1.8.2.
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(A)

 

 

(B) 

 

Figure 1.1. Schematic representation of the structure of the uvea (red) in the human 

eye (A) and a macroscopic photograph of an enucleated eye with a mushroom-shaped 

melanoma arising from the choroid (B) 

UM, uveal melanoma (Courtesy of Prof. S Coupland).

UM 
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1.2. Diagnosis of uveal melanoma 

The diagnosis of UM is often difficult: the tumour presents without major symptoms in 

approximately 30% of patients, and an additional 20% of symptomatic patients report 

delayed diagnosis (Damato, 2001). Early stage tumours are most commonly noticed when 

they arise in the iris as they present with a discolouring or deforming of the pupil. However, 

as iris melanomas represent <5% of UM (Shields et al., 2012), most early-stage UM are 

detected during routine eye checks (Damato, 2001). The diagnosis of UM often depends on 

tumour location: those developing in the anterior or posterior segments of the eye are 

easier to detect than those arising within the ciliary body (Damato, 2001).  Larger UM cause 

symptoms such as blurred vision, photopsia, central shadow in the visual field, 'floaters’ 

and metamorphosia (Ah-Fat and Damato, 1998).  

 

1.3. Treatment of Primary uveal melanoma 

Treatment choices for primary UM (PUM) have remained consistent for many years due to 

their effectiveness; treatments include radiotherapy (brachytherapy or proton beam), local 

tumour resection, endoresection or enucleation (i.e. removal of the eye) with prosthesis 

fitting. The choice of treatment is dependent on the location and size of the UM, as well as 

the patients’ preferences.  

 

Brachytherapy was first performed for UM treatment by Moore in 1930 and involved 

implanting a radon “seed” into the tumour (Moore, 1930). The treatment has evolved and 

now involves attaching a small disc shaped irradiation source (either iodine-125 or 

ruthenium) to the outside of the eye (sclera) adjacent to where the internal tumour is 

located. Ruthenium plaques are now the most widely employed treatment of UM (Simpson 

et al., 2014). This low energy radiation allows for localised treatment of the UM, yet as the 



30 
 

radiation emanates from the plaque it can also affect the surrounding normal ocular tissue. 

Loss of vision is a common post-treatment side effect when treating juxta-foveal PUM and 

tumours occurring close to the optic disc. This loss of vision is thought to be predominantly 

due to foveal radiation retinopathy and, while a variety of ‘notched’ plaques have been 

developed to try to limit this effect, it represents a major limitation of brachytherapy in 

these patients (Cruess et al., 1984). 

 

Proton beam radiotherapy (PBR) is reported to have several advantages over 

brachytherapy, including the specificity at which the dose can be delivered, the 

homogeneity of the dose and limited effect on surrounding normal ocular and periocular 

tissue (Damato et al., 2005). PBR employs the radioactive properties of protons by aiming a 

collimated beam through the pupil towards the tumour. The radiotherapy is not discharged 

until the point at which the protons slow down and stop, known as the ‘Bragg Peak’, which 

can be manipulated to be directly in the tumour. PBR is a slightly more aggressive 

treatment than plaque radiotherapy and can be more effective against the PUM; however, 

as the radiation also has to go through the front of the eye several additional side effects 

are associated with this treatment including dry eye, loss of eyelashes, corneal 

neovascularisation and, possibly later in life, glaucoma and cataracts (Damato, 2012a). 

 

Endoresection was originally described by Damato et al., in 1998 and is a method of 

surgically removing the PUM while conserving the eye. Briefly, after total vitrectomy the 

retina is separated above the tumour, the UM is then surgically removed along with 

immediately adjacent normal choroid to reduce the risk of recurrence and the retina is re-

attached. If histology of the removed tumour reveals a higher chance of recurrence, 

brachytherapy may also be applied post operatively (Damato et al., 1998). Endoresection is 
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a useful alternative to radiotherapy for tumours close to the optic nerve or fovea and also 

has a reduced risk of neovascular glaucoma (Cassoux et al., 2013). 

 

Local resection (also termed exoresection or lamellar sclera-uvectomy) was first described 

by Damato and Foulds (Damato and Foulds, 1996), and is undertaken in only a few ocular 

oncology centres. It involves creating a lamellar flap in the sclera above the location of the 

tumour, removing the tumour and replacing the flap and placing a ruthenium plaque. This 

is often the surgery of choice by UM patients who wish to preserve the eye, and in cases 

where the tumour is anterior to the equator (Damato, 2012b). It must be noted, however, 

that the operation is performed under hypotension, and therefore can only be undertaken 

in fit patients. 

 

For larger PUM, or for tumours involving the ciliary body, “enucleation” (removal of the 

eye) is the most common treatment. Although it is the more radical procedure, enucleation 

is a well-established surgical procedure and is associated with very few post-operative 

complications. Following enucleation, the affected orbit is fitted with a prosthesis and the 

extraocular muscles reattached, allowing often for a good cosmetic result. Reports 

concerning the mental wellbeing of monocular patients include self-reported depression, a 

need for professional counselling, loss of self-esteem, and decreased participation in social 

events (Coday et al., 2002; Hope-Stone et al., 2015). 
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1.4. Local recurrence of uveal melanoma 

Current conservative treatments for the control of local UM can be considered successful 

due to reduced rates of local recurrence. A recent meta-analysis demonstrated limited local 

recurrence rates with both brachytherapy (weighted average of 4.0–9.6%) and PBR 

(weighted average of 4.2%) (Chang and McCannel, 2013). Endoresection alone also 

demonstrated effective local control (4.6%) (Chang and McCannel, 2013).  

 

1.5. Metastatic risk in uveal melanoma 

Despite the success of local UM control, approximately 50% of UM patients progress to 

develop metastatic disease (Coupland et al., 2013). Due to the absence of lymphatic vessels 

within the eye, UM disseminate haematogeneously (Wöll, Bedikian and Legha, 1999). UM 

preferentially metastasises to the liver (>90% of cases); however, co-presentation can often 

occur in other tissues including the lung (~24%) and bone (~16%) (Coupland et al., 2013). 

UM metastases often present as multiple deposits in the liver rather than a single mass. 

The risk of patients developing metastatic disease is associated with several clinical, 

histological and genetic features as outlined below. 

 

1.6. Clinical features associated with metastatic risk of uveal melanoma 

Kujala et al., developed a tumour staging system for UM based on the existing tumour-

node-metastasis (TNM) staging used for cancers (Kujala et al., 2013). Presentation of 

tumour cells in the lymph nodes does not commonly occur in UM due to the absence of 

lymphatic drainage in the eye (Jovanovic et al., 2013), and so the use of the “N” for UM is 

inappropriate. The study investigated the largest basal diameter (LBD) of the tumours, the 

rate of ciliary body involvement (CBI) and the rate of extraocular extension (EOE) of 8,736 

patients. Ciliary body involvement and EOE strongly correlated with an increased TNM 
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stage (Kujala et al., 2013). Yet the factor most highly correlated with an increased risk of 

metastasis was tumour LBD (Kujala et al., 2013). Due to delays in the detection of PUM 

(Damato et al., 1998), the LBD could inferably indicate that the tumour had been growing 

for a greater length of time before diagnosis or that it was a more aggressive, faster 

growing tumour. 

 

1.7. Histomorphological features associated with metastatic risk of uveal 

melanoma 

UM demonstrate distinct growth patterns and cell populations, with the two most common 

being epithelioid and spindle cell types (Fig. 1.2.) (McLean, Zimmerman and Evans, 1978). 

McLean et al., investigated 105 cases of UM and were able to separate the tumours into 

three groups based on tumour cell population and tumour characteristics in situ. The 

presence of a significant proportion of UM cells with epithelioid morphology is 

characteristic of a more aggressive PUM; whereas, PUM with a dominance of spindle cells 

tend to have a better prognosis (McLean, Zimmerman and Evans, 1978).
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Figure 1.2. Haematoxylin and eosin staining of uveal melanoma tumours, demonstrating their different cell morphologies: A) epithelioid, B) spindle 

 

A B 
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In 1992 Folberg et al., identified distinct morphologic patterns of tumour vasculature in UM 

(Folberg et al., 1992), which could be demonstrated with a modified Periodic Acid-Schiff 

(PAS) reaction, viewed with a green narrow band pass filter. In this study, UM patients were 

split into two groups; (1) those tumours from patients who survived at least 15 years 

without metastatic progression following enucleation, and (2) tumours from patients who 

died from metastatic UM. The presence of at least one closed connective-tissue loop 

identified in the extracellular matrix of UM was associated with metastatic death of the 

patient, and was considered to be a marker of tumour progression and metastasis (Folberg 

et al., 1992). These features – highlighted by positive staining with PAS – were thought to 

show vascular neogenesis within the tumour; however, it was later suggested that these 

features were formed by the UM cells themselves, in a process known as vasculogenic 

mimicry (Lin et al., 2005). In conjunction with the presence or dominance of an epithelioid 

cell type, this morphological feature may be an indication of UM cell de-differentiation. 

 

Lattman et al., demonstrated that UM with a high mitotic count also have an increased 

metastatic risk (Lattman et al., 1995). Mitotic rate corresponds to the high cell proliferation 

rate in the tumour. Mitotic rate can also be determined using immunohistochemical 

markers, such as Ki-67, proliferating cell nuclear antigen (PCNA) (Mooy et al., 1990; Pe’er et 

al., 1994) and Ser10 (PHH3)  (Angi et al., 2011).  
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1.8. Genetic features of uveal melanoma tumours associated with metastatic 

risk  

1.8.1. Chromosomal alterations in uveal melanoma 

Specific and repetitive patterns of genetic abnormalities were identified in PUM in 

the late 1980’s, originally with standard karyotype analysis (Griffin, Long and 

Schachat, 1988; Horsman et al., 1990). Of these patterns, the most conspicuous is 

the complete loss of one copy of chromosome 3 (termed monosomy 3 [M3]), 

shown by Prescher et al., in 1996 to be linked to disease-specific mortality 

(Prescher et al., 1996). Gains in chromosome 8q have also been associated with 

reduced survival time (Sisley et al., 1997) and specifically 8q gain in conjunction 

with M3 (Damato et al., 2007; Damato and Coupland, 2009; Cassoux et al., 2014). 

Studies have further investigated this link and demonstrated three prognostic 

groups; both chromosome 3 and 8q normal conferring favourable outcome, either 

chromosome 3 or 8q abnormal causing increased risk of metastasis and both 

chromosome 3 and 8q abnormal with further increased risk of metastatic 

progression (Caines et al., 2015). These patterns of alterations have been 

confirmed by several groups using several different techniques, such as 

comparative genomic hybridisation (Cassoux et al., 2014), multiplex ligation-

dependent probe amplification (MLPA) (Damato et al., 2009), microsatellite 

analysis (MSA) (Tschentscher et al., 2000) and fluorescence in situ hybridisation 

(FISH) (Sisley et al., 1997). 
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1.8.2. Common mutations in uveal melanoma 

GNAQ/GNA11 

The most common genetic alterations in PUM (found in ~84% of cases) are mutually 

exclusive mutations in one of two large GTPases of the Gαq family; either guanine 

nucleotide-binding protein subunit alpha-Q (GNAQ) or guanine nucleotide-binding protein 

subunit alpha-11 (GNA11). Although there is little evidence linking these to clinical 

outcome, they have been shown to be initiating mutations in the majority of PUM cases 

(Van Raamsdonk et al., 2009, 2010). Mutations in these genes follow similar patterns, the 

most common for both being substitution mutations in exons 5 and 4 affecting amino acids 

Q209 or R183 respectively. This similarity in mutations correlates with the highly 

comparable homology between the GNAQ and GNA11 proteins of ~90% (Shoushtari and 

Carvajal, 2014). Both GNAQ and GNA11 mutations are activating mutations and cause ERK 

phosphorylation through the MAP-kinase pathway (Van Raamsdonk et al., 2009) (Figure 

1.3.). GNA11 mutations in UM have been reported to correlate with a more aggressive 

tumour compared to GNAQ mutated tumours (Dono et al., 2014).  
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Figure 1.3. Signalling pathways downstream of aberrant GNAQ/11 activation. Adapted 

from (Patel et al., 2011) and (Feng et al., 2014). 

AKT, protein kinase B; ERK, extracellular-signal-regulated kinase; GPCR, G-protein 

coupled receptor; mTORC1/2, mammalian target of rapamycin complex 1 or 2; PKC, 

protein kinase C; PLC, phospholipase c beta; PTEN, phosphatase and tensin homolog; 

Rac, Ras-related C3 botulinum toxin substrate; RAF, Rapidly Accelerated Fibrosarcoma 

protein; Rho, Ras homolog gene family; YAP, yes-associated protein 
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Mutations in GNAQ or GNA11 cause the G-protein alpha subunits of currently unspecified 

GTPases to be constitutively active, stimulating downstream pathways (Shoushtari and 

Carvajal, 2014) such as RAF/MEK/ERK pathway (Weber et al., 2003), TRIO (Feng et al., 2014) 

and PLC (Chua et al., 2017), which in turn stimulates many biological processes such as 

proliferation, apoptosis, differentiation, inflammation and cell cycle progression (Figure 

1.2).  

 

BAP1 

The BAP1 gene encodes the BAP1 protein, a member of the ubiquitin C-terminal hydrolase 

subfamily of deubiquitylating enzymes. BAP1 mutations were originally identified using 

massively parallel exome sequencing coupled with Sanger re-sequencing (Harbour et al., 

2010). In patients with M3 UM, the loss of one copy of the chromosome causes any 

mutations in BAP1 at the 3p21.1 locus on the remaining chromosome copy to be exposed 

(Harbour et al., 2010). BAP1 mutations are associated with loss of nuclear BAP1 protein 

expression (Harbour et al., 2010; Kalirai et al., 2014; Song et al., 2017; Farquhar et al., 2018; 

Szalai et al., 2018) and inactivating mutations in the BAP1 gene, concomitant with M3, have 

been shown to correlate with increased metastasis and reduced survival in UM (Abdel-

Rahman et al., 2011; Kalirai et al., 2014; Koopmans et al., 2014). Absence of nuclear BAP1 

protein was also reported in 10/13 (77%) disomy 3 (D3) UM patients who had unexpected 

metastatic relapse (Kalirai et al., 2014; Koopmans et al., 2014), suggesting that absent 

nuclear BAP1 protein is a survival predictor for patients with UM, independent of 

chromosome 3 status. It has been proposed that BAP1 acts within the melanocytic lineage 

as a regulator of differentiation and that the absence of BAP1 through inactivating 

mutations and M3 allows de-differentiation of the neoplastic melanocytes into cells more 

likely to metastasise (Matatall et al., 2013), further implicating its role in UM metastatic 

progression.  
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EIF1AX 

The EIF1AX gene encodes the eukaryotic translation initiation protein factor EIF1AX 

(Krishnamoorthy et al., 2019). The EIF1AX protein is an essential component in the 

recruitment and assembly of the pre-initiation complex 43S (Krishnamoorthy et al., 2019). 

Mutations in the EIF1AX gene were shown through exome sequencing to be present in 48% 

of D3 PUM, only 5.7% of M3 UM and 8% of tumours with partial losses on chromosome 3 

(Martin et al., 2013), suggesting that this mutation was associated with a good outcome. 

This was also supported by the data of Ewens et al., who demonstrated EIF1AX mutations 

in 16% of PUMs; 61% of UM without EIF1AX mutations metastasised compared to 12% of 

tumours containing the mutation (Ewens et al., 2014). These findings also correlate with 

the findings of Dono et al., in 2014; in which, EIF1AX mutations occur almost exclusively in 

D3 UM (Dono et al., 2014). 

 

SF3B1 

SF3B1 (splicing factor 3B subunit 1) is a protein involved in the alternative splicing of mRNA, 

generating multiple transcript variants of a gene that give rise to different protein isoforms. 

Mutations in the SF3B1 gene seem to occur most frequently as somatic point mutations at 

the Arginine-625 position (Te Raa et al., 2015). These mutations have been shown to affect 

the DNA damage response, increasing the baseline activity of the process (Te Raa et al., 

2015). Previously described in myelodysplastic syndromes (Dey et al., 2012), chronic 

lymphocytic leukaemia (CLL) (Wang et al., 2011) and breast cancer (Muzny et al., 2012) as 

being linked with poor prognosis, SF3B1 mutations were originally thought to be associated 

with a favourable outcome in UM. In 2013, Martin et al., showed 29% of D3 UM had SF3B1 

mutations, where only 5.7% of M3 UM had the mutation (Martin et al., 2013). This was 

corroborated by Yavuzyigitoglu et al., in 2016; however, their results showed that SF3B1 
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mutations in D3 PUM conferred an increased risk of developing later metastases 

(Yavuzyigitoglu et al., 2016). 

 

1.9. Prognostication of uveal melanoma and the likelihood of metastatic 

progression  

Prognostication of UM is extremely useful to identify patients at higher risk of metastatic 

development who may then be followed-up and screened for metastatic disease more 

frequently.  By detecting metastasis earlier, UM patients may be more suitable for liver 

resection or entered into clinical trials. Prognostication also allows reassurance of patients 

at low risk of metastasis. After removal of the tumour or if a small tumour biopsy is taken, 

the tissue can be analysed for histological features of PUM and genetic alterations, which 

together with clinical features, give an indication of the risk of the patient developing 

metastases. 

 

At the Royal Liverpool University Hospital, a personalised prognostication algorithm has 

been developed, which integrates clinical, histomorphological and genetic data from PUM 

patients to generate personalised prognostic curves compared with an age and gender-

matched healthy individual (Eleuteri et al., 2007). The prognostication tool incorporates 

data such as age, tumour size, CBI, EOE, epithelioid cell presence, closed PAS positive loops, 

mitotic count, chromosome 3 and chromosome 8q status (Deparis et al., 2016). 

 

Expanding on work originally performed by Tschentscher et al., in 2003, a method based on 

gene expression profiling was developed by Onken et al., in 2004 utilising the amplification 

or deletion of well-characterised genes with distinct patterns (Tschentscher et al., 2000; 

Onken et al., 2004). The 62 differentially expressed genes have since been reduced to a 
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panel of 15; 12 discriminating genes and 3 housekeeping genes, collectively capable of 

discriminating between PUM at low risk (Class 1) and high risk (Class 2) of developing 

metastases. This is now available as a commercial test, Decision Dx UM, provided by Castle 

Biosciences (http://castlebiosciences.com/tests/uveal-melanoma/). 

 

1.10. Treatment of metastatic uveal melanoma 

A Collaborative Ocular Melanoma Study (COMS) showed that the 5 and 10-year cumulative 

metastatic rates for patients with UM were 25% and 34% respectively. Of the patients with 

metastatic disease, 80% died within the first year of a metastatic diagnosis, 92% within the 

first two years (Diener-West et al., 2005).  

 

Where microscopically complete resection is possible, surgical removal of metastatic UM 

(MUM) in the liver confers a postoperative survival of 27 months as compared with 14 

months when MUM is non-resectable due to multiple deposits in the liver. For MUM where 

resection is not an option, current courses of chemotherapy include treatment with 

cisplatin, dacarbazine and fotemustine; yet none have shown any significant increase in 

patient survival (Augsburger, Corrêa and Shaikh, 2009). Recent clinical trials have focused 

on targeted therapies e.g. MEK inhibitors (Gilbert, 2014), chemoembolization (Patel et al., 

2005) and isolated hepatic perfusion (Olofsson et al., 2014) among others.  

 

1.11. The metastatic niche 

The mechanism of UM metastatic progression to the liver is still poorly understood. 

However, liver metastasis has been investigated in other cancers and it is well established 

that the microenvironment in the liver is modulated during the metastatic process (Vidal-

Vanaclocha, 2008). This modulation during metastatic development has been shown 

http://castlebiosciences.com/tests/uveal-melanoma/
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previously in the literature to include features such as increased invasion of bone marrow-

derived macrophages in the liver (Costa-Silva et al., 2015), local upregulation of 

proinflammatory factors (Brodt, 2016), increased production of fibronectin by resident liver 

fibroblasts (Costa-Silva et al., 2015), and the increased deposition of multiple extracellular 

matrix (ECM) products (van Huizen et al., 2019). Taken collectively these features highlight 

one of the most common characteristics of liver metastasis, an increase in the local fibrotic 

environment at the metastatic niche (Lee et al., 2019). 

 

 It has been shown that this modulation may occur prior to cancer cell “seeding” via 

tumour-metastatic niche communication through the secretion of signalling proteins into 

the bloodstream, both exogenously and via extracellular vesicles (Costa-Silva et al., 2015). 

These proteins/vesicles are thought to travel haematogenously to the metastatic site and 

prepare the metastatic niche, generating a more accepting microenvironment for the 

tumour (Xiaogang Wang et al., 2015).  
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1.12. Cancer secretome 

The term “secretome” was originally introduced in a genome-wide study of secreted 

proteins in bacteria (Tjalsma et al., 2000) and describes the whole range of organic 

molecules and inorganic compounds secreted by cells/tissue into their local environment. 

The major components of the secretome from mammalian cells are lipids, genetic materials 

and proteins; the profiles of which can be altered in illness/disease. Most, if not all, cells in 

the human body engage in communication via protein signalling, whether that is by 

secretion of signalling proteins, receipt of proteins secreted by other cells or both (Halban 

and Irminger, 1994). As such, the most well studied component of the cancer secretome is 

the protein content, which has been widely investigated for its potential in biomarker 

discovery and the elucidation of intercellular signalling pathways (Makridakis et al., 2010; 

Piersma et al., 2010). Research investigating cancer biomarkers has gradually increased 

since the late 80’s and is becoming ever more useful with calls for less invasive procedures 

in the clinic and the potential for “liquid biopsies” to identify biomarkers of disease 

progression and/or response to treatment in bodily fluids (Ludwig and Weinstein, 2005). 

The relevance of proteomic research over genetic material was reinforced in 2009 when de 

Sousa Abreu et al., published data showing that the relationship between mRNA and 

protein expression may not always be constant (de Sousa Abreu et al., 2009). 

 

Proteins released by cancer cells into their local environment form the proteomic aspect of 

the cancer secretome and can act either locally, through autocrine or paracrine signalling 

and may also induce distal or systemic signalling by entering the bloodstream. The latter 

has generated an increased interest in interrogating the plasma or serum of cancer patients 

for potential blood borne cancer biomarkers (Hanash, Pitteri and Faca, 2008). Proteins 

secreted by cancer cells may be vastly important in tumour progression and play a key role 

in areas such as cancer cell proliferation/clonal expansion (Sporn and Todaro, 1980), 
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epithelial to mesenchymal transition (L. Li et al., 2015), angiogenesis (Carmeliet, 2005), 

matrix remodelling (Oskarsson, 2013), immune system manipulation (De Visser, Eichten 

and Coussens, 2006) and stromal cell manipulation (De Wever and Mareel, 2003). 

 

Early stage MUM is often not detectable by current, clinically used screening techniques 

due to their low sensitivity and MUMs proclivity for miliary presentation. This suggests that 

MUM may be present for a longer amount of time and is likely to present with increased 

tumour burden upon detection (Eskelin et al., 1999; Borthwick et al., 2011). This has led to 

the increased popularity of biomarker research becoming a focal point in UM research and 

highlighted the need to find sensitive indicators of metastatic spread in UM patients prior 

to clinically detectable presentation.  

 

Several groups have also investigated the proteomic profile of UM. In 2003, Missotten et 

al., demonstrated that eyes with UM could be distinguished from healthy eyes through 

proteomic analysis of the aqueous humour, suggesting that two unidentified proteins were 

capable of accurate distinction in 89% of cases when used in combination (Missotten et al., 

2003). Zuidervaart et al., performed similar analysis on UM cell lines in 2006 and 

established a panel of 24 proteins differentially expressed between primary and metastatic 

derived lines; these including eight with known functions in cell proliferation and migration 

(Zuidervaart et al., 2006). Pardo et al., investigated the proteomic profile of the secretome 

of UM cell lines, again highlighting an abundance of proteins linked with adhesion and 

migration, in particular components modulating the ECM (Pardo et al., 2007). The authors 

suggested that the proteins cathepsin D, syntenin and gp100 represented potential 

biomarkers of UM metastatic potential. The proteomic profiles of PUM samples classified 

as either D3 or M3 identified differential expression of several proteins, highlighting that 

low-to-negative HSP-27 (heat shock protein 27) correlated strongly with M3, a known 
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predictor of metastatic progression (Coupland et al., 2010). Linge et al., identified 14 

proteins differentially expressed in PUM tissue from patients who developed metastases 

compared with PUM tissue from patients who did not develop metastases in the >7-year 

follow-up (Linge et al., 2012). They suggested that Fatty Acid Binding Protein 3 (FABP3) and 

Triosephosphate isomerase 1 (TPI1) may be involved in the metastatic phenotype of UM. 

Proteins linked to adhesion and cytoskeletal remodelling were also identified as 

differentially expressed, such as upregulation of vimentin and F-actin capping protein 

subunit alpha-1, and downregulation of tubulin alpha-1B chain and tubulin beta chain. 

Eukaryotic translation initiation factor 2 subunit 1 (EIF2S1) was also shown to be 

downregulated in MUM (Linge et al., 2012). Proteomic analysis of UM by Crabb et al., 

identified a panel of 31 proteins differentially expressed in metastatic and non-metastatic 

PUM samples (Crabb et al., 2015). Their data again highlighted the differential expression 

of HSP-27 and suggested that collagen alpha-3(VI) and heat shock protein beta-1 allowed 

accurate prediction of metastatic potential. This work highlighted the complexity of 

cultured cancer cell secretomes and the availability of novel data within this field of study; 

68% of their total protein cohort had, at that time, not previously been linked to cancer. 

 

1.13. Extracellular vesicles 

Extracellular vesicles (EV) are small membranous structures released by all cells in the 

human body (Yáñez-Mó et al., 2015). Research into EVs has increased rapidly over the past 

decade as evidence of their involvement in numerous diseases continues to grow 

(Antonyak and Cerione, 2015). In particular, the EV subpopulation exosomes is receiving 

increased attention (Figure 1.5.). 

 

The pleiotropic roles of EVs in physiology and pathology suggest a wealth of possibilities for 

their use in a clinical setting (van der Pol et al., 2012). In cancer it is common to see 
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upregulation in EV cargo specific to the cancer type or stage. The availability of this cargo in 

liquid biopsy-derived EVs highlights the potential for their use as biomarkers for the 

diagnosis and prognostication of cancer from non-invasive patient samples (Katsuda, 

Kosaka and Ochiya, 2014; Halvaei et al., 2018). As the levels of any specific exosomal cargo 

may represent the presence or stage of a disease, similarly, they can also act as markers of 

treatment efficacy and disease regression (Mitchell et al., 2009).  

 

Importantly, EVs facilitate intercellular signalling (Camussi et al., 2010), carrying biologically 

active cargo from one cell to another and stimulating signalling pathways which may 

promote disease progression. Due to this mechanism, perturbation of these pathways 

represents a potential avenue for novel therapeutic targeting (Zhang et al., 2007). Some 

EVs are capable of housing therapeutic drugs and can deliver these across biological 

membranes (Ha, Yang and Nadithe, 2016). Certain EVs have also demonstrated 

organotropic targeting, dependent on the integrin protein composition on the exosome 

surface; this could allow targeted delivery of internal cargo and/or therapeutics (Hoshino et 

al., 2015).  

 

In order to allow for their role in the intercellular transmission of biologically active 

materials, EVs need to be secreted by their cell of origin into the surrounding extracellular 

fluid. As such EVs form a major part of the tissue/cell secretome.  
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Figure 1.4. The three main types of extracellular vesicles and their mechanism of release. Exosomes are released from multivesicular bodies within the cell 

upon their fusion with the cell surface membrane; microvesicles form at the cell surface through direct budding from the surface membrane; apoptotic 

bodies form during programmed cell death through apoptotic blebbing 

Exosomes Microvesicles Apoptotic bodies 
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Figure 1.5. The number of publications on Pubmed per year containing the words 

‘extracellular vesicles’ or ‘exosomes’ in the title 

(Search for “Extracellular vesicle*” included terms “extracellular vesicle” or 

“extracellular vesicles”; the search for “Exosom*” included terms “exosom”, 

“exosoma”, “exosomal”, “exosomal14”, “exosomal18s”, “exosomally”, “exosomalmir” 

“exosomas”, “exosomatic”, “exosome”, “exosome'”, “exosome's”, 

“exosomecontaining”, “exosomederived”, “exosomeencapsulated”, 

“exosomemediated”, “exosomes”, “exosomes'”, “exosomesagainst”, 

“exosomesthesia”, “exosomesyncytiotrophoblast”, “exosomic”, “exosomics”, 

“exosomopathies”, “exosomopathy” or “exosomse” 
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EVs are commonly split into three categories based on their size, morphology and 

mechanism of biogenesis: apoptotic bodies, microvesicles and exosomes. While EV 

categories are defined by their distinct biogenesis pathways, the biophysical characteristics 

used to differentiate EV subtypes commonly overlap between categories (Willms et al., 

2018). As such, current methods for the isolation/enrichment of EV subtypes remain 

imperfect. It is now commonly assumed that research involving the enrichment/isolation of 

EV subtypes is investigating heterogenous populations of vesicles (Raposo and Stoorvogel, 

2013). As the biogenesis of EV population remains distinct, the mechanisms and typical 

biophysical characteristics are defined below; however, the references applied to the 

functions of these subtypes can be assumed to refer to a heterogenous population of 

vesicles differentiated primarily by one physical feature, often vesicle size. 

 

1.13.1. Apoptotic bodies 

Apoptotic bodies (ABs) are formed by stressed cells undergoing programmed cell death 

during adverse conditions and range from 800-5000 nm diameter (Crescitelli et al., 2013). 

ABs form through “blebbing” of the cellular membrane of cells undergoing apoptosis. While 

the exact mechanisms governing apoptotic body formation are elusive, the current 

paradigm suggests that this is mediated by actin-myosin remodelling through Rho-

associated protein kinase 1 (ROCK1), LIM domain kinase 1 (LIMK1), myosin light chain 

kinase (MLCK), and P21-activated kinase (PAK2) activity (Coleman et al., 2001). AB 

formation is thought to occur through three distinct membrane protrusions during 

apoptotic blebbing: microtubule spikes (Moss et al., 2006), apoptopodia (Ivan K H Poon et 

al., 2014), and beaded apoptopodia (Atkin-Smith et al., 2015).  

 

Due to the large size of ABs they can often be characterized by their containment of 

intracellular organelles (Taylor, Cullen and Martin, 2008) and can be isolated from cultured 
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cells, tissue and bodily fluids by differential centrifugation (Atkin-Smith et al., 2017). ABs are 

thought to provide “homing signals” for phagocytes, stimulating the recruitment of 

macrophages and the subsequent efferocytosis of the apoptotic cell (Ivan K.H. Poon et al., 

2014). ABs have been shown to possess distinct protein and RNA profiles from other EVs 

(Crescitelli et al., 2013).  

 

1.13.2. Microvesicles 

Microvesicles (MVs) — also known as shedding MVs, microparticles or ectosomes — are 

smaller membranous vesicles generated by the outward budding and fission of the 

membrane at the cell surface (Raposo and Stoorvogel, 2013). They are commonly reported 

to have a diameter between 100–1000 nm (Raposo and Stoorvogel, 2013). The mechanism 

of MV assembly, budding and release into the extracellular space is not completely 

understood. It is thought to involve distinct changes in the local lipid and protein 

composition of the plasma membrane and cytoskeletal remodelling through GTPase 

signalling (Tricarico, Clancy and D’Souza-Schorey, 2017). 

 

The proteins regulating MV biogenesis were reviewed and described by Taylor and Bebawy 

in 2019 (Taylor and Bebawy, 2019). They highlighted the loss of phospholipid asymmetry in 

the plasma membrane as one of the primary stages of MV biogenesis. Inactivation of 

‘flippase’ and concomitant activation of ‘floppase’ and ‘scramblase’ through Ca2+ 

mobilization promotes random distribution of phospholipids and loss of anionic charge on 

the inner membrane leaflet. This promotes cleavage of cytoskeletal proteins anchoring the 

membrane. Areas of membrane detachment are subject to intracellular hydrostatic 

pressure, modulation of contractile proteins, and changes in membrane curvature resulting 

in membrane bleb formation. Recruitment of other proteins such as the endosomal sorting 

complexes required for transport (ESCRT) machinery and/or neutral sphingomyelinase 
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leads to scission of the vesicle's neck and MV release into the extracellular environment 

.(Taylor and Bebawy, 2019). 

 

Microvesicles have received less interest in the literature than exosomes; and as previously 

stated, in research in which MV have been “isolated” it can be assumed that samples 

contain heterogenous populations of vesicles. That said, MV have described roles in 

coagulation (Del Conde et al., 2005), immune modulation (Huber et al., 2005), inflammation 

(Hulsmans and Holvoet, 2013), cancer (Pap, Pállinger and Falus, 2011) and when separated 

by size, MVs are known to possess distinct protein cargo to other EV subtypes (Tucher et 

al., 2018). 

 

1.13.3. Exosomes 

Exosomes are the smallest member of the EV family, ranging from 50-120nm in diameter 

(Xu et al., 2016). They are spherical vesicles consisting of a lipid bilayer membrane 

enveloping biologically active cargo and are produced in multivesicular bodies at the later 

stage of the endosomal cycle. Exosomes were originally reported in 1981 as a method of 

membrane protein exfoliation (Trams et al., 1981) and later in 1987 by Johnstone et al., as a 

method of changing the membrane protein composition of during maturation of 

reticulocytes (Johnstone et al., 1987). 

 

The first description of exosomes regarded the “shedding” of 5’nucleotidase along with 

increased amounts of specific lipids and fatty acids (Trams et al., 1981). They have since 

been shown to house specifically enriched proteins (Schey, Luther and Rose, 2015), lipids 

(Lydic et al., 2015) and genetic materials (Valadi et al., 2007; Rodríguez et al., 2015; Sato-

Kuwabara et al., 2015). 
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The current dominant hypothesis is that exosomes are formed in the lumen of the early 

endosome (Théry, Zitvogel and Amigorena, 2002). Initially a section of cell membrane is 

internalised at the cell surface due to ligand-receptor binding. Internal budding at these cell 

surface receptors can occur through several pathways, the canonical pathway being 

clathrin-dependent endocytosis, in which a stimulated receptor is thought to be recruited 

to specific clathrin rich domains. Invagination within the cell membrane due to loss of lipid 

membrane asymmetry causes clathrin-coated pits to form, with any receptor-ligand 

complex engaged inside. The recruitment of proteins such as dynamin and endophilin 

causes the pit to deepen and eventually pinch off to create an intracellular vesicle (Mousavi 

et al., 2004). This forms a compartment within the cell known as the early endosome. As 

the early endosome matures, budding occurs from the surface generating vesicles within 

the internal lumen (Huotari and Helenius, 2011). A driving mechanism in this process 

involves the ESCRT machinery, which consists of four protein complexes; ESCRT-0, -I, -II, -III 

and the Vps4 complex (Henne, Stenmark and Emr, 2013).  

 

Other non-canonical methods of exosome formation have also been documented in the 

literature. The clathrin-independent pathway involves caveolin rich lipid rafts, which are 

internalised when bound to a receptor-ligand complex (Sandvig et al., 2011). Other 

pathways include the involvement of either flotillin, which has proposed roles in 

endocytosis, endosomal sorting and exosome biogenesis (Meister and Tikkanen, 2014); 

GRAF1 mediated CLIC/GEEC endocytosis (Lundmark et al., 2008), Arf6 endocytosis 

(Ghossoub et al., 2014) or macropinocytosis (Doherty and Mcmahon, 2009) 

 

During this stage the ESCRT machinery is thought to aid the selective enrichment of 

biologically active cargo through recruitment of proteins into the intraluminal vesicles 

(ILVs). Alternatively, CD63, CD81 and HSC70 have all been identified as ESCRT-independent 
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mechanisms of protein loading into ILVs (Kowal, Tkach and Thery, 2014). Furthermore, it 

has been shown that exosomal proteins are commonly ubiquitinated and ubiquitination has 

been proposed as a canonical mechanism by which proteins are targeted to exosomal 

loading (Buschow et al., 2005). Studies have also suggested that ubiquitination of 

recombinant proteins allowed directed loading and exosomal secretion of the synthesised 

product (Cheng and Schorey, 2016). Sumoylation of miRNA sequence motifs is thought to 

preferentially select for miRNA loading into ILVs (Villarroya-Beltri et al., 2013), prior to 

exosome secretion. 

 

Once these ILVs are formed, the ILV-containing endosome is commonly referred to as a 

multivesicular body (MVB). MVB trafficking to the cell surface prior to release of the ILVs is 

modulated by the Rab GTPases Rab27, Rab11 and Rab35 (Blanc and Vidal, 2018). Rab11 and 

Rab35 mediated exosomal release is primarily associated with vesicles formed in an ESCRT-

independent manner. Whereas Rab27 mediates the release of MVBs containing vesicles 

generated through an ESCRT-dependent formation (Blanc and Vidal, 2018). Fusion of the 

MVB with the cell surface membrane allows the extracellular release of the ILVs as 

exosomes. This fusion is mediated by soluble NSF-attachment protein receptor complexes 

(SNARE) (Zylbersztejn and Galli, 2011).  

 

1.13.4. Techniques for the isolation of UM EVs 

Several techniques exist for the isolation/enrichment of exosomes and many more are 

being developed in the literature every year. The more common techniques employed in 

the literature are comprehensively reviewed by (Konoshenko et al., 2018). These methods 

rely on specific physical or biological properties of exosomes; this can be the presence of 

surface proteins and immuno-affinity capture (Greening et al., 2015), enrichment due to 

the buoyant density of the particle (Théry et al., 2006) or enrichment due to the size of the 
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EVs (Cheruvanky et al., 2007); each of these techniques comes with its own benefits and 

limitation. 

 

Polymeric precipitation (PP) allows for quick and simple enrichment of EVs from culture 

media or biological fluid yet does very little to distinguish between the enriched EV, protein 

complexes, lipoproteins or larger protein aggregates (Kanchi Ravi, Khosroheidari and 

DiStefano, 2015). Size exclusion techniques (SE), such as chromatography columns or 

sequential filtration, allows for EV isolation with similar speed and simplicity as PP and has 

reduced contamination from non-exosomal proteins yet can still contain larger protein 

aggregates and other EV types (Böing et al., 2014). Affinity capture (AC) employs 

biochemical properties of the exosomes to bind and hold them while eluting all other 

elements in the starting sample. The properties used can include the biochemistry of the 

lipid bilayer membrane of the exosomes (Nakai et al., 2016) but most commonly employ 

antibodies specific to proteins suggested to be enriched on their surface (Clayton et al., 

2001; Théry et al., 2006). Currently, however, no definitive exosome marker exists for 

affinity capture (Kowal et al., 2016), and recent studies have shown that proteins 

commonly used for the immunoaffinity isolation of exosomes, such as CD63 and CD9, can 

also be present on all other EVs (Kowal et al., 2016). Therefore, while AC offers reduced 

contamination from protein aggregates, it does not specifically isolate exosomes. 

Moreover, it has also been shown that isolation of exosomes with this method may select 

for subpopulations within a sample (Kowal et al., 2016). This could potentially be beneficial 

if the protein presentation of subpopulations was known and the investigator was only 

concerned with a specific population; however, without certainty that the populations are 

known, this could create an unintended bias in sample population and affect downstream 

analyses. Differential ultracentrifugation (UC) is the most commonly described technique 

(P. Li et al., 2017) involving the centrifugation of samples at incrementally increasing speeds 
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to pellet and remove particles of higher buoyant density from the supernatant, eventually 

pelleting the exosomes and removing the supernatant, containing soluble proteins. UC 

presents fewer contaminating protein aggregates than PP and SE yet is a lengthy and 

laborious protocol (P. Li et al., 2017). UC requires specialised equipment and also suffers 

from contamination problems; it has been shown to co-enrich high density lipoproteins 

(Yuana et al., 2014) and other small vesicles (Kowal et al., 2016). Nevertheless, UC is the 

most well validated and most referenced method for isolating exosomes. Each of these 

methods can be combined in different orders or have added filtration or sucrose 

cushion/gradient steps; however, each additional step is often employed at the expense of 

EV yield. As no definitive method for the isolation of pure exosomes is currently available 

(Kowal et al., 2016), the method(s) employed must be tailored to suit the primary research 

question. 
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Table 1.1. The pros and cons of various literature-reported techniques for the isolation/enrichment of exosomes. 

 

 
 

Polymer Precipitation (PP) Size exclusion (SE) Ultracentrifugation (UC) Immuno-affinity capture (IAC) 

Benefits • Speed of protocol, 

• Technical simplicity 

• Low start-up cost 

• Speed of protocol 

• Technical simplicity 

• Fewer contaminants that 
PP 

• Low start-up cost 

• Fewer protein 
contaminants that PP and 
SE 

• Well validated 

• Customisable 

• Wash steps can reduce 
protein contaminants 

• Speed of protocol 

• Technical simplicity 
 

Drawbacks • Co-enriches protein 
aggregates/complexes and 
other similar sized vesicles 

• Often requires 
combination with other 
purification techniques 

• Co-enriches protein 
aggregates/complexes and 
other similar sized vesicles 

• Filtration may induce 
shear-stress 

• Laborious and time 
consuming 

• Co-enriches large protein 
aggregates/complexes, 
other similar sized vesicles 
lipoproteins 

• Requires specialized 
equipment  

• No definitive exosome 
marker exists 

• Co-enriches other vesicles 
with similar protein 
presentation 

• Inherent bias for sub-
populations 

• High start-up cost 
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1.13.5. Characterisation of EVs 

There are many methods available for the characterisation of EVs isolated from bodily 

fluids or cell culture media. These techniques commonly focus on the qualitative or 

quantitative analysis of EV size, morphology and protein presentation. 

 

EV size is often measured by techniques employing dynamic light scattering (DLS) or 

nanoparticle tracking analysis (NTA), a more recent strategy employs resistive pulse sensing 

(RPS). DLS is a technique for measuring the size distribution of particles in a suspension. A 

laser is shone through a sample and any particle in the path of the laser causes the light to 

be scattered in all directions. The intensity of the scattered light is recorded and expressed 

as a function of time and the size of the particle can be calculated through fluctuations of 

the light intensity due to Brownian motion (Szatanek et al., 2017). NTA works in a very 

similar manner to DLS; however, the scattered light is recorded with a highly sensitive 

camera and the recording is analysed by tracking the displacement of each particle and 

plotting the motion as a function of time. This can be used to calculate the size distribution 

of particles in a sample using the Stokes-Einstein equation (Szatanek et al., 2017). A 

potential benefit of NTA compared with DLS is the ability of the camera to detect 

fluorescence; combined with the application of fluorescently tagged antibodies, NTA would 

allow subpopulations of EV’s within a sample to be identified by differential presentation of 

surface proteins. It should be noted, however, that both DLS and NTA suffer from a similar 

caveat; larger particles and particles with a higher refractive index would scatter more light 

and “outshine” smaller particles, limiting their detection, this could bias size distribution in 

a polydisperse sample towards those larger particles and those with higher refractive 

indices (Szatanek et al., 2017). RPS employs a “size-tunable” polyurethane membrane for 

quantitative measuring of nano- and micro-particles. A transient change in the ionic current 
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across the membrane is detected as particles traverse the pores, this is denoted as a 

blockade event, the magnitude of which is indicative of particle size (Vogel et al., 2011).  

 

Vesicle diameter has long been considered a differentiator of EV subtype (György et al., 

2011); however, more recent studies have shown that the size ranges of EV subtypes likely 

overlap, and any method of isolation relying solely on vesicle diameter is likely to produce 

samples of heterogeneous vesicles (Willms et al., 2018). 

 

EV morphology can be assessed by several methods of microscopy, these allow 

visualisation and measurement of their size and include transmission electron microscopy 

(TEM) (Théry et al., 2006), scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) (Sharma et al., 2010). In TEM, samples are fixed, adsorbed onto a 

microscopy grid, dehydrated and stained with an optically opaque substance; samples are 

often embedded to improve contrast. Electrons are passed through the sample, detected 

and magnified. Stains more readily adhere to the background and deflect more electrons 

than the sample, allowing greater resolution of the sample compared with the background 

(Szatanek et al., 2017). SEM involves fixing and dehydrating a sample, adsorbing the sample 

onto a microscopy grid and scanning the sample with a narrow beam of electrons. The 

backscattered electrons emitted from the sample surface are then detected (Fischer et al., 

2012). In AFM, a sample’s surface is probed with a fine tip attached to a cantilever; 

interaction forces between the surface and the tip cause deflection of the cantilever, which 

is recorded by a photodiode detector system (Szatanek et al., 2017). These methods 

provide high-resolution, high-magnification images, visualisation of sample morphology and 

size along with information about surface topography and composition. Immuno-labelling 

of EV surface proteins with gold tagged antibodies allows the detection of specific proteins 

on the surface of EVs (Szatanek et al., 2017). It is worth noting that the size and 
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morphology of EVs can be altered during the extensive multistep process and sample 

dehydration involved in these methods, and so they can only be assumed to give relative 

size quantification. Progress has been made in the mitigation of these effects through the 

alteration of the methods; such as the use of cryo-vitrification of EVs instead of dehydration 

and fixation prior to electron microscopy (Cizmar and Yuana, 2017). 

 

Analysis of protein cargo is a common method used to characterise EVs and there have 

been several proteins suggested to be specific for EV subtypes. Among others, proteins 

previously thought to be specific for exosomes include CD63, CD9, CD81 and ANXA2 (Théry 

et al., 2006). Immunolabelling can be employed with several techniques such as flow 

cytometry (Pospichalova et al., 2015), electron microscopy (Théry et al., 2006), NTA 

(Dragovic et al., 2011) and western blotting (Théry et al., 2006). Due to the distinct 

mechanisms of biogenesis of EV subtypes, certain proteins are often enriched on the 

surface or in the lumen of EVs; the presence of which is indicative of subtypes within a 

sample (Raposo and Stoorvogel, 2013). These include proteins involved in membrane 

fusion dynamics and intracellular transport (e.g. Rab GTPases, annexins, flotillin), 

endosomal maturation and the biogenesis of MVBs (Alix, TSG101), and transmembrane 

proteins such as major histocompatibility complex class I and II, heat shock proteins (hsc70 

and 90), integrins and tetraspanins (e.g. CD63, CD9 and CD81) (Simons and Raposo, 2009; 

Simpson et al., 2009; Mathivanan, Ji and Simpson, 2010). It has been shown, however, that 

several of the proteins previously suggested as specific markers of EV subtypes, such as 

exosomes, are apparent on multiple vesicle types (Kowal et al., 2016) and so may not 

represent definitive markers. 

 



61 
 

1.13.6. Intracellular communication and manipulation of the microenvironment 

by extracellular vesicle 

Once released into the surrounding extracellular milieu, EVs are free to interact with other 

local cells or to enter the blood stream and affect more distal cells. Several methods of EV 

uptake have been described in the literature and were reviewed in detail by Mulcahy et al., 

(Mulcahy, Pink and Carter, 2014). Mechanisms of uptake include membrane fusion, 

caveolin-mediated endocytosis, micropinocytosis, lipid raft-mediated endocytosis, clathrin 

mediated endocytosis and phagocytosis (Mulcahy, Pink and Carter, 2014). 

 

The mechanism of exosomal genesis governs the protein composition and content of the 

vesicle thereby affecting its involvement in communication and signalling. Hoshino et al., 

showed that integrin composition on the surface of exosomes determine organotropic 

metastasis (Hoshino et al., 2015). Exosomes have also been shown to manipulate the 

immune system with roles in; macrophage polarization (Jang et al., 2013), suppression of 

the adaptive immune response (Barros et al., 2018), angiogenesis (Mineo et al., 2012) 

education and mobilisation of bone marrow derived cells (Peinado et al., 2012). 

 

Exosomes have been shown to play a pivotal role in metastatic spread, facilitating pro-

metastatic processes such as inflammation (Hiratsuka et al., 2008), stromal cell 

activation/recruitment (Costa-Silva et al., 2015; Paggetti et al., 2015), upregulation of 

cancer cell chemo-attractants (Kaplan et al., 2005), angiogenesis (Mineo et al., 2012) and 

matrix manipulation (Erler et al., 2009). These processes have been demonstrated in the 

target organs of breast (Fong et al., 2015), pancreatic (Costa-Silva et al., 2015), cutaneous 

melanoma (Hood, San and Wickline, 2011; García-Silva and Peinado, 2016), prostate 

(Sánchez et al., 2016) and colorectal cancers (Ji et al., 2013) among others.  
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1.13.7. Extracellular vesicles in uveal melanoma 

A limited amount of research has explored the role of EVs in UM. Two of the three papers 

identified focused on the miRNA content of the EVs and only one paper investigated the 

protein content of UM EVs. 

 

The first paper investigating UM EVs was published in 2014 by Eldh et al., and described 

exosome-like EVs isolated by differential ultracentrifugation from local liver perfusates in 

patients with MUM (Eldh et al., 2014). The EVs were approximately 50 nm in diameter by 

transmission electron microscopy (TEM) and shown to be positive for CD63 by immune-

gold labelling, and CD63, CD9 and CD81 by flow cytometry, following immunoprecipitation 

on anti-CD63 coated latex beads. EVs were considered of UM origin due to positivity for 

Melan-A when assessed by western blot. Patients with UM were shown to have 

significantly more EVs in peripheral blood plasma than healthy controls, according to the 

total protein content of vesicles isolated per mL of plasma. Functional analysis of a specific 

cluster of miRNAs derived from isolated EVs suggested their involvement in various cancer 

related signalling pathways, including “Hedgehog signalling”, “Focal Adhesion” and “mTOR” 

signalling, each of which has previously been suggested as a potential pharmacological 

target in UM treatment (Ho et al., 2012; Duan et al., 2014; Faingold et al., 2014). 

 

In 2015, Ragusa et al., isolated small EVs – considered exosomes – from the aqueous humor 

of patients with primary UM (Ragusa et al., 2015). Small EVs were isolated by differential 

centrifugation, filtration and subsequent ultracentrifugation. The EVs had a diameter of 

100 nm when measured by dynamic light scattering and showed presentation of CD9, CD63 

and CD81 by flow cytometry following adsorption onto aldehyde/sulphate latex beads. A 

cohort of 179 miRNAs were detected in the vitreous humour derived EVs from a TaqMan 

low-density array of 754 miRNAs profiled. The authors identified miRNAs 146a, 21, 34a and 
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618 as significantly differentially expressed between the EVs isolated from healthy control 

patients and patients with UM. They suggested that exosomal mir-146a in patient serum 

could act as a diagnostic biomarker of UM and possibly discriminate between UM and 

cutaneous melanoma. 

 

Recently in 2019, Surman et al., (Surman et al., 2019) isolated larger EVs – described as 

ectosomes – from the UM cell line Mel202. EVs were isolated by differential centrifugation 

from cell culture media and characterised for morphology, size and purity by TEM. Size 

analysis of electron micrographs determined a mean vesicle diameter of 317 nm. Proteomic 

analysis identified 949 proteins. While the primary focus of the paper was the investigation 

of the glycosylation pattern of the UM ectosomal proteome, functional enrichment 

highlighted processes and functions associated with cell–cell adhesion; including adherens 

junctions (11.1%), focal adhesion (15%), or cadherin-binding activity (11.1%). 

 

1.14. Proteomics 

Proteins are the major regulators and effectors of most signalling pathways within a cell. 

The dysregulation of protein expression or signalling can result in a variety of physiological 

disorders such as cancer; conversely, the inhibition or activation of specific proteins within 

a signalling pathway can help treat disease and/or alleviate symptoms (Downward, 2003). 

Identification, quantification and characterization of the total protein content of a cell or 

cellular system is of the greatest importance when investigating the function and 

physiology of that system (Schmidt, Forne and Imhof, 2014). 

 

The term ‘proteomics’ describes the large-scale study of a system of proteins. Due to their 

influence in health and disease, the proteins present in specific tissues, organisms, cells or 
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bodily fluids are often investigated for their abundance, function and any modification 

therein (Mallick and Kuster, 2010). 

 

Proteomic research often follows a similar workflow; however, depending on the biological 

question and the complexity of the sample, steps in the process can often change (Mallick 

and Kuster, 2010). Common workflows start with the cells, tissues or biological fluid to be 

investigated. The proteins are extracted in the cleanest way possible for their downstream 

processing and analysis. The proteins are digested to generate peptide fragments, which is 

often done enzymatically. The peptides are separated electrophoretically, 

chromatographically, or through a combination of the two, and their mass spectrum is 

analysed (Di Girolamo et al., 2013).  

 

Mass spectrometry (MS) involves generating gas-phase ions of the sample peptides and 

separating these ions by their mass-to-charge ratios via a magnetic or electric field 

produced by a mass analyser. The separated ions are detected as electrical charge, 

generating signals proportional to the abundance of each species. MS analysis is often 

performed in tandem, where separated ions are subsequently fired into collision chambers 

generating multiple ion fragments; analysis of the fragments in the second-stage mass 

analyser allows more accurate structural predictions of the parent ion(Di Girolamo et al., 

2013). The resulting data allows predictive identification of the peptides, and through this 

predictive reassembly of the peptides into proteins. With the list of proteins identified and 

their relative or absolute quantities calculated (depending on the method chosen), further 

functional and bioinformatic analysis can be performed (Schmidt, Forne and Imhof, 2014). 
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1.14.1. Bioinformatics 

Bioinformatics represents a subset of statistical analyses focused on discerning the 

underlying patterns within ‘omics data (genomic, proteomic, lipidomic data etc.) and 

represents the translational application of computer science, mathematics and statistics to 

the understanding of biological systems (Rothberg, Merriman and Higgs, 2012). Within 

proteomic studies, bioinformatic analyses can be crudely separated into two categories, 

predictive and investigative bioinformatics.  

 

Predictive bioinformatics concerns the comparison of a given proteomic dataset with 

known protein networks. Common examples include gene ontology (GO) term 

identification and enrichment which can allow ranking, clustering and comparison of 

“biological processes”, “molecular functions” or “cellular components”. Pathway analysis 

allows identification of specific signalling pathways, the proteins involved and where they 

sit in the signalling network, it also has the benefit of predicting upstream regulators of the 

signalling networks (Schmidt, Forne and Imhof, 2014). 

 

Investigative bioinformatics attempts to graphically visualise patterns in the dataset as a 

whole. Common methods include hierarchical clustering and principal component analysis 

(Adachi, 2017). 

 

1.14.2. Protein identification and quantitation 

A frequently used approach to protein identification involves database searching (Cottrell, 

2011). The basic principal involves cross-referencing the spectra of peptides in an 

experimental dataset with theoretical spectra generated in silico from protein sequences in 

a given database and applying a scoring model, such as cross correlation scoring (SEQUEST) 
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(Eng, McCormack and Yates, 1994), hypergeometric scoring (X!Tandem) (Craig and Beavis, 

2004), Poisson scoring (OMSSA) (Geer et al., 2004), or probability based scoring (MASCOT) 

(Perkins et al., 1999). As these methods are based on empirical data previously generated 

and assessed, they are extremely robust. However, their ability can be limited when 

assessing proteins that harbour specifically challenging characteristics, splice variants, 

previously unidentified proteins, or proteins containing unknown posttranslational 

modifications (Lubec and Afjehi-Sadat, 2007). 

 

1.14.3. Predicting protein secretion mechanisms 

The protein content of the secretome can be subcategorised based on a variety of 

secretory mechanisms; these include classical secretion, non-classical secretion (Nickel and 

Seedorf, 2008) and secretion via EVs, such as exosomes (Raposo and Stoorvogel, 2013).  

 

Several software packages and algorithm-based methods for predicting the mechanism of 

secretion have been developed and published. In order to identify classical or non-classical 

secretory mechanisms, these software packages interrogate different protein features, 

including the primary amino acid sequence, in order to predict the likelihood that a protein 

enters a secretory pathway (https://omictools.com/secretome-analysis-category).  

 

Sequence alignment is a method of comparing an experimentally resolved sequence of 

nucleotides (DNA or RNA) or amino acids (protein) with a reference sequence to identify 

regions of similarity that may suggest shared function, structure or evolution. Programs 

such as ‘Signal-BLAST’ employ sequence alignment and predict the presence of a signal 

peptide (Frank and Sippl, 2008). 

 

https://omictools.com/secretome-analysis-category
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Position weighted matrices (PWM) allow for the inclusion of probability at each point in a 

sequence motif based on the previous sequence alignments, increasing both the sensitivity 

and the precision of the prediction. The signal peptide prediction software PrediSi uses a 

method based on a position weighted matrix approach (Hiller et al., 2004). 

 

Machine learning algorithms involve the design of a program, which improves its 

performance based on previous results and experience, and can employ multiple 

algorithms, including sequence alignment, consensus sequence or PWM (Swan et al., 2013). 

‘SignalP’ and ‘SecretomeP’ both employ neural networks to separate proteins in 

multidimensional space. They assess proteins for features such as cleavage site, signal 

peptide and/or transmembrane domains using multiple methods such as sequence 

alignment and hidden Markov models (Nielsen et al., 1997). 

 

Secretion through EVs can be interrogated in a similar way, as prediction of non-classical 

secretion of a protein encompasses secretion via EVs. Other methods include the cross 

referencing of a protein’s designated identifier (such as UniProtKB accession number) with 

databases of identifiers known to be found in EVs, such as vesiclepedia or exocarta 

(Mathivanan and Simpson, 2009; Kalra et al., 2012). As these databases are publicly 

curated, this method may be more liberal in its approach.  

 

1.14.4. Interrogating the functionality of the secretome 

Several software packages which interrogate transcriptomic and proteomic datasets have 

previously been reported in the literature. These software packages predict protein-protein 

interactions, signal transduction pathways, molecular networks and biological processes 

associated with a given dataset (Hu et al., 2011). Example software packages include 

REACTOME, DAVID, STRING, PANTHER and Ingenuity Pathway Analysis (IPA). REACTOME is 
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a software package which predicts and maps cellular functions such as signal transduction 

(Fabregat et al., 2018). DAVID is another program which reduces dimensionality of a given 

dataset, grouping proteins by functional relationship through GO term enrichment (Huang, 

Sherman and Lempicki, 2009a, 2009b); the STRING program maps known protein-protein 

interactions associated with the dataset and predicts functional enrichment (Szklarczyk et 

al., 2017). PANTHER classifies and clusters proteins/genes for the prediction of molecular 

functions, biological process and pathways associated with the dataset (Mi, Muruganujan 

and Thomas, 2013). QIAGEN IPA combines statistical association of proteins/genes in the 

dataset with those in known signalling pathways and biological function, with causal 

relationship analysis and directionality of activation (Krämer et al., 2014).  
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1.15. Scope and aims of this thesis 

The risk of liver metastasis in UM patients can be stratified based on clinical, 

histomorphological and genetic characteristics of the tumour, allowing classification of the 

patients into groups at either low- or high-risk of progressing to metastatic disease. The 

biological process by which PUM metastasises is still poorly understood. 

 

This thesis hypothesises that factors secreted by UM cells drive metastasis through the 

autocrine promotion of molecular mechanisms which encourage tumour dissemination. 

Furthermore, it hypothesises that secreted factors can influence other cells in the tumour 

microenvironment; in particular, priming the metastatic niche. 

 

As UM metastasis most commonly involves the liver, Chapter 3 investigates the fibrotic 

response in the liver of patients with MUM and aims to identify any correlation between 

markers of fibrosis and clinical and histological features. 

 

Since UM dissemination occurs solely haematogenously, previous work in LOORG 

investigated the presence of potential biomarkers in the secretome of cells isolated from 

PUM samples and grown in short term 2D culture. Using this dataset, Chapter 4 

investigates the differences in proteomic profiles of the PUM secretome by challenging the 

dataset with a series of bioinformatic analyses. The aim of the chapter was to elucidate any 

auto/para/endocrine signalling mechanisms dictated by those proteins secreted by PUM 

into their local environment and to assess how they may aid PUM progression and/or affect 

the patients’ risk of metastatic spread of UM. 

 

Chapter 5 details the selection and optimisation of methods for the isolation, 

characterisation and analysis of UM EVs. 
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Chapter 6 investigates the role of EVs in UM by analysing the differences in proteomic 

profile between EVs isolated from a panel of distinct UM cell lines.  

 

Chapter 7 brings together the findings of each chapter, collectively discussing consistent 

themes in the results relative to the current literature. It examines the possible implications 

of the research to the wider scientific community and suggests possible future research 

that could come as a result of the conclusions drawn herein.
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CHAPTER 2: MATERIALS AND METHODS 

2.1. Microtomy and slide preparation 

Sections were prepared from formalin-fixed paraffin-embedded (FFPE) MUM tissue 

samples with a microtome set to a thickness of 4 m. These were adhered to Xtra-

adhesive™ slides (Leica biosystems, Milton Keynes, UK) for immunohistochemistry and 

Superfrost™ slides (VWR, Lutterworth, UK) for haematoxylin and eosin (H&E) staining, by 

floatation on water. Slides were subsequently dried overnight at 45-50oC. 

 

2.2. Slide preparation for histological stains 

Slides were deparaffinised through three 10-minute incubations in xylene and brought to 

water through sequential 1-minute incubations in ethanol at 100%, 90%, 70% and 50% 

concentration, followed by a 1-minute incubation in distilled water (ethanol dilutions were 

in distilled water). 

 

2.3. Haematoxylin and eosin staining 

Following preparation, slides were incubated in Harris haematoxylin (Leica, UK; catalogue 

number: 3801560) for 3 minutes and washed with running tap water until the water runs 

clear. The slides were then differentiated in 0.25% acid alcohol (HCl in 90% ethanol). Slides 

were washed in tap water for 1 minute and blued in scotts tap water for 1 minute. Slides 

were washed in running tap water until the water ran clear. Slides were then incubated in 

95% ethanol for 1 minute before incubation in Eosin staining solution (Leica, UK; catalogue 

number: 3801600) for 45 seconds. Slides were then dehydrated in 95% ethanol for 1 

minute and 100% ethanol twice for 1 minute each time, followed by two incubations in 

xylene for two minutes each time. Slides were then mounted in DPX (Leica, UK; catalogue 

number: 3808601ES) before cover slipping.  
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2.4. Gomori trichrome staining of uveal melanoma liver metastases 

Gomori trichrome staining was performed according to the manufacturer’s instructions 

(Leica). Briefly, the slides were subjected to secondary fixation with Bouin’s fixative for 1 

hour at 56 °C and subsequently rinsed in running tap water for 3-5 minutes (until the yellow 

colouring was removed). Slides were placed in Weigert’s Iron Haematoxylin stain for 10 

minutes (the working Weigert’s haematoxylin solution was a combination of equal parts 

Weigert’s solution A and Weigert’s solution B, provided by the supplier and made <1 hour 

prior to staining). Sections were rinsed in running tap water for 5-10 minutes until the 

water ran clear and subsequently incubated in the Gomori’s trichrome green stain for 15 

minutes. Slides were incubated in 1% Acetic Acid Solution for 1 minute and immediately 

rinsed in distilled water for 30 seconds. The slides were then dehydrated in 95% ethanol for 

1 minute followed by two 1-minute incubations in 100% ethanol. Sections were cleared 

through three 1-minute incubations in xylene and mounted in DPX resinous mounting 

media (Fisher Scientific, Loughborough UK). 

 

2.5. Immunohistochemical staining of uveal melanoma liver metastases 

Dewaxing and antigen retrieval were performed using the Dako PT Link. IHC was performed 

using the Dako Autostainer Plus system and EnvisionTM FLEX Kit according to the 

manufacturers’ instructions (Dako UK Ltd, Cambridgeshire, UK). Antigen retrieval was 

performed at high pH (pH 9.0) at 96°C for 20 minutes and the slides then incubated in FLEX 

wash buffer for 5 minutes. Using the ready to use reagents in the Dako EnvisionTM FLEX Kit, 

slides were blocked for endogenous peroxide for 5 minutes followed by three sequential 

wash steps with 1x FLEX wash buffer. Samples were then incubated with the primary 

antibody for 30 minutes and subsequently washed three times with 1x FLEX wash buffer. 

Depending on the host of the primary antibody, mouse/rabbit linker was added, and slides 
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were incubated for 15 minutes. Slides were washed with 1x FLEX buffer and incubated in 

horseradish peroxidase for 20 minutes. 

 

Positive staining was detected by 30 minutes incubation with AEC peroxidase substrate 

(3-amino-9-ethylcarbazole, Vector Labs, Peterborough, UK). Slides were counterstained 

with Mayers haematoxylin (VWR) for 10 seconds, washed in running tap water and then 

blued in Scott’s tap water (Leica) for 30 seconds before mounting with Aquatex aqueous 

mounting medium (Merck Millipore, Nottingham, UK).  

 

2.6. Histological assessment of uveal melanoma metastases 

UM liver metastases were assessed for tumour stage according to criteria detailed by 

Grossniklaus in their 2013 paper (Grossniklaus, 2013); for dominant cell type (Epithelioid or 

spindle), degree of pigmentation (mild/moderate/strong), necrosis (absent [N]/present [Y]), 

and growth pattern (Infiltrative/nodular) through examination of archival H&E stained 

slides of the samples. 

 

2.7. Culture of primary uveal melanoma cells from patient tumours 

Following research ethics committee approval (HRA REC Ref 11/NW/0568), fresh PUM 

specimens of consenting patients undergoing surgical removal as treatment were obtained 

from the Liverpool Ocular Oncology Biobank (HRA REC Ref 16/NW/0380). 

 

Primary UM cell culture was performed by Dr Martina Angi as previously published (Angi et 

al., 2016). For each UM sample, a single cell suspension was obtained by mincing the tissue, 

followed by incubation with 500 U/mL of type I collagenase (Sigma-Aldrich Company Ltd, 

Dorset, UK) at 37°C for approximately 1 hr, with occasional agitation of the solution. Single 

cells were recovered by centrifugation (250 × g for 2 min) and re-suspended in primary 
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culture medium (1:1 αMEM (Life Technologies Ltd, Paisley, UK): Quantum 3-21, (PAA 

Laboratories Ltd, UK), 10% fetal bovine serum, plus antibiotics and 2 mM L-Glutamine). The 

cells were seeded into two 75 cm2 tissue culture flasks (Falcon, VWR international, 

Leicestershire, UK) and grown to approximately 75–80% confluence. 

 

2.8. Culture of primary normal choroidal melanocytes from post-mortem human 

eyes 

The culture and characterisation of normal choroidal melanocytes (NCM) was performed by 

Dr Michele Madigan as previously published (Angi et al., 2016). NCM were isolated, with 

consent, from post-mortem human eyes after a delay of less than 18 hours, from the Lions 

New South Wales Eye Bank. The study was performed with approval from the University of 

Sydney and University of New South Wales Human Research Ethics Committee. NCM were 

isolated and grown in melanocyte growth medium as previously described (Lai et al., 2007). 

Briefly, the choroid of the posterior chamber was isolated from the vitreous, retina and 

sclera through a combination of incubation with 0.25% trypsin for 1 hr at 37oC and excision 

with a dissecting microscope. Choroidal samples were disaggregated with 0.25% trypsin 

solution at 4°C overnight followed by 37°C for 1 hr, then with 400 U/ml collagenase in F12 

medium with 10% FBS at 37°C for 3 hr. Released cells were collected each hour during the 

incubation and cultured in melanocyte growth medium (MGM) [Ham’s F12 supplemented 

with 10% heat inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 50 IU/ml 

penicillin/50 μg/ml streptomycin and 10 ng/ml cholera toxin (Sigma Chemical Co., St. Louis, 

MO), 100 nM PMA (phorbol 12-myristate 13-acetate) and 0.1 mM isobutylmethylxanthine 

(IBMX) (Sigma)]. Contaminant cells were eliminated by adding the selective cytotoxic agent, 

geneticin, when necessary. Cells were passaged by detaching with 0.25% trypsin/0.1% EDTA 

for 2 min and centrifugation at 290x g, resuspended in MGM and sub-cultured in 

25 cm2 flasks. Passage 1–3 melanocytes were used for all experiments. 
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Immunofluorescence staining was performed on a subset of each NCM culture grown in 

8-well chamber slides. Cells in chamber slides were fixed in 2% paraformaldehyde in PBS 

(pH 7.4) for 20 min at RT, rinsed in PBS and blocked in 5% BSA prior to immunofluorescence 

staining. 

 

2.9. Secretome collection and preparation from cultured primary cells 

Secretomes from PUM cultures were collected as previously published by Dr Martina Angi 

(Angi et al., 2016). PUM and NCM cell monolayers were rinsed three times with 10 mL of 

PBS, incubated with 10mL of serum free medium (SFM; phenol-red free αMEM, Life 

Technologies Ltd) for 1 hr, and rinsed once again with fresh SFM. Cells were then incubated 

with 8 mL of SFM for 48 hr, and the conditioned medium at the end of the incubation 

period was defined as the secretome. UM secretomes were aliquoted and stored at −80°C 

until further analysis. 

 

2.10. Liquid chromatography tandem mass spectrometry of uveal melanoma 

and normal choroidal melanocyte secretomes 

All proteomic analyses of the PUM and NCM secretome samples were conducted together, 

once the collection of all samples had been completed. A standard Bradford assay was 

employed to determine the total protein content of each UM secretome sample. UM 

secretomes were adsorbed onto StrataClean™ beads (Stratagene®, Hycor Biomedical Ltd., 

Edinburgh, UK), to concentrate the protein prior to proteome analysis (McLean et al., 

2007). The beads were re-suspended in 80 μL of 25 mM ammonium bicarbonate with 5 μL 

of 1%(w/v) Rapigest (Waters, Hertfordshire, UK). The samples were heated at 80°C for 10 

min, reduced with the addition of 5 μL of 60 mM DTT and subsequently heated at 60°C for 

10 min. Samples were cooled prior to alkylation with 5 μL of 180 mM iodoacetamide and 

incubation at RT for 30 min in the dark. Porcine trypsin (sequencing grade, Sigma) (1 μg) 
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was added to digest the proteins and the samples were incubated at 37°C overnight on a 

rotary mixer. Peptide digests were then acidified by the addition of 1 μL of trifluoroacetic 

acid (TFA) and incubated at 37°C for 45 min. Samples were then centrifuged at 17,000 × g 

for 30 min and the supernatants were transferred to 0.5 mL low-bind tubes and further 

centrifuged (17,000 × g for 30 min). 10 μL of each peptide mixture was prepared for nano 

LC-MS/MS. 

 

Digests (2 μL) from each sample were loaded onto a trap column (Acclaim PepMap 100, 2 

cm × 75 μm inner diameter, C18, 3 μm, 100 Å) at 5 μl min−1 with an aqueous solution 

containing 0.1%(v/v) TFA and 2%(v/v) acetonitrile. After 3 min, the trap column was set in-

line with an analytical column (Easy-Spray PepMap® RSLC 50 cm × 75 μm inner diameter, 

C18, 2 μm, 100 Å) (Dionex). Peptides were loaded in 0.1%(v/v) formic acid and eluted with a 

linear 95 min gradient of 3.8 – 40% buffer B (HPLC grade acetonitrile 80%(v/v) with 

0.1%(v/v) formic acid) at 300 nl min−1, followed by a 5 min washing step at 99% solvent B 

and a 15 min equilibration step at 3.8% solvent B. All peptide separations were carried out 

using an Ultimate 3000 nano system (Dionex/Thermo Fisher Scientific). The column was 

operated at a constant temperature of 35°C and the LC system coupled to a Q-Exactive 

mass spectrometer (Thermo Fisher Scientific). The Q-Exactive was operated in data-

dependent mode with survey scans acquired at a resolution of 70,000 at m/z 200. Up to the 

top 10 most abundant isotope patterns, with charge states +2, +3 and/or +4 from the 

survey scan, were selected with an isolation window of 2.0 Th for fragmentation by higher 

energy collisional dissociation, with normalized collision energies of 30. The maximum ion 

injection times for the survey scan and the MS/MS scans were 250 and 100 ms, 

respectively, and the ion target value was set to 1x106 for survey scans and 1x105 for the 

MS/MS scans. Repetitive sequencing of peptides was minimized through dynamic exclusion 

of the sequenced peptides for 20 sec (Hammond et al., 2016). 
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2.11. Fasta file generation 

The protein accession numbers generated by the Progenesis software were exported and 

multiple, secondary accession numbers were removed to leave only primary accession 

numbers. These were then uploaded into Uniprot (www.uniprot.org) to generate primary 

amino acid sequences for each protein, which display the peptide sequence as amino-acid 

single letter code. Gene ontology information about “cellular component” and “subcellular 

location” were also recorded (Ashburner et al., 2000). 

 

2.12. Assessing the likelihood of “classical secretion” of a protein 

Classical secretion was predicted with the online freeware “SignalP” (described in Chapter 

4). Amino acid sequences were uploaded manually into the online software “SignalP v4.0” 

with default settings selected for eukaryote analysis with a default D-score cut-off for 

optimised correlation in both the presence and absence of transmembrane segments (TM-

regions) in the dataset (D-scores above 0.5 when TM-regions are present and 0.45 when 

absent suggest probable secretion). The method was set to allow inclusion of TM-regions 

and output was selected to be short and non-graphical. 

 

2.13. Assessing the likelihood of “non-classical” secretion of a protein 

Primary sequences were uploaded into “SecretomeP v2.0” to generate individual 

predictions of the likelihood of non-classical protein secretion. Mammalian analysis was 

performed with a Neural Network score (NN-score) cut-off of 0.6 as suggested by the 

developers. Proteins were identified as ‘non-classically’ secreted when the Neural network- 

(NN) score exceeded the threshold and no signal peptide was present. 

 

http://www.uniprot.org/
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2.14. Assessing the likelihood of the secretion of identified proteins via 

extracellular vesicles 

The “Exocarta v5.0 (2015)” protein/mRNA dataset was downloaded from the website 

(www.exocarta.org/download). The list was initially filtered to remove mRNA data and non-

human data leaving only a list of proteins reported in the scientific literature to be found in 

humans. The ENTREZ gene ID’s were uploaded into “Uniprot” to generate the 

corresponding accession numbers. Using Excel each protein accession number from the 

experimental dataset was cross- referenced with the generated accession numbers of 

proteins remaining in the exocarta list with the function {=IF((COUNTIF([Exocarta accession 

list],[experimental protein accession]))>0,”YES”,”no”)}. The exocarta prediction method 

was also strengthened by cross-referencing the experimental dataset with the Uniprot 

output using a substring text search in the “GO ontology column” for “exosome” 

[=IF(COUNTA([cells containing each secretion prediction (binary output)])>0,”YES”,”no”)].  
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2.15. Comparative analysis of the primary uveal melanoma proteomic 

secretome  

Protein abundances were grouped by disease state into four groups: (1) high risk UM (HR-

UM); (2) low-risk UM (LR-UM); (3) total UM (UM); (4) normal choroidal melanocytes (NCM). 

Samples were stratified into metastatic risk groups based on their chromosome 3 status: 

loss of one copy of chromosome 3 (M3) was deemed high risk, where no loss of 

chromosome 3 (D3) was considered low risk of metastatic progression. The average 

normalised abundance for each protein was calculated with Microsoft Excel. Mann-

Whitney U tests were performed between select groups (UM versus NCM, HR UM versus LR 

UM) using SPSS software (v.24; IBM – New York, USA). This allowed experimental fold 

changes with associated statistical significance to be determined between disease states 

and for upload into the pathway analysis software. 

 

2.16. Pathway analysis of proteomic datasets 

Data were analysed using QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood 

City, www.qiagen.com/ingenuity). Each of the core analyses were performed using the 

same settings shown in Figures 2.1. and 2.2. The “ingenuity knowledgebase” was used as 

the reference set and relationships to consider was set to “direct relationships” only. The 

Networks tab was altered to exclude endogenous chemicals or casual networks, default 

settings of 35 molecules per network and 25 networks per analysis were employed. The 

data sources tab was set to all, confidence options were set to “Experimentally observed” 

and species was limited to “Human” only, applying stringent filters. “Tissues and Cell Lines” 

and “Mutation” tabs were set to “All” and relaxed filters were applied. There was no cut off 

used for either fold change or p-value.  
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Figure 2.1. Ingenuity Pathway Analysis (IPA) settings for ‘Dataset upload’ of the proteomic datasets 
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Figure 2.2. Ingenuity Pathway Analysis (IPA) settings for (A) ‘Dataset upload’ and (B) ‘Core Analysis’ of the proteomic datasets 
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2.17. Uveal melanoma cell line culture and secretome collection for 

extracellular vesicle isolation 

UM cell lines (92.1, Mel270, MP41, OMM1, OMM2.3, OMM2.5) were cultured in RPMI 

1640 (Thermo Fisher Scientific, UK) containing 10% (v/v) fetal bovine serum (Labtech, 

Heathfield, UK) and 2 mM L-glutamine (Thermo Fisher Scientific, UK) in a humidified 

atmosphere at 37°C, 5% CO2. At ~50% confluence (around 3 days after seeding) the growth 

media was removed and the cells were washed three times with serum-free, phenol-red-

free RPMI 1640 (Thermo Fisher Scientific, UK), incubating the wash steps for 30 seconds, 5 

minutes and 20 minutes respectively. After the final wash, the media was removed and the 

cells were incubated for 48 hours in serum-free, phenol-red-free RPMI with L-glutamine. 

After 48 hours, the cell-conditioned media was collected and centrifuged at 300x g for 5 

minutes (to remove non-adherent or dead cells), followed by 2000x g for 20 minutes (to 

remove large cellular debris and large apoptotic bodies). The supernatants were then 

frozen at -80oC and stored prior to UC. All UM cell lines were STR profiled by members of 

LOORG at the University of Liverpool and matched known profiles (Amirouchene-Angelozzi 

et al., 2014; Jager et al., 2016). All cell lines were also routinely assessed for mycoplasma 

contamination by members of the University of Liverpool and shown to be mycoplasma 

free. 

 

2.18. Ultracentrifugation of uveal melanoma cell line secretome for the 

enrichment of uveal melanoma extracellular vesicles 

Frozen samples were thawed in a water bath set to 37oC and vortexed for ~60s to loosen 

aggregated EV and reduce EV retention in the storage vessels (Zhou et al., 2006). A 600 µL 

aliquot of “Pre-ultracentrifuged (UC) culture supernatant” was taken for size distribution 

analysis. The method of UC employed was adapted from Théry et al., with some 

modifications (Théry et al., 2006). Supernatant samples were pipetted into Ultra Clear UC 
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tubes (Beckman Coulter, United States) and submitted to UC in a Beckman coulter SW 40 Ti 

Swinging-Bucket Rotor (Beckman Coulter, United States) at 10,000x g for 45 minutes to 

remove MVs and small ABs; the pellet was discarded and the supernatants were submitted 

to 100,000x g for 90 minutes to pellet remaining EV. The supernatant was discarded, the 

remaining pellet was resuspended in 14 mL PBS (Fisher Scientific - UK Ltd, UK) to solubilise 

any co-precipitated protein aggregates and this was subjected to a further 90-minute 

centrifugation at 100,000x g. The remaining pellets were resuspended in <100 µL PBS for 

further analysis. Enriched EV samples were frozen and stored at -80oC prior to downstream 

analyses. Upon thawing, samples were once more vortexed for ~60s to loosen aggregated 

EVs and reduce EV retention in the storage vessels. 

 

2.19. Nanoparticle tracking analysis of enriched uveal melanoma 

extracellular vesicles 

Thawed EV samples were diluted to their “pre-UC” concentration in PBS and a ~600 µL 

aliquot was injected into the viewing chamber of a Nanosight – NS300 (Malvern, UK) for 

nanoparticle tracking analysis. The samples were recorded five times for 60 seconds each 

recording with the camera level set to 14 and the focus set manually to reduce ‘halos’; the 

chamber temperature was set to 22oC for each assessment. Between samples the chamber 

was washed with PBS until there were no particles detectable at camera level 16. 

 

When processing the recordings of each sample, the detection threshold was established to 

incorporate each visible particle while minimising inappropriate detection of “halos”; this 

was consistent between samples and set at level 5.  

 

The above process was also conducted for aliquots of “pre-UC conditioned media”, for 

comparison of size distribution with the corresponding final EV isolation. 
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2.20. Transmission electron microscopy of uveal melanoma extracellular 

vesicles 

For the visualisation of single EV, 5μl of each sample was adsorbed onto formvar/carbon 

coated 200 mesh copper grids (Agar Scientific, UK) by incubating at room temperature for 

20 minutes. Surplus sample was removed by passing the grid on Whatman blotting paper 

(VWR, UK) and the grids were then rinsed twice with PBS and fixed with PBS containing 1% 

glutaraldehyde (Sigma Aldrich, UK) for 5 minutes at room temperature. Following fixation in 

glutaraldehyde the grids were washed seven times with distilled water, each wash lasting 2 

minutes. The grids were then incubated for 5 minutes on 1% uranyl acetate (pH 7) (Sigma 

Aldrich, UK), followed by 10 minutes in 5% uranyl acetate/2% methylcellulose (Sigma 

Aldrich, UK) on ice (steps with uranyl acetate are carried out in the dark). The surplus 

methyl cellulose was removed through the grid gates by passing them across Whatman 

blotting paper. Each of the above steps were performed by resting/suspending the grid, 

face down, on a “bead” of solution on parafilm. Images were taken with a FEI 120kV Tecnai 

G2 Spirit BioTWIN Transmission electron microscope (FEI, United States).  

 

2.21. Western blotting of lysed uveal melanoma extracellular vesicles and 

uveal melanoma whole cell lysates 

Cell lysates were generated by washing sub confluent cell cultures with PBS and incubating 

on ice in a “1x lysis buffer” containing 1% (w/v) sodium dodecylsulphate (SDS) (Fisher 

Scientific, UK), 5 mM ethylenediaminetetraacetic acid (EDTA) (Sigma Aldrich, UK), 50 mM 

Tris HCl (Fisher Scientific, UK) and 1% (v/v) glycerol, and 1x halt protease inhibitor cocktail 

(Thermo Fisher Scientific, UK) at pH 6.8. After 20 minutes incubation on ice, the cells were 

scraped from the culture flask into the lysis buffer, collected, boiled at 90 oC for 10 minutes 

and sonicated in a water bath on high for 10 minutes (30 seconds on, 30 seconds off 
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repeated). Lysates were then centrifuged at 15,000x g at 4 oC for 10 minutes and the 

supernatant was decanted.  

 

Protein quantitation of whole cell lysate samples was achieved with the DC (detergent 

compatible) protein assay (Bio-Rad, UK; catalogue number: 5000116), according to the 

manufacturer’s instructions. The working reagent was produced by diluting reagent S in 

reagent A at a 1:50 ratio. Samples were added to a 96-well plate (Greiner, UK) at 5 µL per 

well, followed by 25 µL per well of the working reagent and 200 µL per well of reagent B. 

Additional wells were also processed with a serial dilution of bovine serum albumin (BSA) 

(Sigma, UK) at known concentrations. The plate was gently agitated for 5 seconds to ensure 

thorough mixing and incubated for 15 minutes before the absorbance was read at 750 nm. 

The absorbance measurements for the serial dilution of BSA were used to calculate the 

protein concentration of the cell lysate samples. 

 

EV lysates were generated by adding a “10x lysis buffer” (to a final concentration of 1X) 

containing 10% (w/v) SDS, 50 mM EDTA, 500 mM Tris HCl and 1x halt protease inhibitor 

cocktail at pH 6.8 to suspended EV samples. Whole cell and EV lysate samples were 

aliquoted and frozen at -20 oC until use. 

 

Whole cell and EV lysates were thawed on ice prior to western blotting and then boiled at 

95 oC for 10 minutes in a SDS sample buffer containing 50 mM Tris/HCl (pH 7.5) (Fisher 

Scientific, UK), 4% SDS containing 0.01% Bromophenol Blue (Sigma Aldrich, UK) and 5% 

β-mercaptoethanol (Sigma Aldrich, UK) to reduce and further denature the proteins.  

 

Western blots were conducted in denaturing and reducing conditions. SDS-PAGE gels were 

made in house at 12% (v/v) acrylamide (National Diagnostics™, United Stated) in 1x 
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Protogel resolving buffer (National Diagnostics™, United Stated) diluted in distilled water. 

The gel was polymerised by adding ammonium persulfate at a final concentration of 0.3% 

(w/v) (Sigma Aldrich, UK), and TEMED at a final concentration of 0.15% (v/v) (Sigma Aldrich, 

UK). This was overlaid with water during polymerisation, after which the stacking gel was 

formed with 5% acrylamide (w/v) (National Diagnostics™, United Stated) in 1x Protogel 

stacking buffer (National Diagnostics™, United Stated), polymerised with ammonium 

persulfate at a final concentration of 0.3% (w/v) (Sigma Aldrich, UK), and TEMED at a final 

concentration of 0.15% (v/v) (Sigma Aldrich, UK).  

 

Reduced and denatured samples were loaded alongside a BLUeye Pre-Stained Protein 

Ladder 10-245kDa (Geneflow, UK). Whole cell lysates were all loaded at 10 µg per lane, EV 

lysates were loaded at 10 x106 lysed EVs per lane (determined by NTA).  

 

Electrophoresis was run in 25 mM Tris base (Fisher Scientific, UK) containing 192 mM 

glycine (Fisher Scientific, UK) and 0.1% (w/v) SDS for approximately 1 hour at a constant 

50mA. Protein was then transferred from the gel to PVDF western blotting membrane (0.22 

µm pore size; Sigma Aldrich, UK) at 400mA for 1 hour in a 25 mM Tris base, 192 mM glycine 

(Fisher Scientific, UK) buffer. 

 

After protein transfer, the membrane was blocked in 2.5% marvel milk powder (Tesco, UK) 

in Tris-buffered saline (TBS), containing 200 mM Tris base and 1.2 M glycine at pH 7.4. The 

blot was then washed with TBS containing 0.1% tween-20 (TBS-T) and incubated with 

primary antibodies overnight.  

 

The blot was washed with TBS-T five times and incubated with the HRP-tagged secondary 

antibody for 1 hour before another five washes in TBS-T. The membrane was then 
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incubated with the enhanced chemiluminescence western blot detection kit ‘SuperSignal 

West Pico Plus’ (Thermofisher Scientific, UK) according to the manufacturer’s instructions. 

The membrane was removed from incubation and any excess detection solution was 

allowed to drain off. The membrane was then placed between two clear plastic sheets and 

worked with a roller to remove any air bubbles. The chemiluminescence was then imaged 

with the GeneGnome XRQ imaging system. 
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2.22. Liquid chromatography tandem mass spectrometry of enriched uveal 

melanoma extracellular vesicles 

EV pellets were submitted for processing and LC-MS/MS in triplicate. All steps of LC-MS/MS 

and protein identification/quantitation were performed by Dr Deborah Simpson in 

collaboration with the Centre for Proteome Research at the University of Liverpool. Each 

pellet was re-suspended in 25 μL of PBS, 20 µL of 50 mM ammonium bicarbonate and 5 μL 

of 1%(w/v) Rapigest (Waters, UK) was added and the samples were heated at 80°C for 10 

min. Samples were reduced, with the addition of 5 μL of 60 mM DTT and heated at 60°C for 

10 min. They were then cooled prior to the addition of 5 μL of 180 mM iodoacetamide and 

incubation at RT for 30 min in the dark. Porcine trypsin (sequencing grade; Sigma, UK) (1 

μg) was added and the sample was incubated at 37°C overnight on a rotary mixer. The 

samples were acidified by the addition of 1 μL trifluoroacetic acid (TFA), followed by 

incubation at 37°C for 45 min. Samples were centrifuged at 17,000× g for 30 min and the 

clarified supernatants were transferred to 0.5 mL lobind tubes, centrifuged once more at 

17,000× g for 30 min and. 10 μL of each peptide mixture was prepared for nano LC-MS/MS.  

Digests from each sample were loaded onto a trap column (Acclaim PepMap 100, 2 cm × 75 

μm inner diameter, C18, 3 μm, 100 Å) at 5 μl min−1 with an aqueous solution containing 

0.1%(v/v) TFA and 2%(v/v) acetonitrile. After 3 min, the trap column was set in-line with an 

analytical column (Easy-Spray PepMap® RSLC 50 cm × 75 μm inner diameter, C18, 2 μm, 

100 Å) (Dionex, UK). 

 

Peptides were loaded in 0.1% (v/v) formic acid and eluted with a linear gradient of 3.8 – 

40% buffer B (HPLC-grade acetonitrile 80% (v/v) with 0.1% (v/v) formic acid) over 95 

minutes at 300 nl/minute, followed by a washing step (5 min at 99% solvent B) and an 

equilibration step (15 minutes at 3.8% solvent). All peptide separations were carried out 

using an Ultimate 3000 nano system (Dionex/Thermo Fisher Scientific, UK). The column was 
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operated at a constant temperature of 35°C and the LC system coupled to a Q-Exactive 

mass spectrometer (Thermo Fisher Scientific). 

 

The Q-Exactive was operated in data-dependent mode with survey scans acquired at a 

resolution of 70,000 at m/z 200. Up to the top 10 most abundant isotope patterns with 

charge states +2, +3 and/or +4 from the survey scan were selected with an isolation 

window of 2.0 Th for fragmentation by higher energy collisional dissociation with 

normalized collision energies of 30. The maximum ion injection times for the survey scan 

and the MS/MS scans were 250 and 100 ms, respectively, and the ion target value was set 

to 1x106 for survey scans and 1x105 for the MS/MS scans. Repetitive sequencing of peptides 

was minimized through dynamic exclusion of the sequenced peptides for 20 sec (Hammond 

et al., 2016). 

 

2.23. Protein identification and quantitation 

Protein identification and quantification of raw mass spectral data files were processed 

using Progenesis-QI (v2; Nonlinear Dynamics) to determine total protein abundances. All 

raw files were initially automatically aligned to a pooled sample file. This aggregated 

spectral map contains MS features from all aligned runs enabling maximal protein 

identification across all samples. Data were then separated into the experimental sample 

groups of biological triplicates for each cell line; Mel270, 92.1, MP41, OMM1, OMM2.3 and 

OMM2.5. 

 

An aggregate peak list file (.mgf format) containing only MS data relating to peptides 

ranked 1 – 5, was then searched against a human reviewed UniProt database using the 

Mascot search engine (version 2.6.1; Matrix Science, UK). A precursor ion tolerance of 

10ppm and a fragment ion tolerance of 0.01Da were used, with carbamidomethylation of 
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cysteine set as a fixed modification and oxidation of methionine as a variable modification. 

Trypsin was the specified enzyme and one missed cleavage was allowed. The peptide 

matches in Mascot were set to a 1% false discovery rate before being re-imported into 

Progenesis and UniProt accession numbers being assigned to peptides. 

 

Progenesis QI also allowed the quantitation of normalized relative protein abundance by 

averaging the individual abundances of each unique peptide for each protein and applying a 

global scaling factor across sample runs between cell line groups. This was used to calculate 

the average abundance for each protein in each sample run. These were used to create an 

average normalized relative abundance for each cell line and each sample group (primary 

uveal melanoma, PUM; metastatic uveal melanoma MUM; Guanine nucleotide-binding 

protein G(q) subunit alpha mutants, GNAQ-mutants; and Guanine nucleotide-binding 

protein G subunit alpha-11 mutants, GNA11 mutants).  

 

The resultant dataset was filtered to include only proteins identified with three or more 

unique peptides. The filtered dataset was used for all further downstream analyses. 

 

2.24. Assessing the comparability of the uveal melanoma extracellular 

vesicles proteome  

The mean log10 abundance values of each protein were ranked in ascending order and 

plotted for each cell line. The scales were standardised for ease of comparison. Pairwise 

comparison was also performed with the R package “pairs.panel”. This provided a visual 

overview of the descriptive statistics for each proteome.  
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2.25. Functional enrichment and gene-ontology analysis of the uveal 

melanoma extracellular vesicles proteome 

The accession numbers of the proteins in the dataset were analysed with the online 

software Gorilla (Eden et al., 2009) to assess the presence of enriched gene-ontology (GO) 

terms associated with the proteins present in UM EV. Uniprot accession IDs were uploaded 

to the online freeware as directed. The organism was set to Homo sapien, running mode 

was set to “single ranked list of genes” and ontology requested was set to “All”. Clustering 

of the enriched GO terms was assessed and visualised with the online freeware ReviGO 

clustering (Supek et al., 2011). 

  

2.26. Comparing the proteomes of the uveal melanoma secretome with that 

of uveal melanoma extracellular vesicles 

The datasets from Chapter 4 and Chapter 6 were compared to evaluate the statistical 

likelihood of their overlap using the hypergeometric probability assessment originally 

described by Gonin et al., and employed according to Kim et al., (Gonin, 1936; Kim et al., 

2001).  

 

Significantly associated pathways were compared with Microsoft Excel () using the data 

output from Ingenuity Pathway Analysis (Qiagen). Association values representing Fisher 

right-tailed exact assessment were compared and ordered by the magnitude of difference. 

This was done for ‘canonical signalling pathways’, ‘disease and biological function’ and for 

predicted ‘upstream regulators’. 
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CHAPTER 3: HISTOLOGICAL AND IMMUNOHISTOCHEMICAL ANALYSIS OF HUMAN 

UVEAL MELANOMA METASTASES IN THE LIVER  

3.1. Introduction  

As discussed above, UM is known to preferentially metastasise to the liver in around half of 

all patients diagnosed with this disease (Coupland et al., 2013). The risk of metastatic 

spread is associated with genetic changes occurring in the PUM. In particular, the loss of 

one copy of chromosome 3, copy number variations causing gains in 8q, loss in 1p, 6q and 

8p, and loss of nuclear translocation of the deubiquitinase BAP1 through mutations in the 

BAP1 gene (Ewens et al., 2013; Cassoux et al., 2014; Kalirai et al., 2014). 

 

Although the molecular mechanisms by which PUM cells escape the eye and spread to the 

liver are unclear, there are data suggesting that PUM cells with increased c-MET expression 

more readily invade the microvasculature, aiding systemic spread (Hendrix et al., 1998) 

preferentially to the liver due to chemokine signalling through constitutive expression of 

CXCR4 (Li, Alizadeh and Niederkorn, 2008). Once in the liver, single UM cells are thought to 

give rise to MUM lesions in either nodular or infiltrative patterns (Grossniklaus, 2013). In 

the infiltrative growth pattern, the UM cells may metastasize to the sinusoidal spaces in the 

parenchyma of the hepatic lobule (Grossniklaus et al., 2016). Here the UM cells draw 

nutrition from the blood in the sinusoidal space and seem to replace or destroy local 

hepatocytes. This type of growth pattern is often termed ‘miliary’ presentation, where 

metastases present as multiple submillimetre sized lesions, and is associated with a poorer 

prognosis (Mariani et al., 2009). 

 

In the nodular growth pattern, the circulating UM cells seed in the periportal area of the 

hepatic triad, where they draw nutrition from the blood supply in the portal venules 
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(Grossniklaus et al., 2016). As they grow, the MUM lesions efface local hepatocytes, 

forming larger more distinct tumours than the infiltrative growth pattern. Nodular MUM 

lesions are often surgically resectable, which is known to positively influence prognosis 

(Mariani et al., 2009). 

 

Once MUM is established in the liver, if surgical resection is not possible due to the 

presence of multiple metastatic deposits, MUM is invariably fatal (Frenkel et al., 2009). The 

one-year survival of patients with metastases is reported to be around 15%, with a 

reported median survival ranging from 4 to 15 months (Carvajal et al., 2017). Currently 

there is a lack of alternative effective treatment options for these patients, which have 

previously been based around those therapies effective in cutaneous melanoma. 

 

The characteristic progression of UM to the liver has been investigated due to its frequency 

and fatality; however, the number of studies remains small. MUM in the liver has 

previously been shown to present with distinct features such as frequent miliary 

presentation (Carvajal et al., 2017), consistent chromosomal copy number variations of 

chromosomes 3 and 8q as noted in the PUM (McCarthy et al., 2016) as well as increased 

collagen deposition at the metastatic site (Grossniklaus, 2013). An increase in the 

production of ECM components, such as collagen, is associated with the inflammatory 

response fibrosis (Friedman, 2004), a feature known to impact cancer progression (Cox and 

Erler, 2014). Fibrosis is a dynamic healing process involving many cellular mechanisms and 

is characterised by increased ECM deposition (Friedman, 2004), decreased ECM turnover 

(Lu et al., 2011) and gross remodelling of normal cellular architecture (Mormone, George 

and Nieto, 2011). Fibrosis in the liver occurs most often in response to cellular stress; such 

as, physical injury, local infection, alcohol/drug abuse (Friedman, 2004) or cancer (Whatcott 

et al., 2015). Increasing evidence suggests an involvement of fibrosis in both primary liver 
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cancer (Affo, Yu and Schwabe, 2017) and the metastatic spread of other cancers to the liver 

(Kondo et al., 2016). 

 

Cancer has also been considered an aberrant healing process, resulting in modulation of 

ECM composition (Schäfer and Werner, 2008). While the physiological composition of the 

ECM is generated by a complex dialogue involving multiple cell types (Frantz, Stewart and 

Weaver, 2010), a major cell type in the regulation of ECM composition in cancer pathology 

are cancer-associated-fibroblasts (CAFs) (Karagiannis et al., 2012). Tumour cells are thought 

to activate local normal fibroblasts through the secretion of a variety of cytokines and 

growth factors. This includes transforming growth factor beta-1 (TGF1), epidermal growth 

factor (EGF), platelet derived growth factor (PDGF) and fibroblast growth factor 2 (FGF2), 

among others (Räsänen and Vaheri, 2010). TGFβ1 is derived from both paracrine and 

autocrine sources and is the most potent fibrogenic cytokine in the liver (Breitkopf et al., 

2006; Inagaki and Okazaki, 2007). Quiescent hepatic stellate cells (HSC) reside in the 

perisinusoidal space of the liver, where upon activation through external stimuli act in a 

wound healing mechanism, causing fibrogenesis and the formation of scar tissue in the liver 

(Eng and Friedman, 2000). They can be induced by TGFβ1 to transdifferentiate into 

myofibroblasts (activated stellate cells) that secrete ECM products (Tsuchida and Friedman, 

2017). Once activated, myofibroblast cells have increased motility to allow migration to the 

site of injury/infection (Tsuchida and Friedman, 2017). This motility is achieved by 

increasing the expression of the contractile cytoskeletal protein α-smooth muscle actin 

(αSMA) (Shi and Rockey, 2010). The expression αSMA defines the activated phenotype of 

HSCs (Rockey et al., 1992). Activation of resident HSCs and the increased deposition of ECM 

products are hallmarks of fibrosis in the liver. 
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Fibrosis has been described in several cancer types and the role of CAFs has been linked to 

local progression and metastatic risk in breast cancer (Oza and Boyd, 1993), pancreatic 

cancer (Bolm et al., 2017), melanoma (Flach et al., 2011), colorectal cancer (Mukaida and 

Sasaki, 2016), lung cancer (L. Wang et al., 2017) and liver cancer (Affo, Yu and Schwabe, 

2017). A fibrotic response has also previously been demonstrated in MUM (Grossniklaus, 

2013). The authors examined the metastases of 10 patients who had died from MUM in the 

liver; they evaluated tumour stage and proposed a model for UM metastatic progression. 

Their research concluded that dormant UM micrometastases in the liver require HSC 

activation to provide structural support for tumour progression prior to vascularity 

(Grossniklaus, 2013). Previously, in 1996, Daniels et al., had demonstrated that UM cells are 

capable of producing collagen VI (Daniels et al., 1996), an ECM component associated with 

the recruitment of endothelial cells and neovascularisation (Karousou et al., 2014). 

 

The research by Grossniklaus and by Daniels et al., (Daniels et al., 1996; Grossniklaus, 2013) 

highlights the limited knowledge we have of the fibrotic response in the liver to MUM, and 

no further examination in the literature exists. While a distinct pattern of fibrosis in MUM 

was reported by Grossniklaus (Grossniklaus, 2013), the cause or influence of this 

phenomenon remains unexamined. There has also been no investigation into the 

relationship between the pattern/extent of fibrosis in MUM and the clinical and genetic 

characteristics of the tumour. Due to the influence that a fibrotic environment can have on 

the effectiveness of chemotherapeutics, a prediction of local fibrotic response in MUM 

based on other clinical or genetic features could affect treatment decisions and potentially 

predict response rate to therapy. 
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In this Chapter, I hypothesise that hepatic fibrosis plays an important role in UM metastatic 

progression in the liver and that the presence or extent of fibrosis may be associated with 

clinical or genetic characteristics of the tumour. 

 

The aims of this chapter were to (1) investigate the prevalence and pattern of ECM 

deposition and αSMA expression in UM liver metastases; (2) investigate the relationship 

between these markers of fibrosis and several tumour characteristics i.e. growth pattern, 

degree of pigmentation, and common clinical and genetic features of the MUM. 
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3.2. Materials and Methods  

3.2.1. Samples 

This study was approved by the Health Research Authority (REC Ref 11/NW/0759) and 

conducted in accordance with the Declaration of Helsinki. Archival formalin-fixed, paraffin-

embedded specimens of hepatic MUM were provided by the Ocular Oncology Biobank 

(OOB) (REC Ref. 16/NW/0380). Samples originated from (1) 19 patients who had undergone 

local resection of their liver metastases and 2 patients who had percutaneous fine needle 

biopsies at Aintree University Hospital between 2005 and 2016; and (2) the dissections of 

the liver metastases of 9 patients, taken during the autopsy (Queen Alexandra Hospital 

Portsmouth).  

 

Using a standard protocol, sections of each sample were prepared on glass slides by 

members of the Liverpool Ocular Oncology Research Group (LOORG) or by members of the 

Royal Liverpool University Hospital (RLUH) Pathology department. Sections were cut to a 

thickness of 4 m, adhered to Xtra™ adhesive microscope slides (Leica) by floatation and 

dried overnight at 56 oC.  

 

3.2.2. Slide Preparation for Staining 

Slides were prepared for staining as described in section 2.2 

 

3.2.3. Gomori Trichrome Staining  

Gomori Trichrome staining was employed to highlight ECM deposition in the UM liver 

metastases. Gomori trichrome staining was performed by a Senior Pathologist of the Royal 
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Liverpool and Broadgreen University Hospitals NHS Trust. Gomori trichrome staining was 

performed as described in section 2.4 

 

3.2.4. Alpha Smooth Muscle Actin staining  

Samples were stained by immunohistochemistry (IHC) for alpha-smooth muscle actin 

(SMA) to highlight the involvement of activated HSCs (resident fibroblasts in the liver). 

Antigen retrieval and IHC were performed using the Dako PT Link, Autostainer Plus systems 

and EnvisionTM FLEX Kit, respectively, as described in section 2.5; both methods were 

performed according to the manufacturers’ instructions (Dako UK Ltd, Cambridgeshire, UK). 

The primary antibody for SMA (Dako, UK) was used at a dilution of 1:600. 

 

3.2.5. Assessment of Tumour Characteristics 

UM liver metastases were assessed for tumour stage according to criteria detailed by 

Grossniklaus in 2013 (Grossniklaus, 2013); for dominant cell type (epithelioid or spindle), 

degree of pigmentation (mild/moderate/severe), necrosis (absent [N]/present [Y]), and 

growth pattern (infiltrative/nodular) through examination of archival haematoxylin and 

eosin (H&E) stained slides of the samples. This was performed in triplicate by the author 

and two senior consultant histopathologists. In the case of inconsistent scoring, a 

consensus was reached by re-evaluation of all scorers. H&E staining was performed as 

described in section 2.3. 

 

3.2.6. Staining of Immune Cells 

Staining for the presence of immune cells in UM liver metastases has previously been 

carried out by (Krishna et al., 2017), looking at CD68 (cluster differentiation 68), CD163, 
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CD3, CD4 and CD8. Staining was performed as described in section 2.5 with appropriate 

antibodies as follows. CD68PG (mouse anti-human PG-M1, M0876; Dako) and CD163 

(mouse anti-human, NCL-L-CD163; Leica Biosystems, Newcastle Upon Tyne, UK) allowed 

the identification of macrophages. Immunostaining of T cells was performed with 

antibodies against: CD3 (polyclonal rabbit anti-human, ready to use, IR503; Dako), CD4 

(monoclonal mouse anti-human, NCL-L-CD4–368; Leica Biosystems), and CD8 (monoclonal 

mouse anti-human, M7103; Dako). The dilutions of the antibodies used are provided in 

Table 3.1. 

Table 3.1. Antibodies used to detect immune cells present in hepatic MUM 

Antigen Dilution factor Supplier (catalogue code) 

CD68PG 1:200 Dako, UK (M0876) 

CD163 1:400 Leica Biosystems, UK (CD163-L-CE) 

CD3 1:20 Dako, UK (IR503) 

CD4 1:20 LeicaBiosystems, UK (CD4-368-L-CE-H) 

CD8 1:200 Dako, UK (M7103) 

CD, cluster differentiation 

3.2.7. Scoring and statistical analyses  

The level of immunohistochemical staining for CD68PG, CD163, CD3, CD4 and CD8 was 

scored from 0–3 (0, absent; 1, mild; 2, moderate; 3, heavy) as previously described in the 

manuscript (Krishna et al., 2017). Slides stained for αSMA were scored 0–1 (0, absent; 1, 

present), and intratumoural and peritumoural fibrosis was assessed by Gomori trichrome 

staining and scored from 0–3 (0, absent; 1, mild; 2, moderate; 3, severe). Other clinical, 

histological and genetic data pertaining to the tumour samples were provided in a 

pseudonymised form by the Ocular Oncology Biobank.  
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All statistical analyses were performed using the SPSS software (version 24; IBM, New York, 

US). Due to imbalances in samples sizes and measurement types Mann Whitney U test was 

employed for statistical comparison.  
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3.3. Results 

Table 3.2. Patient demographics of the experimental cohort 

Total patients [n (%)] 
 Male 
 Female 
  

30 
18 (60) 
12 (40) 
 

Age at primary management [years] 
 Median 
 Range 

 
57 
32-78 

n, number of patients 

Staining and analyses were performed on UM liver metastases from 30 patients consisting 

of 12 females and 18 males. The median age at presentation with PUM was 57 years  

(range = 32–78 years) (Table 3.2.).  

 

Clinical data for the PUM was available in 21 patients who went on to develop hepatic 

MUM. The median largest basal diameter (LBD) was 16.6 mm (range = 11.0–19.6 mm) with 

a median height of 8.3 mm (range = 2.4–14.7 mm). Epithelioid cells were present in 84% of 

the PUM cases with defined cell type (n = 16/19). Ciliary body involvement was noted in 

29% of tumours (n = 6/21) and 14% presented with extraocular extension (n = 3/21). 

Mitotic count was recorded in 18/21 cases and the median was 7 mitotic figures per 40 high 

power fields (range = 2–52). 

 

Where chromosome 3 data were available, chromosome 3 loss was reported in the PUM of 

18/19 patients, and one patient was D3. Chromosome 3 status of the PUM is reported to be 
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representative of the MUM (McCarthy et al., 2016). The status of other common genomic 

aberrations in UM are detailed in Table 3.3. 

 

Of the 30 MUM cases analysed, 19 were tumour surgical resections from the liver, two 

were hepatic laparoscopic biopsies, and 9 were hepatic lesions collected post-mortem. 57% 

presented with an infiltrative growth pattern (n = 17/30), with the remaining samples 

demonstrating nodular growth (n = 13/30). The dominant cell type in the hepatic MUM was 

epithelioid, occurring in 77% of cases (n = 23/30) and pigmentation was present in 70% (n = 

21/30) (Table 3.4). Nuclear BAP1 negativity associated with metastatic spread was observed 

in 81% (n = 17/21) samples analysed. At the time of data analysis 20 patients had 

subsequently died of metastatic melanoma and a single patient had died from sepsis. 
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Table 3.3. The genetic profile of the sample cohort.  

Patient 

Sample 
Chr1 Chr3 Chr6p Chr6q Chr8p Chr8q 

MUM 1 - L - - - - 

MUM 2 - L - - - - 

MUM 3 - L - - - - 

MUM 4 - L - - - - 

MUM 5 - L - - - - 

MUM 6 - L - - - - 

MUM 7 - - - - - - 

MUM 8 - L - - - - 

MUM 9 - - - - - - 

MUM 10 - L - - - - 

MUM 11 N L N N L G 

MUM 12 L L N N N U 

MUM 13 N L N L L G 

MUM 14 N L G L N G 

MUM 15 L L U N N G 

MUM 16 N L U N L G 

MUM 17 N L N N N G 

MUM 18 L N G - - G 

MUM 19 - L - - - - 

MUM 20 - L - - - - 

MUM 21 N L G N L G 

MUM 22 - - - - - - 
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MUM 23 - - - - - - 

MUM 24 - - - - - - 

MUM 25 - - - - - - 

MUM 26 - - - - - - 

MUM 27 - - - - - - 

MUM 28 - - - - - - 

MUM 29 - - - - - - 

MUM 30 - - - - - - 

Copy number variation of chromosomes were assessed in the primary uveal melanoma 

by multiplex ligation-dependent probe amplification, fluorescence in situ hybridization, 

or microsatellite analysis  

Chr, chromosome; G, gain; L, loss; N, normal;  

U, undefined/not defined/inconclusive; -, not performed   
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Table 3.4. Clinical and histological data from the 30 analysed MUM samples. 

Case  
number 

Gender 
Age at 

PM 
Sample type Stage* 

Growth pattern 
(nodular/infiltrative) 

Dominant 
cell type 

Degree of 
Pigmentation 

Necrosis 
present 

Nuclear 
BAP1 

present 

MUM 1 M 63 Resection 3 Infiltrative Epithelioid Mild N N 

MUM 2 M 54 Resection 3 Nodular Epithelioid Heavy N Y 

MUM 3 F 57 Resection 3 Nodular Epithelioid None N N 

MUM 4 F 39 Resection 2 Nodular Epithelioid Mild N N 

MUM 5 F 56 Resection 3 Nodular Spindle Moderate Y N 

MUM 6 F 69 Resection 3 Infiltrative Epithelioid None Y N 

MUM 7 F 38 Resection 3 Nodular Epithelioid None Y Y 

MUM 8 F 64 Resection 3 Infiltrative Epithelioid Mild Y N 

MUM 9 M 54 Resection 3 Infiltrative Spindle Moderate Y Y 

MUM 10 M 66 Resection 3 Nodular Epithelioid None Y N 

MUM 11 NR NR Resection 3 Nodular Epithelioid None N N 
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MUM 12 NR NR Resection 3 Infiltrative Epithelioid Heavy N N 

MUM 13 M 67 Resection 3 Infiltrative Epithelioid None Y N 

MUM 14 F 53 Resection 3 Nodular Epithelioid Mild N N 

MUM 15 F 54 Resection 3 Infiltrative Spindle Moderate N N 

MUM 16 M 47 Biopsy 3 Infiltrative Epithelioid Moderate N N 

MUM 17 M 45 Resection 3 Infiltrative Epithelioid Heavy N N 

MUM 18 M 46 Resection 3 Nodular Spindle None N Y 

MUM 19 NR NR Resection 3 Infiltrative Epithelioid None N N 

MUM 20 M 39 Resection 3 Nodular Spindle None N Y 

MUM 21 F 78 Biopsy 3 Nodular Epithelioid Mild N N 

MUM 22 M 75 Autopsy 3 Nodular Epithelioid Moderate Y NA 

MUM 23 M NR Autopsy 3 Infiltrative Epithelioid Moderate N NA 

MUM 24 F NR Autopsy 3 Infiltrative Epithelioid Heavy N NA 

MUM 25 M NR Autopsy 3 Infiltrative Epithelioid Moderate N NA 

MUM 26 F 62 Autopsy 3 Infiltrative Epithelioid Mild Y NA 
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MUM 27 M 64 Autopsy 3 Infiltrative Epithelioid Heavy N NA 

MUM 28 F NR Autopsy 3 Nodular Spindle Moderate Y NA 

MUM 29 M 66 Autopsy 3 Infiltrative Epithelioid Moderate Y NA 

MUM 30 M NR Autopsy 3 Infiltrative Spindle Heavy Y NA 

* Staging according to Grossniklaus, 2013 (Grossniklaus, 2013); # BAP1 positivity assessed by immunohistochemistry 

F, female; M, male; MUM, metastatic uveal melanoma; N, not present; NA, not assessed; PM, primary management; Y, present 

. 
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3.3.1. Gomori Trichrome Staining 

The Gomori trichrome staining demonstrated positive hepatic fibrosis in all samples of UM 

metastasis, which was present in an intratumoural pattern (Figure 3.1.) and/or peri-

tumourally (Figure 3.2.). Intratumoral fibrosis was present in all samples except one 

(patient sample MUM 2) and varied in severity (Figure 3.1.); seven patients were assessed 

to have mild intratumoural fibrosis, 13 demonstrated moderate fibrosis, and 9 presented 

with heavy intratumoural fibrosis. Frequently, the intratumoural fibrosis demonstrated a 

striking loop morphology in sections of the tumour (Figure 3.3.). Peritumoural fibrosis was 

present in 16 of 26 MUM with six samples demonstrating extensive collagen deposition 

around the tumour (Figure 3.3.). 
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Figure 3.1. Intratumoural extracellular matrix deposition demonstrated the presence of extensive fibrosis in metastatic uveal melanoma of the liver when 

stained with Gomori trichrome stain. Scale bars represent 3 mm (A) and 2 mm (B) 

 

A B 
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Figure 3.1. (continued) Intratumoural extracellular matrix deposition demonstrated the presence of extensive fibrosis in metastatic uveal melanoma of the 

liver when stained with Gomori trichrome stain. Scale bars represent 2 mm (C) and 200 µm (D) 

C D 
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Figure 3.2. Nodular pattern of intratumoural extracellular matrix deposition in metastatic uveal melanoma when stained with Gomori trichrome staining. 

Scale bars represent 3 mm (A) and 600 µm (B)  

A B 
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Figure 3.2. (continued) Nodular pattern of intratumoural extracellular matrix deposition in metastatic uveal melanoma when stained with Gomori trichrome 

staining. Scale bars represent 500 µm (C) and 200 µm (D)  

C D 



113 
 

      

Figure 3.3. Peritumoural fibrotic environment around metastatic uveal melanoma in the liver demonstrated by increase extracellular matrix deposition by 

Gomori trichrome staining.  Scale bars represent 3 mm (A) and 6 mm (B)  

A B 
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Figure 3.3. (continued) Peritumoural fibrotic environment around metastatic uveal melanoma in the liver demonstrated by increase extracellular matrix 

deposition by Gomori trichrome staining. Scale bars represent 5 mm (C) and 300 µm (D)  

C D 
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3.3.2. Alpha-Smooth Muscle Actin Staining 

Positive immunohistochemical staining for SMA was present intra and/or peri-tumourally 

in all cases. Similar to the Gomori trichrome staining of ECM components in hepatic MUM, 

SMA staining demonstrated distinct yet varied patterns in the MUM lesions. 

Intratumoural SMA positive staining was demonstrated in 77% of cases (n = 23/30) and 

often presented as looping/nodular structures in the lesion (Figure 3.3.). Tumour adjacent 

SMA positive staining was visible in 63% of cases where this could be assessed (n = 15/24) 

and often presented as peri-tumoural border staining around the MUM (Figure 3.4.). 
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Figure 3.4. (A-D) Intratumoural alpha smooth muscle actin staining highlighted the presence of activated stellate cells in metastatic uveal melanoma and their 

frequent presentation in a looping formation; (E) Positive control in colon tissue; (F) IgG negative control in colon tissue. Scale bars represent 3 mm (A) and 

600 µm (B)  

A B 

D E 

C 

F 
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Figure 3.4. (continued) (A-D) Intratumoural alpha smooth muscle actin staining highlighted the presence of activated stellate cells in metastatic uveal 

melanoma and their frequent presentation in a looping formation; (E) Positive control in colon tissue; (F) IgG negative control in colon tissue. Scale bars 

represent 200 µm (A) and 200 µm (B)  

C D 
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Figure 3.4. (continued) (A-D) Intratumoural alpha smooth muscle actin staining highlighted the presence of activated stellate cells in metastatic uveal 

melanoma and their frequent presentation in a looping formation; (E) Positive control in colon tissue; (F) IgG negative control in colon tissue. Scale bars 

represent 200 µm.  

E F 
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Figure 3.5. Peritumoural alpha smooth muscle actin staining demonstrating the activation of stellate cells at the peripheral edge of the metastatic uveal 

melanoma. Scale bars represent 5 mm (A) and 4 mm (B)

A B 
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Figure 3.5. Peritumoural alpha smooth muscle actin staining demonstrating the activation of stellate cells at the peripheral edge of the metastatic uveal 

melanoma. Scale bars represent 200 µm (C) and 300 µm (D)

C 

C D 
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3.3.3. Correlative Analyses 

In the current study, the histological and immunohistochemical staining patterns of MUM 

in the liver were assessed and compared with other tumour characteristics. This was 

performed to investigate the relationship between cellular characteristics of the MUM and 

more macroscopic behaviours of the MUM, such as growth pattern and fibrotic response. 

 

The growth pattern of the hepatic MUM seemed to follow the expected relationship when 

compared with the pattern of ECM deposition, with nodular tumours demonstrating slightly 

higher tendency to present with peritumoural ECM deposition and infiltrative tumours 

demonstrating slightly higher intratumoural ECM deposition; however, these relationships 

were not statistically significant (Mann-Whitney U, p ≥ 0.05).  

 

Hepatic MUM with a higher degree of pigmentation were more likely to present as 

infiltrative disseminated lesions (U = 61, p = 0.036; 2-tailed exact) while nodular growth 

pattern was associated with an increase in macrophage infiltration  

(U = 65.5, p = 0.044; 2-tailed exact). 

 

To assess if the presence of activated HSCs was associated with increased ECM deposition 

at the metastatic site, Mann-Whitney U assessments were performed and a cut off of 

p ≤ 0.05 allowed rejection of the null hypothesis. Intratumoural αSMA positivity was not 

associated with the level of in intratumoural ECM deposition; however, greater ECM 

deposition around the periphery of the tumour was associated with the presence of αSMA 

positivity at the tumour edge (U = 55, p = 0.038; 2-tailed exact). 
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Comparison between the degree of pigmentation and the presence of intratumoural αSMA 

positive cells suggested that HSC activity was less likely in MUM displaying increased 

pigmentation (U = 33, p = 0.048, 2-tailed exact).  

 

The fibrotic markers were also compared in relation to genetic characteristics commonly 

associated with increased metastatic risk and mortality. Nuclear BAP1 positivity, 

chromosome 1p loss, chromosome 6p gain and chromosome 8p loss were all assessed 

against both the pattern of ECM deposition and that of αSMA positivity but demonstrated 

no statistically significant association (Mann-Whitney U or Chi-square, p ≥ 0.05) 

 

Similarly, the degree and pattern of immune infiltration in the MUM was compared with 

the fibrotic markers but demonstrated no statistically significant associations 

(Mann-Whitney U, p ≥ 0.05). 
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3.4. Discussion 

In this chapter I demonstrated that a local fibrotic response occurs in the liver of patients 

with MUM. This is consistent with previous work suggesting an increased deposition of 

collagen and a recruitment of αSMA positive cells in response to UM metastasis 

(Grossniklaus, 2013). Distinct patterns of fibrosis were observed in hepatic MUM; 

presenting as a peritumoural border and/or as intratumoural loops. The data also 

demonstrate an association between increased peritumoural ECM deposition and αSMA 

positive cells surrounding the MUM, warranting further investigation of the role of 

activated HSCs in the peritumoural fibrosis of MUM. 

 

The fibrotic response often resembled late stage hepatic fibrotic/cirrhosis, presenting with 

a similar morphology to cirrhotic nodules (Figure 3.2.) (Lo and Kim, 2017). This pattern has 

previously been reported in MUM (Grossniklaus, 2013) and suggests a similarity to aberrant 

fibrosis and cirrhosis, a known precursor to local malignant progression (La Vecchia et al., 

1998). The morphology of the intratumoural fibrosis was also consistent with periodic acid 

Schiff (PAS) positive loops, known to form in PUM (Folberg et al., 1993). These loops are 

thought to signify the presence of vascular mimicry and have been associated with 

increased risk of death due to metastatic progression (Folberg et al., 1993). This poses a 

difficulty in the interpretation of the MUM presentation; whether this looping pattern of 

ECM deposition is a consequence of vascular mimicry akin to PUM, whether it is due to the 

fibrotic response in the liver and similar to cirrhotic nodules, or whether it is a combination 

of the two. To my knowledge, this cannot currently be determined through any previously 

described methodology due to the similarities of the two phenomena. Further investigation 

into the specific molecular profile of these ECM loops in both the PUM and MUM is needed, 

and assessment into whether vascular mimicry of the PUM is associated with similar 

behaviour in the MUM. 
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The deposition of ECM around the peripheral border of the MUM demonstrated 

association with the concomitant presence of αSMA positive cells and is akin to the 

recruitment and activation of HSCs (Figures 3.3. and 3.5.) (Tsuchida and Friedman, 2017). 

This peripheral fibrosis has previously been described in pancreatic cancer and is 

considered a protective environment that may contribute to the chemoresistance of the 

tumour (Tanaka and Kano, 2018). It has been shown that fibrotic borders may inhibit the 

diffusive potential of chemotherapeutics into the tumour due to altered fluid dynamics 

caused in the interstitial space (Provenzano et al., 2012). The tendency for peripheral 

fibrotic envelopment of MUM within the liver was demonstrated in 57% of cases at varying 

degrees and could be linked to the refractory nature of MUM to conventional 

chemotherapy. While intratumoural ECM deposition was not statistically associated with 

intratumoural αSMA positivity in this analysis, it has previously been described to involve 

the recruitment and activation of HSCs (Grossniklaus, 2013). As stated, increased 

intratumoural ECM deposition often presented in a looping pattern and may perform a 

similar protective mechanism at a smaller scale. 

 

The research aimed to compare the fibrotic response in hepatic MUM with the genetic 

profile of the tumour. Common genetic aberrations include complete loss of chromosome 3 

(M3), partial loss of chromosomes 1p, 6q and 8p, gains of chromosomes 6p and 8q, and 

mutations in BAP1 resulting in a loss of nuclear positivity when assessed by IHC (Ewens et 

al., 2013; Kalirai et al., 2014; Farquhar et al., 2018). Of these, the most influential with 

regard to metastatic progression are M3 and gains of 8q (Cassoux et al., 2014), yet all 

samples assessed presented with 8q gains and only one displayed D3. This meant 

comparison of these characteristics with MUM fibrosis was not possible. Furthermore, only 

eight of the 31 experimental samples had available genomic data for the chromosomal 



125 
 

copy number aberrations. Repeat analysis with a greater number of samples displaying a 

variety of genomic profiles would allow a greater insight into these relationships. 

 

MUM in the liver presents with two distinct growth patterns; nodular and infiltrative 

(Grossniklaus, 2013). Herein, MUM presenting with an infiltrative growth pattern were 

more likely to possess a higher degree of pigmentation; additionally, the data herein also 

suggests that HSC activation is less likely in MUM with greater pigmentation. There is little 

data in the literature regarding the influence of pigmentation on MUM progression and 

malignancy; yet higher melanin content of cutaneous melanoma metastases has been 

linked to reduced response to radiotherapy (Brożyna et al., 2016). While pure amelanotic 

UM are rare, this relationship and its clinical impact requires further investigation. 

 

The chronology of fibrosis and MUM could also be investigated in future research. There is 

no indication in the present results as to whether the MUM is causing the fibrosis, or 

whether existing fibrosis in the metastatic niche is adapted by MUM. Kondo et al., 

demonstrated that the presence of hepatic fibrosis measured by the non-alcoholic fatty 

liver disease fibrosis score (NFS) pre-operatively at primary surgical resection was 

significantly related to the rate of hepatic metastasis in patients with colorectal cancer 

(Kondo et al., 2016). Future work in UM could perform similar analysis to that presented by 

Kondo et al., 2016; liver fibrosis could be measured at primary diagnosis with the NFS score 

and the rate of metastatic progression could be assessed. Additionally, the duration of 

patient survival following initial diagnosis of metastatic progression could be compared to 

the NFS score to assess whether pre-existing liver fibrosis affects the rate of mortality. 

 

The NFS score could be taken prior to treatment of MUM and the response to 

chemotherapy measured. Unveiling the relationship between fibrosis and response to 
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chemotherapy could suggest new treatment options for MUM or impact current treatment 

choice. The biological characteristics that determine the difference in fibrotic pattern or 

level could also be investigated further, and whether this is associated with the MUMs 

response to chemotherapy. 

 

It is not clear whether the ECM deposition is due to the activation of HSCs or if it is a 

product of the MUM cells present. Clarijs et al., demonstrated that UM cells deposit a 

multitude of ECM products and that these components can form characteristic arcs and 

loops in the primary tumour (Clarijs et al., 2005). While this study demonstrated a 

significant association between concomitant αSMA positivity and increased ECM deposits 

surrounding the tumour, this was not always the case. Furthermore, intratumoural ECM 

deposition and αSMA positivity within the tumour were often concomitant but not 

statistically associated. This ECM deposition in the metastatic lesion requires further 

investigation and the possibility that UM cells generate the fibrotic environment present in 

the liver during MUM also needs examining. 

 

It is also worth noting that the cohort of samples analysed may not represent a typical 

cohort of MUM tumours. The samples assessed were predominantly cases in which the 

MUM was able to be surgically resected and so available for analysis by IHC. It is frequent in 

patients with MUM that metastases present as dispersed micrometastases that are not 

surgically resectable. In these instances, appropriate analyses of the MUM could only be 

performed post-mortem or in patients where the tumour burden was significant enough for 

surgical resection. 

 

The process of HSC activation and ECM production in UM could be further interrogated 

through cellular assays. For example, the ability of the UM secretome to activate HSCs 
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grown in culture could be investigated. The secretomes of UM cultures could be isolated as 

previously described (Angi et al., 2016) and used to stimulate cultured human hepatic 

stellate cells (Hong et al., 2018). Markers of activation such as αSMA (Micallef et al., 2012) 

or GFAP (Kalluri and Zeisberg, 2006) positivity could be assessed through PCR, IHC or 

immunofluorescence. Increased cell migration could be assessed through multiple 

methods, several of which were described by (Hulkower and Herber, 2011), including 

scratch plate assays, transmembrane “Boyden chamber” assays, microfluidic chamber 

assays and cell exclusion zone assays. An increase in, or the composition of, the ECM 

deposition of HSCs could also be investigated as a measure of their activation (Wynn, 

2008). Appropriately controlled methods of these kind would allow an understanding of the 

extent to which secreted proteins from PUM or MUM cells impact the fibrotic environment 

at the metastatic niche in liver. 

 

3.5. Conclusion  

In conclusion, the analysis herein highlights an extensive presence of fibrosis in hepatic 

MUM and demonstrates two characteristic phenotypes (1) peritumoural fibrosis 

representing an ECM border around the tumour and (2) intratumoural fibrosis often 

presenting in a looping pattern. Increased peritumoural ECM deposition was associated 

with the activation and recruitment of resident HSCs. 

 

The pattern of fibrosis was inconsistent and did not correlate with any common genetic 

aberrations. The cellular and molecular mechanisms of this fibrotic response, its impact on 

MUM progression and its relationship with other tumour characteristics require further 

investigation and repeat analysis with a larger cohort. Nevertheless, the extent and 

prevalence of fibrosis in MUM suggests an important role in MUM progression and opens 
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the field for further investigation into the chronology and biology of MUM-associated 

hepatic fibrosis. 
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CHAPTER 4: MOLECULAR CHARACTERISATION OF THE UVEAL MELANOMA 

SECRETOME  

4.1. Introduction 

The impact UM cells have on their local environment is orchestrated through intercellular 

signalling via the release of biologically active materials, such as proteins. Chapter 3 

highlighted a fibrotic response in MUM in the liver. This chapter investigates the functional 

enrichment of signalling pathways associated with the UM secreted proteome and 

discusses these pathways in relation to UM pathology and progression. 

 

Intercellular communication is imperative for the functionality of any multicellular system; 

and protein secretion/transfer plays an orchestral role in this (Ahmed and Xiang, 2011). 

Through protein transfer, cancer cells influence the behaviour of neighbouring cells in their 

microenvironment, at both the primary site and in the metastatic niche (Liotta and Kohn, 

2001). Secreted proteins are known to influence many biological functions (Robinson et al., 

2019). The effect these secreted proteins have on the hallmarks of cancer have been 

reviewed by (Patel et al., 2014). The tumour cell secretome can influence a diverse range of 

functions which can influence cancer progression; such as stromal fibroblast activation 

(Kuzet and Gaggioli, 2016), immune cell manipulation (Awad et al., 2018), angiogenesis 

(Yadav et al., 2015) and migration (Mathias et al., 2009). 

 

Several papers have investigated the pathophysiologic potential of specific proteins shown 

to be secreted by UM cells into their microenvironment. Repp et al., demonstrated that UM 

cells secrete bioactive macrophage inhibitory factor (MIF) (Repp et al., 2000), which 

protects the tumour from cytolysis by natural killer (NK) lymphocytes. The authors 

demonstrated that the secretome of multiple UM cell lines reduced NK cytolysis in vitro, 
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and that this effect could be significantly reduced through targeted depletion of MIF 

activity (Repp et al., 2000). The secretion of matrix metalloprotease 2 protein (MMP-2) by 

PUM was shown to correlate with a significantly reduced 5-year survival rate (Väisänen et 

al., 1999). MMPs act to break down specific ECM products and, in cancer, can influence 

tumour growth, migration and invasion (Gialeli, Theocharis and Karamanos, 2011). Further 

research has demonstrated that MMP-9 is also secreted by UM and can be secreted in its 

active form (Elshaw et al., 2001); however, this did not correlate with invasive potential in 

vitro. Apte et al., demonstrated that UM cells secrete angiostatin (Apte et al., 2001). The 

authors showed in an in vivo UM model that the secretion of angiostatin from the primary 

tumour in the eye may protect against increased metastatic burden in the liver (Apte et al., 

2001). UM cells from choroidal tumours were shown to secrete a variety of cytokines 

(Enzmann et al., 1998); interleukins 6, 8 and 10, TGFβ-1 and FGF2. The authors highlight 

that these factors can influence immune suppression, inflammation, angiogenesis and 

tumour growth. FGF2 was also shown to be produced by UM tumours (Y. Wang et al., 

2017). The authors demonstrated that levels of FGF2 in UM were related to an epithelioid 

cell type and the presence of metastatic spread in patients. Stimulation of UM cells with 

exogenous FGF2 demonstrated increased tumour growth and metastatic spread in vivo, 

and increased cytoskeletal remodelling and migratory potential in vitro. Hepatocyte growth 

factor (HGF) and vascular endothelial growth factor (VEGF) were also shown to be secreted 

by UM (Cools-Lartigue et al., 2005), and at increased levels when stimulated with monocyte 

conditioned media. Whether through autocrine or intercellular signalling, immune 

infiltration in UM could promote angiogenesis and an invasive phenotype through VEGF 

and HGF secretion into the microenvironment. Many these proteins shown in the literature 

to be secreted by UM cells possess roles in the manipulation of the microenvironment, and 

in the stimulation of inflammatory and fibrotic pathways. In 2007, Pardo et al., investigated 

the proteomic profile of the secretome of UM cell lines (Pardo et al., 2007), highlighting an 
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abundance of proteins linked with adhesion, migration and modulation the ECM. The 

authors suggested that the proteins cathepsin D, syntenin and gp100 represented potential 

biomarkers of UM metastatic potential. 

 

Chapter 3 investigated the fibrotic profile of hepatic MUM and highlighted extensive and 

distinct patterns of fibrosis concomitant with MUM. Analysis demonstrated an association 

between HSCs and the production of peritumoural ECM deposits, as well as an association 

between pigmentation of the MUM and intratumoural HSC activity. Similar activation of 

HSCs in response to hepatic metastasis has previously been demonstrated in melanoma, 

colonic and pancreatic cancer (Olaso et al., 2003; Matsusue et al., 2009; Costa-Silva et al., 

2015). While the presence of previously identified proteins in the UM secretome suggest a 

role in propagating a fibrotic environment, the presence of multiple factors influencing 

specific pathways or functions could have summative or negatory effects. This chapter 

interrogates the protein content of the total secretome of 2D-cultured primary UM cells 

isolated from excised patient tumours. It aims to (1) identify and quantify the totality of 

proteins secreted by 2D-cultured primary UM cells isolated from excised patient tumours, 

(2) to characterise these proteins by predicting their secretory mechanisms, (3) to predict 

the biological processes and signalling pathways associated with the UM proteomic 

secretome, and (4) to compare these functions and pathways between disease states. The 

working hypothesis was that proteins secreted by primary UM cells are associated with 

signalling pathways that promote tumour progression and metastasis, that these pathways 

are upregulated in UM compared with normal choroidal melanocytes (NCM), and in UM 

with M3 compared with D3 UM. 

 

The analysis herein interrogates a previously generated dataset of proteins released by 

PUM incubated for 48 hours in 2D, serum-free culture (Angi et al., 2016). The hypothesis 
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being that the secretome of UM contains proteins associated with their malignancy, and 

that the proteins in the secretome of UM at higher risk of metastasis are associated with 

signalling indicative of a more aggressive phenotype. The analysis employs the freely 

available software SignalP, SecretomeP and exocarta for the prediction of secretory 

mechanisms, followed by in-depth pathway analysis with IPA.  
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4.2. Methods 

4.2.1. Proteomic Processing – Generation of the Dataset 

The following analyses were performed on a proteomic dataset previously generated from 

label-free quantitative mass-spectrometry of the conditioned media of 2D short-term 

cultures. 

 

The cultures included 5 NCM samples and 14 independent PUM samples stratified by 

chromosome 3 status into 10 UM samples at high risk (HR UM) of developing metastasis 

(M3) and 4 UM samples at low risk (LR UM) of developing metastasis (D3). The samples 

were cultured according to the methods in section 2.7. and section 2.8. 

 

The initial dataset was generated by Angi et al., and included the raw spectral data of 

proteins identified with a 1% false discovery rate (FDR), from 19 cultures (Angi et al., 2016). 

The methods employed when generating the dataset included a novel, on-bead digestion 

method followed by a quadrapole, orbitrap LC-MS/MS with a MASCOT search of detected 

peptides against the UniProtKB/Swiss-Prot database for identification. 

 

Step 1: Ensuring confidence in the dataset 

This dataset was filtered to remove any proteins identified with fewer than 3 unique 

peptides in order to apply a cut off to improve confidence in the identified proteins (Levin, 

Hradetzky and Bahn, 2011). The resulting dataset was considered to be a confident 

assessment of the proteins present in the conditioned culture media of primary UM and 

NCM cultures. 

 

Step 2: Uniprot FASTA-file generation and gene ontology (GO) classifications 
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The 758-protein dataset was ordered alphanumerically by accession number. Multiple, 

secondary accession numbers were removed, to leave only primary accession numbers, 

which were then uploaded into Uniprot (www.uniprot.org). This generated FASTA files for 

each protein which display the primary peptide sequence as amino-acid single letter code. 

Gene ontology information about “cellular component” and “subcellular location” were 

also recorded (Ashburner et al., 2000). 

 

Step 3: Prediction of Classical Secretion 

Classical secretion relies on a peptide signal sequence within the transported protein 

(Schatz and Dobberstein, 1996). This was predicted with the methods in section 2.5. 

 

Step 4: Prediction of Non-classical Secretion 

Non-classical secretion can be predicted by interrogating post-translational and localisation 

aspects of the protein to predict non-signal-peptide-mediated protein secretion (Bendtsen, 

Jensen, et al., 2004). This was performed according to methods in section 2.6. 

 

Step 5: Prediction of Exosomal Secretion 

Secretion via EVs can occur by a variety of routes depending on the vesicle employed 

(Raposo and Stoorvogel, 2013). The differences between vesicles are discussed in detail in 

Chapter 1; this chapter focuses on the proteins with predicted exosomal secretion. This can 

be predicted through the cross interrogation of a given proteomic dataset with a curated 

database of exosomal proteins. This was undertaken using the methods detailed in section 

2.7. 

 

In the instance that a protein was predicted to be secreted by two or more of these 

methods, characterisation was weighted in favour of (1) classical secretion followed by (2) 

http://www.uniprot.org/
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non-classical secretion and then (3) exosomal secretion. Employing this method allowed for 

the filtering of the dataset to leave proteins that have predicted secretory mechanisms, 

these proteins were considered to represent the “intentionally secreted” dataset. 

 

4.2.2. Predicting the cellular localisation of the identified proteins 

The “cellular component” of the proteins was assessed using the online freeware “GOrilla” 

(Eden et al., 2009). Uniprot accession numbers were uploaded with the organism set to 

homo sapien, the running mode as “Single ranked list of genes”, and ontology set to 

“Component”. 

 

4.2.3. Differential expression 

 

 

Figure 4.1. Grouping of the samples cultured for comparative analyses. 

HR, high risk; LR, low risk; NCM, normal choroidal melanocyte; UM, uveal melanoma 

Total UM samples: 
n = 14 

NCM samples: 
n = 5  

LR-UM samples: 
n = 4 

HR-UM samples: 
n = 10 
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The protein abundances were grouped by disease state: high risk UM (HR-UM), low-risk UM 

(LR-UM), total UM (UM) and NCM. Samples were stratified into metastatic risk groups 

based on their chromosome 3 status: loss of chromosome 3 (M3) was deemed high risk, 

where no loss of chromosome 3 (D3) was considered low risk of metastatic progression. 

The averages were calculated and Mann-Whitney U tests were performed between select 

groups (UM versus NM, HR UM versus LR UM) using SPSS software (IBM – New York, USA). 

This allowed experimental fold changes with associated statistical significance to be 

determined between disease states and for upload into the pathway analysis software. 

 

4.2.4. Pathway analysis 

Data were analysed through the use of QIAGEN’s Ingenuity® Pathway Analysis (IPA®, 

QIAGEN Redwood City, www.qiagen.com/ingenuity) for pathway/network analyses, etc. 

according to the methods described in section 2.8. A p-value cut off was used to limit the 

association of functions and pathways to those with an inverse log10 p-value ≥ 2. No cut off 

was employed for z-score; however, a threshold of ≥ 2 or ≤ -2 was used to determine 

up/down regulation (colour coding figures: z-score ≥ 2 = orange [upregulation]; z-score ≤ -2 

= blue [downregulation]) 

 

  

http://www.qiagen.com/ingenuity
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4.3. Results 

The clinical information of the patients with PUM are detailed in Table 4.1. Those of the 

patient cadavers from which NCM cultures were isolated are detailed in Table 4.2.
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Table 4.1. The clinical information of the primary uveal melanoma samples analysed 

Sample 
No. 

Age at 
diagnosis 

(years) Sex 
LBD 

(mm) 
UH 

(mm) CBI EOE 
Cell 

Type Loops 

Mitotic 
count / 
40 HPF 

Chr3 
status 

Mets 
risk 

1 59 F 15.7 5.2 N N SPIN Y 7 L HR# 
2 58 M 17.6 11.0 N Y MIX N 5 L HR* 
3 61 M 16.3 8.6 N N MIX Y 5 N LR* 
4 64 F 17.4 6.5 N N SPIN N 3 N LR 
5 41 M 12.7 11.6 N N MIX N 3 N LR 
6 77 F 14.7 55.7 N N EPI N 7 L HR* 
7 71 F 13.6 8.0 N N MIX Y 6 L HR 
8 80 F 18.2 12.5 N Y MIX N 1 L HR 
9 51 M 16.2 14.8 Y N SPIN Y 4 N LR 

10 67 M 18.7 12.2 Y N MIX N 2 L HR* 
11 76 F 15.4 7.8 N N SPIN N 7 L HR 
12 71 M 13.0 5.9 N Y MIX N 4 L HR* 
13 65 M 19.2 16.8 Y N MIX Y 1 L HR 
14 77 F 15.2 8.9 N N MIX N 4 L HR 

CBI, ciliary body involvement; Chr3, Chromosome 3; EOE, extraocular extension; EPI, epithelioid cell type; F, Female; G, gain; HPF, high power field; HR, high 
risk; L, loss; LBD, largest basal diameter; LR, low risk; M, Male; MIX, mixed cell type; N, normal; SPIN, spindle cell type; UH, tumour thickness 

*indicates death from metastatic disease; # indicates death from other causes
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Table 4.2. The clinical history of the human cadavers from which normal choroidal melanocytes were derived 

Sample 
No. Age Sex Cause of death Other history 

NCM1 63 F 
Renal cancer Thyroid disease, 
hypercholesterolemia, 

Thyroid disease, hypercholesterolemia, 
atherosclerosis 

NCM2 39 M Cardiac arrest Nil 

NCM3 52 M Pancreatic cancer Non-insulin dependent diabetes 

NCM4 55 M Cardiac arrest Nil 

NCM5 17 M Motor vehicle accident Nil 

F, female; M, male; NCM, normal choroidal melanocytes
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4.3.1. Analysis of the predicted secretory mechanism of the proteome 

The initial protein dataset consisted of 1843 proteins. After filtering the proteins to remove 

any identified with less than three unique peptides, 758 confidently identified proteins 

remained for further analysis.  

 

The secretory mechanism of each of the 758 proteins identified in the PUM and NCM 

cultures were assessed and demonstrated that 29% (220 proteins) of the proteins in the 

sample were not predicted to be associated with any secretory mechanism. Of the 

remaining 71% (539) of proteins, 19% (144 proteins) were predicted to be classically 

secreted, 6% (15 proteins) non-classically secreted and the remaining 46% (379 proteins) 

were predicted to be secreted via exosomes (Figure 4.2). The GO-annotation of the 379 

proteins identified as exosomal were interrogated to identify ‘cellular component’, proteins 

were filtered to show those which were identified as ‘EV proteins’ through exocarta, but 

not annotated with GO-terms associated with EV biogenesis and release; filtering identified 

proteins with annotations including the terms ‘vesicle’, ‘exosome’, ‘endosome’ 

‘membrane’, ‘cell surface’, ‘clathrin’, ‘caveola’ and ‘lipid raft’. Of the 379 proteins identified 

as released through EVs, 359 had annotations associated with EV biogenesis and release. 

The 20 proteins listed on exocarta which do not contain GO-annotation of cellular 

components related to EV biogenesis and release are listed in Table 4.3. 
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Table 4.3. The names and accession numbers of proteins identified as secreted via 

extracellular vesicles that had no cellular component gene ontology annotations 

associated with the biogenesis or release of extracellular vesicles 

Protein Accession 
Number 

Protein Name 

P14678 Small nuclear ribonucleoprotein-associated proteins B 

O60869 Endothelial differentiation-related factor 1 

P09871 Complement C1s subcomponent 

Q14103 Heterogeneous nuclear ribonucleoprotein D0 

P16401 Histone H1.5 

Q07955 Serine/arginine-rich splicing factor 1 

Q14847 LIM and SH3 domain protein 1 

P42765 3-ketoacyl-CoA thiolase 

Q9UNE7 E3 ubiquitin-protein ligase CHIP 

Q9Y315 Deoxyribose-phosphate aldolase 

Q9NVA2 Septin-11 

P15559 NAD(P)H dehydrogenase 

Q99436 Proteasome subunit beta type-7 

P07311 Acylphosphatase-1 

P29218 Inositol monophosphatase 1 

Q15370 Elongin-B 

P38117 Electron transfer flavoprotein subunit beta 

P51452 Dual specificity protein phosphatase 3 

O75347 Tubulin-specific chaperone A 

O43396 Thioredoxin-like protein 1 
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When filtered for proteins that are not predicted to be secreted, the dataset consisted of 

539 ‘intentionally secreted’ proteins (Figure 4.3.).  
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Figure 4.2: The abundance of 758 proteins in the UM and NCM secretome, grouped 

according to their mechanism of secretion. 

 

 

Figure 4.3: The abundance of 539 proteins with predicted secretory mechanisms in 

the UM and NCM secretome, grouped according to their mechanism of secretion. 
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4.3.2. Assessing the accession numbers in the dataset 

The accession numbers of the 758 proteins identified in the conditioned media of samples 

from all groups (N=19) were uploaded into IPA. All protein IDs were recognised except for 

the three proteins listed in Table 4.4.  

Table 4.4. Unmapped protein identifiers in the 758-protein dataset 

 

 

Over-representation of cell death and apoptosis-related proteins/pathways associated with 

the dataset may indicate proteins “unintentionally” secreted due to protein leakage during 

cell death. When the 758 protein accession numbers were analysed with IPA, cell death 

pathways were associated with the dataset, with a p-value of 2.38 x 10-29, suggesting a 

reduced cell viability in the culture system; however, as only accession numbers were 

uploaded, no z-score for the up/downregulation of the pathway was attributable. An 

association with cellular proliferation was also identified, with a p-value of 3.86 x 10-55. As 

the association significance of cellular proliferation was ranked higher in the software than 

that of cell death, the association of both was assumed to indicate that the data set was 

representative of a living system. The ranking of the two pathways suggested that the 

dataset was more representative of secreted proteins involved in proliferation due to 

cellular viability than protein leakage due to cell death. This corresponds to original analysis 

on these data by (Angi et al., 2016), who reported that cell viability was ≥95% at 48h during 

serum free culture. This assessment was made through the employment of methods 

previously demonstrated by (Villarreal et al., 2013). 

 

Primary accession number Uniprot associated protein 

Q71DI3 Histone H3.2 
P62805 Histone H4 
P69905 Haemoglobin subunit alpha 
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4.3.3. Predicting the cellular localisation of the identified proteins 

The localisation of the proteins identified in the UM secretome was assessed with the 

online freeware GOrilla. Enrichment of the gene ontology cellular component information 

for the dataset was performed and highlighted extracellular secreted proteins and proteins 

associated with membrane vesicles (Table 4.5.) 

 

Table 4.5. Functionally enriched cellular components predicting the most common 

cellular location of the proteins in the 758-protein dataset. 

GO term Description Inverse log10 q-value 

GO:0005788 Endoplasmic reticulum lumen 5.65 

GO:0044432 Endoplasmic reticulum part 4.41 

GO:0031093 Platelet alpha granule lumen 3.36 

GO:0030667 Secretory granule membrane 3.21 

GO:0031982 Vesicle 3.10 

GO:0005576 Extracellular region 2.89 

GO:0044421 Extracellular region part 2.84 

GO:0005615 Extracellular space 2.64 

GO:0044433 Cytoplasmic vesicle part 2.61 

GO:0012506 Vesicle membrane 2.58 

GO:1903561 Extracellular vesicle 2.56 

GO:0043230 Extracellular organelle 2.52 

GO:0070062 Extracellular exosome 2.40 

GO:0030659 Cytoplasmic vesicle membrane 2.33 

GO:0098805 Whole membrane 2.30 

 

4.3.4. Comparing the intentionally secreted proteins of UM with NCM 

cultures 

Initial comparisons of the UM secretome with that of NCM focused on the 539 proteins 

deemed to be ‘intentionally secreted’; these were examined in 19 samples. 
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The experimental ratios between the average UM relative abundance (n=14) and the 

average NCM relative abundance (n=5), the associated Mann-Whitney U values, and the 

corresponding protein accession numbers were uploaded to IPA. IPA was employed to 

assess the correlation of the dataset with known ‘Disease and Bio Functions’, ‘Canonical 

Pathways’, and to predict activation z-scores for each function/pathway highlighted. 

Positive z-scores represent upregulation/activation of the correlated pathway/function, and 

negative z-scores represent downregulation/inhibition of the pathway/function. 

 

4.3.5. Comparing the intentionally secreted proteins of UM with NCM 

cultures: Assessing the associated diseases and bio functions 

The associated ‘Diseases and Bio Function’ were filtered to only give functions with a  

z-score ≥2 or ≤-2, and an inverse log10 p-value ≥2. Two functions predicted to be 

upregulated in UM compared with NCM were linked to the adhesion and attachment of 

cells (z-score = 2.41 and 2.28 respectively). The synthesis and metabolism of reactive 

oxygen species were both predicted to be upregulated by the software in UM compared 

with NCM (z-score = 2.51 and 2.01, respectively) (Figure 4.4.).  
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Figure 4.4. Diseases and Bio Functions associated with the 539-protein dataset  

(inverse log10 p-value ≥ 2) that were differentially expressed between UM and NCM 

(z-score ≥2 or ≤-2) 
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As z-scores ≥2 or ≤-2 were infrequent, the associated functions were expressed in the order 

of their association score (inverse log10 p-value). Cell movement, migration and invasion 

dominated the top ten associated functions (6/10 functions) (Figure 4.5.). Cell death and 

apoptosis were also apparent in the dataset (inverse log10 p-values = 27.9 and 25.6 

respectively); interestingly, while the associated z-scores were below the cut off (z-scores 

≥2 or ≤-2), they were both positive (z-score = 1.08 and 0.71 respectively), suggesting the 

possibility of a slight increase in cell death and apoptosis in UM compared with NCM. 
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Figure 4.5. The ten Diseases and Bio Functions showing the highest association with 

the 539-protein dataset, when comparing the uveal melanoma and normal choroidal 

melanocyte secretomes 
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4.3.6. Comparing the intentionally secreted proteins of UM with NCM 

cultures: Assessing the associated top canonical pathways 

IPA analysis highlighted ‘top canonical pathways’ associated with the proteins in the 

dataset and attributed z-scores to those pathways, where possible. When the data set was 

filtered for pathways with an inverse log10 p-value ≥2 and a z-score ≥2 or ≤-2, upregulated 

pathways included GP6 signalling, agrin neuromuscular junction signalling, and LXR/RXR 

activation (z-score = 3.3, 2.2 and 2.1, respectively) (Figure 4.6.).  
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Figure 4.6. The top canonical pathways associated with the 539-protein dataset 

(inverse log10 p-values ≥2) and differentially expressed between the uveal melanoma 

and normal choroidal melanocyte secretomes (z-scores ≥2 or ≤-2)  
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As z-scores were again infrequent, pathways were ranked by association score to highlight 

what pathways dominated the secretome signalling, regardless of directionality. ‘Top 

canonical pathway’ analysis revealed that 11 of the top 15 pathways most statistically 

associated with the dataset were related to mTOR and GTPase signalling with inverse log10 

p-values ranging from 7.37 to 20.7. Hepatic fibrosis and HSC activation was the third most 

correlated pathway with an inverse log10 p-value of 12.7, which is of interest due to the 

propensity of UM to metastasise to the liver, and Leukocyte Extravasation signalling also 

correlated with an inverse log10 p-value of 9.7 (Figure 4.7.). 
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Figure 4.7. The top 15 canonical signalling pathways associated with the 539-protein 

dataset (inverse log10 p-values ≥2) and differentially expressed between the uveal 

melanoma and normal choroidal melanocyte secretomes (z-scores ≥2 or ≤-2) 
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4.3.7. Comparing the intentionally secreted proteins of HR-UM with LR-UM 

cultures: Assessing the associated diseases and bio functions  

 

 

 

Figure 4.8. The ten most differentially expressed Disease and Bio Functions associated 

with the 539-protein dataset (z-scores ≥2 or ≤-2; inverse log10 p-values ≥2) between 

the secretomes of uveal melanoma at high and low risk of metastasis 
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When comparing HR-UM with LR-UM, functions linked with adhesion and migration were 

frequently upregulated (6 of the 10 most differentially expressed functions); interestingly 

however, one migration related pathway (migration of vascular endothelial cells) was 

predicted to be downregulated. Cell proliferation was shown to be upregulated (z-score = 

2.32), likewise cell death was downregulated (z-score = -2.66) (Figure 4.8). 

 

4.3.8. Comparing the intentionally secreted proteins of HR-UM with LR-UM 

cultures: Assessing the associated top canonical pathways  

Comparing HR-UM with LR-UM revealed differentially associated pathways related to an 

upregulation in inflammation (NFkB signalling, IL-6 signalling), and signalling associated 

immune cell health, activation and migration (Agrin, IL-6 and leukocyte extravasation); 

downregulation of PTEN and EIF2 signalling was also observed (Figure 4.9.). 
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Figure 4.9. The most differentially expressed canonical pathways associated with the 

539-protein dataset (z-scores ≥2 or ≤-2; inverse log10 p-values ≥2) between the 

secretomes of uveal melanoma at high and low risk of metastasis 
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4.3.9. Comparing the total secretomes of UM and NCM: 758-protein dataset 

The method employed for establishing a dataset of 539 ‘intentionally secreted’ proteins 

was reliant on algorithms which predict secretory mechanisms based on experimentally 

observed data of proteins previously reported in the literature. As studies into the contents 

of tissue secretomes and exosomes are consistently revealing new insights, and as this 

dataset represents the first study interrogating the proteome of the UM secretome, it was 

decided that all confidently identified proteins (the 758 protein dataset) would be included 

in all further analysis. 

 

The following analyses interrogate the 758-protein total secretome dataset, containing 

proteins confidently identified with ≥3 unique peptides, in 19 samples. Again, the 

experimental ratios between the average UM relative abundance (n=14) and the average 

NCM relative abundance (n=5), the associated Mann-Whitney U values, and the 

corresponding protein accession numbers were uploaded to IPA to assess the correlation of 

the dataset with known ‘Disease and Bio Functions’ and ‘Canonical pathways’, and to 

predict z-scores for each function/pathway. 

 

4.3.10. Comparing the total secretomes of UM and NCM: Assessing the 

associated Disease and Bio Functions of the 758-protein dataset 

When analysing the 758-protein data set, cell death, apoptosis and necrosis were apparent 

in the disease and bio-functions, with p-values of 1.41 x 10-21, 1.18 x 10-19 and 1.24 x 10-21, 

respectively. Activation z-scores for cell death, apoptosis and necrosis were -1.212, -1.565 

and -0.845; while below the cut-off, this could signify slight downregulation in cell death in 
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the UM secretome compared with NCM. Additionally, cell viability and cell survival were 

predicted to be associated with the dataset and upregulated in UM compared with NCM (z-

scores = 4.552 and 5.538, respectively) (Figure 4.10.). 

 

 

Figure 4.10. The most differentially expressed Diseases and Bio Functions associated 

with the 758-protein dataset (z-scores ≥2 or ≤-2; inverse log10 p-values ≥2) between 

uveal melanoma and normal choroidal melanocyte secretomes 

Of the 10 ‘Disease and Bio Functions’ with the highest predicted activation (z-score greater 

than 2), the majority of functions suggested a malignant phenotype; cell movement, 

invasion and migration were all predicted to be upregulated in UM compared with NCM, 

with z-scores between 3.96 and 5.00 (Figure 4.10). When the functions were ordered by 
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association statistic, increased malignancy was apparent in the functions highlighted; an 

upregulation of invasive and migratory processes dominated the top ten associated 

functions; the top six associated functions each possess z-scores >2 and collectively suggest 

an upregulation of a migratory and invasive phenotype in UM compared with NCM (Figure 

4.11). 

 

 

Figure 4.11. The ten Diseases and Bio Functions showing the highest association with 

the 758-protein dataset, when comparing the uveal melanoma and normal choroidal 

melanocyte secretomes 
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4.3.11. Comparing the total secretomes of UM and NCM: Canonical pathways 

associated with the 758-protein dataset 

 

Figure 4.12. The top canonical pathways associated with the 758-protein dataset 

(inverse log10 p-values ≥2) and differentially between the uveal melanoma and normal 

choroidal melanocyte secretomes (z-score ≥2 or ≤-2) 
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upregulated, similar to the 539-protein dataset (z-score = 3.9, 2.6 and 2.2 respectively) 

(Figure 4.11). Other upregulated pathways were integrin signalling (z-score = 2.7), actin 

cytoskeleton signalling (z-score = 2.7) and paxillin signalling (z-score = 2.4) (Figure 4.12.). 

Glycogenolysis was also associated with the dataset and was suggested to be upregulated 

in UM compared with NCM (z-score = 2.00) (Figure 4.12.). 
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Figure 4.13. The ten canonical pathways with the highest association to the 

758-protein dataset when comparing the uveal melanoma and normal choroidal 

melanocyte secretomes 

Several pathways showed high association with the 758-protein data set with z-scores 

below the cut off (Figure 4.13). Hepatic fibrosis showed the greatest association with the 

data set (inverse log10 p-value = 17.8). Several other associated pathways suggested a 

migratory phenotype, with signalling linked to extravasation, matrix metalloprotease 

inhibition, integrin signalling and the regulation of cellular mechanics (inverse log10 p-

values = 8.74, 7.59, 5.35 and 5.16, respectively). 
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4.3.12. Comparing the total secretomes of HR-UM with LR-UM: Assessing the 

associated Disease and Bio Functions of the 758-protein dataset 

HR-UM samples displayed a downregulation in pathways associated with cell death when 

compared with LR-UM. Of the 16 functions predicted to be downregulated, ten were 

related to cell death and had z-scores between -2.04 and -9.93. Conversely, ‘Cell survival’ 

and ‘Cell viability’ were upregulated in HR-UM samples compared with LR-UM, predicted z-

scores were between 6.31 and 6.17.  

 

There was a pattern of upregulation in pathways associated with invasion and metastasis in 

HR-UM samples when compared with LR-UM. More than half of the functions predicted to 

be upregulated were related to invasion and/or migration (75/138 functions; z-score = 

2.01–6.08). 

 

Collectively, these proliferative and migratory pathways suggest a malignant phenotype 

was promoted by the HR-UM secretome; 14 of the top 15 associated functions support 

proliferation and metastatic progression (Figure 4.14.). 

 

There were also two upregulated functions associated with fibrosis, ‘Cell proliferation of 

fibroblasts’ and ‘Cell movement of fibroblasts’ with z-scores of 2.33 and 2.81, respectively. 

Taken collectively with other potentially related, upregulated functions such as 

‘Organization of cytoskeleton’ (z-score = 4.53), this suggests that HR-UM possesses 

increased potential to stimulate fibrosis via secreted proteins. 

 

Protein turnover was predicted to be upregulated in the HR-UM secretome compared to 

LR-UM; ‘Catabolism of protein’ (z-score = 3.40), ‘Metabolism of protein’ (z-score = 3.29) and 

‘Proteolysis’ (z-score = 2.68) demonstrating upregulation. 
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Figure 4.14. The fifteen Diseases and Bio Functions with the highest association to the 

758-protein dataset when comparing the secretome of uveal melanoma at high and 

low risk of metastasis 

 

4.3.13. Comparing the total secretomes of HR-UM with LR-UM: Assessing the 

canonical pathways associated with the 758-protein dataset 

When arranged by z-score, there is a striking pattern of pathways linked with migration or 

motility; of the 16 pathways predicted to be upregulated or downregulated, 14 pathways 

have links with cytoskeletal modulation, migration, adhesion or invasion (z-scores = -2.14–

4.12) (Figure 4.15.). This suggests that an enhanced migratory phenotype is observed in HR-

UM compared with LR-UM.  
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Figure 4.15. The top canonical pathways associated with the 758-protein dataset 

(inverse log10 p-values ≥2) most differentially expressed (z-scores ≥2 or ≤-2) between 

the secretomes of uveal melanoma at high and low risk of metastasis 

When ordered by statistical association, hepatic fibrosis/HSC activation was the pathway 

with the highest predicted association (inverse log10 p-value = 10.7) but had no predicted 

z-score for activation or inhibition. Of the 15 highest associated canonical pathways, 10 

could be linked to cytoskeletal remodelling, invasion and migration (Figure 4.16). 
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Figure 4.16. The fifteen canonical pathways with the highest association to the 

758-protein dataset when comparing the secretomes of uveal melanoma at high and 

low risk of metastasis 
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4.3.14. Proteins in the 758-dataset with potential significance to primary 

tumour development and metastatic progression 

The UM samples were sub-grouped into ‘total UM’ (HR-UM and LR-UM) for comparison 

with NCM individually. Proteins differentially expressed in both the total UM group when 

compared with NCM were identified to highlight their potential importance in UM 

development. This grouping is detailed in Table 4.6. There were 326 proteins identified with 

greater than 2-fold differential expression; 131 were upregulated, the majority of which 

were classically or non-classically secreted (77%) and 186 were downregulated, the 

majority of which were exosomal (51%).  

 

Proteins with potential importance to metastatic progression were also identified by 

comparing the HR-UM group and the combined LR-UM and NCM groups, 142 proteins were 

differentially expressed greater than 2-fold, 65 of which were upregulated and 77 were 

down-regulated. There were 32 exosomal proteins present in this dataset; 15 up-regulated 

and 17 down-regulated.  

 

Table 4.6. The distribution of differentially expressed proteins when assessing UM 

development or metastatic risk 

Comparison Differentially expressed proteins 

Group 1 Group 2 Total Upregulated Downregulated 

HR-UM & LR-
UM 

NCM 326 131 186 

HR-UM NCM & LR-UM 142 65 77 

HR, high risk; LR, low risk; UM, uveal melanoma  
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4.4. Discussion 

All cells release biologically active material into their local environment, and the primary 

effectors of intercellular signalling in mammalian cells are proteins (Lodish et al., 2000). 

Secreted proteins can facilitate cellular communication in autocrine, juxtacrine, paracrine 

and endocrine signalling (Lodish et al., 2000). 

 

It is hypothesised that the proteins in the UM secretome are associated with specific 

intercellular signalling pathways that may be linked with manipulation of the local 

microenvironment and with education of the premetastatic niche. The research herein 

aimed to investigate this through a series of comparative analyses, assessing the 

differences between cultured NCM and primary UM samples, as well as between samples 

from patients at high risk of metastatic progression and patients at lower risk of metastatic 

progression. 

 

To the authors knowledge, this research represents the most comprehensive study of the 

UM secretome to date: of an initial dataset of 1843 proteins identified in all samples with a 

1% FDR cut-off, 758 proteins were confidently identified with 3 or more unique peptides, 

and 539 had predicted secretory pathways (Figure 4.2.). Furthermore, to the authors 

knowledge, this is first study to comparatively analyse secretomes from short-term 2D 

cultures of cells isolated from PUM with that of NCM control cells. 

 

Using a variety of freeware and publicly curated databases, this research demonstrates that 

a large number of proteins in the UM secretome possess predicted secretory mechanisms. 

Furthermore, our work demonstrates that a strikingly large proportion of the proteins in 

the UM secretome have been previously been shown in the literature to be of EV origin 

(Figure 4.2.) (Keerthikumar et al., 2016). Of the 379 proteins identified as secreted via EVs, 
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only 20 were highlighted via interrogation of Exocarta but not through interrogation of GO 

cellular component annotation, suggesting that both methods of prediction are 

appropriate. 

 

The importance of EVs in cancer pathology is gaining increased interest due to their 

pleiotropism through the transfer of biologically-active signalling molecules (Meehan and 

Vella, 2016). Previous research by Eldh et al., investigated the miRNA content of small EVs – 

considered exosomes – isolated from the liver perfusate of patients with MUM (Eldh et al., 

2014). The authors analysed the miRNAs against a panel of 88 cancer-related miRNAs, 

identifying 73 miRNAs in the samples. The authors performed functional analysis of the 

miRNAs and, similar to the research presented in this chapter, identified cancer related 

pathways including melanoma and highlighted focal adhesion and mTOR signalling. 

 

In 2015, Ragusa et al., isolated small EVs – considered exosomes – from the aqueous humor 

of patients with PUM (Ragusa et al., 2015). They identified 179 micro-RNAs, 32 of which 

were differentially expressed between sample groups. Functional enrichment or functional 

studies were not performed on the micro-RNAs identified; however, the authors 

highlighted a role of the candidate micro-RNA mir-146a in immune suppression. 

 

Recently, Surman et al., isolated larger EVs (MVs – termed ectosomes by the authors) from 

the UM cell line Mel202 (Surman et al., 2019). The research identified 949 proteins and 

again, similar to the research presented herein, highlighted processes and functions 

associated with cellular adhesion; including adherens junctions (11.1%), focal adhesion 

(15%), or cadherin-binding activity (11.1%). 
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Of importance in UM is that the protein content of small exosome-like EVs has not been 

studied to date. This forms the principle aims of Chapters 5 and 6, which demonstrate the 

ability to isolate and characterise EVs from UM cell lines and then perform in-depth 

proteomic profiling and functional enrichment on the isolated EVs. 

 

Cell death pathways were monitored throughout our analyses. High association with 

cell-death/apoptosis could suggest that the secretome dataset contains large amounts of 

protein that could be unintentionally released through protein leakage during cell death. 

Analysis of the proteins suggested that, while present, cell death signalling was not 

overrepresented in the dataset. This corroborates with our reported >95% viability of UM 

cells in culture system when assessed by trypan blue staining (Angi et al., 2016). When the 

dataset was filtered to show only proteins with secretory pathways (539 protein dataset), 

cell death and apoptosis processes were both highly represented (Figure 4.5.). However, 

when comparing the secretome of UM samples with NCM, and the HR-UM secretome with 

that of LR-UM, the predicted activation/inhibition of the cell death and apoptosis processes 

was below the cut-off value for differential expression of (z-score ≥2 or ≤-2) (Figure 4.5.). 

When considering the 758 protein dataset, several processes associated with cell death 

were downregulated in UM compared with NCM, and in HR-UM compared with LR-UM (z-

score ≤ -2), while cell viability pathways were upregulated (z score ≥ 2) (Figures 4.10. and 

4.14.). Both resistance to cell death and sustained proliferative signalling were highlighted 

as hallmarks of cancer by Hannahan and Weinberg (Hanahan and Weinberg, 2011). The 

comparative difference between HR-UM and LR-UM could be explained by the relationship 

between proliferation kinetics and clinical outcome. This can be explained by the 

association between higher mitotic count in PUM with higher metastatic risk and mortality 

(Lattman et al., 1995).  
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Cellular component analysis highlighted compartments associated with extracellular and 

vesicular secretion (Table 4.4.). However, cellular components related to the endoplasmic 

reticulum (ER) were dominantly associated. ER stress is known to influence both the 

secretory phenotype (Pluquet, Pourtier and Abbadie, 2015) and the level of EV secretion 

(Keerthikumar et al., 2016). While this could suggest that the serum free culture conditions 

may be affecting the analysis, it has also been demonstrated that ER stress is associated 

with dedifferentiation (Ulianich et al., 2008), a known aspect of tumourigenesis. ER stress is 

also commonly associated with exosome biology and autophagy (Baixauli, López-Otín and 

Mittelbrunn, 2014); in UM, upregulation of the latter has been linked with early metastasis 

and reduced survival (Giatromanolaki et al., 2011). 

 

Throughout these analyses, a similar pattern of canonical signalling pathway activation was 

represented. This pattern included pathways associated with mTOR signalling, 

RhoA/RhoGTPase signalling, actin remodelling, and adhesion molecule signalling (such as 

integrin, paxillin integrin-like-kinase (ILK), ephrin and agrin).  

 

The present analyses identified a consistent recurrence of mTOR and mTOR related 

networks in the pathways associated with the UM secretome (Figures 4.6, 4.7, 4.9 and 

4.16). The mTOR protein (mechanistic target of rapamycin) is a serine/threonine protein 

kinase in the PI3K-related kinase family of proteins and forms the catalytic subunit of two 

protein complexes, MTORC1 (mTOR complex 1) and MTORC2 (mTOR complex 2) (Saxton 

and Sabatini, 2017). MTORC1 plays a role in the promotion of mRNA translation and protein 

synthesis (Saxton and Sabatini, 2017), nucleotide and lipid synthesis (Laplante and Sabatini, 

2009; Valvezan et al., 2017), and the inhibition of protein turnover and autophagy 

(Paquette, El-Houjeiri and Pause, 2018). MTORC2 has reported functions in cell survival and 

reduced apoptosis (Zou et al., 2015), promotion of cell cycle progression (B. W. Chen et al., 
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2015), cytoskeletal remodelling (Jacinto et al., 2004), and cell migration (Li et al., 2012). 

When considering the total secretome, these mTOR pathways were most associated when 

comparing the HR-UM with LR-UM secretomes (Figure 4.16.). 

 

In 2010, Pópulo et al., highlighted extensive activity of the mTOR pathway in UM through 

immunohistochemical analysis of PUM samples (Pópulo et al., 2010). They demonstrated 

phosphorylation of mTOR (Ser2448) in 76% of cases and phosphorylation of the 

downstream targets of MTORC1 signalling S6 (Ser235/S236) and 4EBP1 (Thr37/46) in 43% 

and 76% of cases, respectively. However, they suggested that the phosphorylation of S6 

was lower in UM than in conjunctival melanoma, and that this could be due to increased 

expression of PTEN which downregulates this pathway. Similar research was conducted in 

2014, when Amirouchene-Angelozzi et al., showed the importance of mTORC1 signalling in 

a panel of genetically representative UM cell lines and patient-derived xenografts. They 

demonstrated activation of the mTORC1 pathway at levels similar to cell lines with 

mutations causing constitutive activation of PI3KCA, a kinase upstream of mTORC1. They 

demonstrated reduced tumour burden in vivo in response to MTORC1 inhibition and 

highlighted the potential of therapeutically targeting this pathway in UM (Amirouchene-

Angelozzi et al., 2014). MTORC2 activity has received less attention in UM. In 2012, 

Ho et al., demonstrated the efficacy of a novel ATP-competitive pan-mTOR inhibitor and 

showed effective inhibition of AKT phosphorylation, thought to be through MTORC2 

inhibition (Ho et al., 2012). They also showed inhibition of S6K phosphorylation through 

MTORC1 inhibition. Interestingly, the authors demonstrated time-dependent rescue of AKT 

phosphorylation after MTORC2 inhibition; however, they noted that this was not due to 

ineffective inhibition of MTORC2.  
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RhoGTPases are small GTP (guanosine triphosphate) binding proteins and members of the 

Ras superfamily. Like Ras, Rho cycles between an inactive and active state, dependent on 

GDP (guanosine diphosphate) and GTP binding respectively (Bishop and Hall, 2000). 

Rho GTPase related pathways were highlighted throughout these analyses (Figures 4.6., 

4.7., 4.15., 4.16.) and were among the most differentially expressed pathways between the 

HR-UM and LR-UM secretomes (Figure 4.15.). RhoA signalling is known to be activated 

downstream of the MTORC2 phosphorylation and has also been shown to have a role in 

cancer motility and migration due to its influence on cytoskeletal remodelling (Jacinto et al., 

2004; Gulhati et al., 2011). Both mTOR and RhoA are responsive to multiple, distinct 

incoming signals. It has been demonstrated in UM that RhoA can act downstream of GPCRs 

(such as GNAQ/11) and TRIO, stimulating the nuclear translocation of the YAP/TAZ (Feng et 

al., 2014). YAP/TAZ signalling is involved in cellular response to the mechanical properties 

of the ECM and cell shape/geometry (Dupont et al., 2011). Adding to the complexity of this 

signalling network, YAP nuclear translocation is thought to be promoted by MTORC2 

inhibition of AMOTL2 (Artinian et al., 2015).  

 

In this research, pathways associated with cellular adhesion were also highly associated and 

differentially expressed between groups. Integrin, paxillin and agrin signalling were among 

the most upregulated pathways in the UM secretome compared with NCM secretome 

(Figure 4.12.). Integrin, ILK, ephrin and agrin signalling were among the most upregulated 

pathways in the HR-UM secretome compared with the LR-UM secretome (Figure 4.15.). 

 

Integrins are evolutionarily conserved cell adhesion receptors that act as functional links 

between the ECM and the cytoskeleton (Johnson et al., 2009; Barczyk, Carracedo and 

Gullberg, 2010). Their role in cancer and the implications of targeting them therapeutically 

were extensively review by Desgrosellier and Cheresh in 2010 (Desgrosellier and Cheresh, 
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2010), where the authors highlighted the role of integrins in metastatic progression of 

several types of cancer. Elshaw et al., investigated the involvement of integrins in the 

invasive potential of UM and ocular melanocytes (Elshaw et al., 2001). The laminin binding 

integrins α6β1 were expressed in epithelioid cell UM, yet not in NCM or in those UM with 

spindle morphology, suggesting the presence of these integrins may be indicative of a 

worse prognosis and invasive potential (Elshaw et al., 2001). The integrin composition of 

EVs secreted from tumours is thought to influence organotropic metastasis, as 

demonstrated by (Hoshino et al., 2015). The authors highlighted the presence of several 

integrins on EVs secreted by MUM cells; namely, integrins α1, 2, 3, 4, 6 and V, and β1, 3 and 

5. Moreover, they suggested that integrins αV and β5, both found on MUM EVs, allowed 

preferential binding to Kupffer cells, mediating liver tropism. Herein, the integrins αV, α3 

and β1 were identified in the UM and NCM secretomes. All three were significantly 

upregulated in UM compared with NCM and integrin αV was upregulated in HR-UM 

compared with LR-UM. 

 

Paxillin is thought to be involved in regulation of Rho GTPase signalling and actin 

remodelling (Chen et al., 2005), while agrin is a laminin-binding protein that promotes YAP 

nuclear translocation and HIPPO-pathway signalling, facilitating YAP-regulated 

mechanotransduction in response to changes in the ECM (Chakraborty et al., 2017). Paxillin 

was not identified in the dataset. Agrin was identified and significantly upregulated in UM 

compared with NCM more than 8-fold (p < 0.05; 2-tailed Mann-Whitney U) but was not 

differentially expressed between HR-UM and LR-UM. 

 

Collectively, the mTOR and Rho GTPase signalling, actin dynamics, and adhesion signalling 

all link with the cell’s reciprocal relationship to its surrounding ECM (Boyle and Samuel, 

2016). Remodelling of the actin cytoskeleton in response to external mechanical stimuli is 
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governed by a complex feedback loop involving Rho GTPase signalling, integrins and cell 

adhesion dynamics among other processes associated with mTOR signalling (Boyle and 

Samuel, 2016). Highly invasive UM cells are known to generate multiple ECM products, such 

as laminin (Chen et al., 2001), collagen IV (Hao et al., 2003), collagen VI (Daniels et al., 

1996), and fibronectin (Lin et al., 2005). 

 

Manipulation of the ECM in UM is also associated with a process termed vasculogenic 

mimicry, a known prognostic factor in UM (Folberg et al., 1992). ECM remodelling is known 

to occur in other cancers and fibrotic diseases and can aid tumourigenesis, progression and 

metastasis (Cox and Erler, 2011; Pickup, Mouw and Weaver, 2014) . Butcher et al., reviewed 

the effect of ECM stiffness on cellular mechanoreciprocity in breast cancer, reporting that a 

stiffer matrix conferred increased proliferation and favoured cell-cell junction and polarity 

disruption (Butcher, Alliston and Weaver, 2009). Breast cancer cells have been shown to 

generate a desmoplastic microenvironment and ‘stiffer’ ECM in both the tumour and the 

surrounding cells (Acerbi et al., 2015), which has been linked to increased metastatic 

potential (Provenzano et al., 2008). Interestingly, higher numbers of infiltrating 

macrophages, which is a known indicator of worse UM prognosis (Mäkitie et al., 2001), has 

also been shown to correlate with increased ECM ‘stiffness’ in breast cancer (Acerbi et al., 

2015). In our analysis, leukocyte extravasation signalling was upregulated in HR-UM 

compared with LR-UM; aberrant leukocyte infiltration has been shown to be a direct trigger 

for breast tumour invasion and metastasis (Man, 2010). 

 

Previous data in Chapter 3 demonstrated extensive ECM deposition in conjunction with 

hepatic MUM and showed association between peritumoural ECM deposition and αSMA 

positive cells at that site, indicative of HSC activity. In this chapter, functional enrichment 

and pathway analysis suggested an upregulation in ‘Hepatic fibrosis/HSC activation’ 
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signalling in UM compared with NCM and in HR-UM compared with LR-UM. Furthermore, 

pathways governing cell proliferation of fibroblasts and movement of fibroblasts also 

demonstrated upregulation in HR-UM compared with LR-UM, further qualifying the 

importance of hepatic myofibroblast activation. Upon investigation of the proteins which 

overlapped between our dataset and known proteins in the pathway, 4/28 were predicted 

to be exosomal. These were intercellular adhesion molecule 1 (ICAM1) and three 

subcomponents of the myosin complex, myosin heavy chain 9 (MYH9), heavy chain 10 

(MYH10) and light chain 6 (MYL6). ICAM1 was more than 3-fold higher in the secretome of 

UM cells compared with NCM cultures (p < 0.01; 2-tailed Mann Whitney U). MYH10 was 

almost three-fold lower in UM than in NCM (p < 0.01, 2- tailed Mann Whitney U), MYH9 

and MYL6 were not significantly different between groups. This presented an exciting 

prospect for a role of ICAM1 in the regulation and formation of the ‘pre-metastatic niche’ 

via exosomes, as the liver is the main site of metastatic spread in UM, presenting in 

approximately 90% of cases (Damato, 2010). Interestingly, however, the data suggest that 

the majority of the overlapping proteins were “products” of ‘Hepatic fibrosis/HSC 

activation’ rather than initiating factors. Figure 2.4.1 shows that the majority of the 

proteins overlapping with the ‘Hepatic fibrosis/HSC activation’ pathway are actually 

proteins known to be synthesised by activated HSCs (Figure 2.18).
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Figure 4.17. (A) Schematic of the early signalling events in hepatic fibrosis/HSC activation signalling pathway with protein present in the UM-NCM 

comparison dataset highlighted in yellow. Adapted from Ingenuity, Qiagen. 

 

     
 

 

 

 
 

 
  

  
  

 
 

  

 



177 
 

 

Figure 4.17. (B) Schematic of the signalling pathways in activated HSCs with protein present in the UM-NCM comparison dataset highlighted in 

yellow. Adapted from Ingenuity, Qiagen. 
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This highlights that the ability of UM cells to colonise the liver may be due to their 

production of and adhesion to similar ECM components and/or their ability to influence the 

behaviour of resident HSCs in the metastatic niche. It is worth noting here that during the 

culture of the PUM, cells were characterised to ensure that the majority displayed a 

melanocytic phenotype; however, it remains possible that other cell types were also 

present (Angi et al., 2016). As tumour associated fibroblasts may be contained in the 

culture, their deposition of ECM products could affect the secretome profile and therefore 

the associated signalling through functional enrichment. While the impact of unwanted 

fibroblasts in the culture should be limited due to their limited representation therein, the 

possibility of their presence suggests that future research employing a similar model could 

benefit from further validation of the cellular content of the cultures. 

 

Previous research into proteins secreted by UM cells have highlighted several proteins 

involved in inflammation, fibrosis and modulation of the ECM. The secretion of multiple 

factors associated with inflammation, and fibrosis were previously described by (Enzmann 

et al., 1998). The authors demonstrated the presence of TGFβ-1, FGF2, and interleukins 6, 8 

and 10. Interestingly these cytokines were not highlighted in our dataset; however, TGFβ-1 

is known as a potent activator of fibroblasts during cancer and can promote cell migration, 

actin dynamics, adhesion and ECM modulation, all processes frequently highlighted in this 

research. Cools-Lartigue et al., demonstrated that hepatocyte growth factor (HGF) and 

vascular endothelial growth factor (VEGF) are secreted by UM cells and their release was 

upregulated during 2D culture with monocyte conditioned media (Cools-Lartigue et al., 

2005). While neither were highlighted in this dataset, the hepatocyte growth factor 

receptor MET was identified and shown to be two-fold higher in HR-UM compared with 

both LR-UM and NCM, though not significantly (p > 0.05). Väisänen et al., demonstrated the 

secretion of MMP-2 by UM cells and correlated this with significantly reduced 5-year 
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survival (Väisänen et al., 1999). MMP-2 was demonstrated in this dataset; however, the 

levels were lower in UM compared with NCM and similar in HR-UM and LR-UM. MMP-1 and 

MMP-14 were also expressed in our dataset but were not differentially expressed between 

groups. In 2000, (Repp et al., 2000)highlighted macrophage inhibitory factor (MIF) in the 

secretome of a panel of UM cell lines. MIF was shown to protect UM cells from cytolysis by 

(natural killer) NK lymphocytes. Herein, MIF was demonstrated in the secretome of PUM 

samples and was more than two-fold higher in HR-UM than in LR-UM (p = 0.002); however, 

MIF was lower in UM than in NCM, though not significantly. In 2007, Pardo et al., 

investigated the proteomic profile of the secretome of UM cell lines (Pardo et al., 2007), 

highlighting an abundance of proteins linked with adhesion, migration and modulation of 

the ECM. The authors suggested that the proteins cathepsin D, syntenin and gp100 

represented potential biomarkers of UM metastatic potential gp100 was identified in the 

current study as PMEL. In contrast to the results presented by Pardo et al., PMEL was over 

four-fold lower in the UM secretome than that of NCM cultures (p < 0.01); furthermore, it 

was not significantly different between UM metastatic risk groups. Cathepsin-D was 

identified herein but was not significantly different between groups. Syntenin was not 

identified in the secretomes analysed. 

 

It should be considered when evaluating the results of these analyses that the methods 

used to predict the secretory mechanisms of the proteins have inherent limitations. In this 

research, SignalP was used to interrogate 758 proteins for classical prediction. The reported 

accuracy of the SignalP prediction software is 93%. While better than the reported accuracy 

rate of most other freeware designed for this purpose (Bendtsen, Nielsen, et al., 2004), this 

corresponds to a possible 53 proteins with incorrect associated predictions. SecretomeP 

boasts a false positive rate <5%; however, its sensitivity is only 40% (Bendtsen, Jensen, et 
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al., 2004). This could be due to the limited training protein dataset for the software 

containing only 13 proteins that are known to be non-classically secreted. SecretomeP was 

also assessed on the total proteome with proteins harbouring transmembrane sequences 

removed, as proteins with transmembrane sequences are known to be secreted via EV 

secretion. Further predictions were made employing exocarta for proteins secreted via 

exosomal release. Exocarta is a manually created database, compiling proteins 

experimentally observed in exosomes; this could, therefore, include falsely identified 

exosomal proteins. Of note, there are no UM studies or studies in ocular melanocytes 

included in the Exocarta database to date. Proteins predicted to be secreted via exosomes 

in the UM and NCM samples could, therefore, be proteins that have not previously been 

identified as exosomal.  

 

Alongside the methods used for the prediction of secretory mechanisms, there are 

limitations to pathway/functional enrichment analysis. The majority of functional 

enrichment tools employ existing databases (e.g. gene ontology [GO]), which limits the 

identification of associated functions and pathways to those previously examined in the 

literature. Furthermore, for a given organism with a fully sequenced genome, only a subset 

of the sequenced genes is functionally annotated and, therefore, contributed to the 

existing pathway modules (King et al., 2003). This is further compounded by the assumption 

that the annotations for any given protein are complete; annotations are often manually 

curated (Gene Ontology Consortium et al., 2013) and in any advancing field of research, 

annotation may not always be complete. A given gene may also give rise to multiple 

products through alternate splicing: these products may be non-functional, possess varied 

functions or even have opposing functions (Graveley, 2001). When considering the final 

protein product through analysis of peptide fragments, these splice variants and any single 

nucleotide polymorphisms in the gene may not be detected, and a protein’s functionality 
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may be assumed to be normal. The protein produced may also possess multiple functions 

depending on subcellular localisation, activation status (e.g. phosphorylation) (Cohen, 

2000), and other post-translational modifications. Recently it was reported that, on a total 

proteome of 530,264 proteins, 87,308 post-translational modifications have been 

experimentally identified and 234,938 modifications were predicted through similarities in 

potential/probable modification sites (Khoury, Baliban and Floudas, 2011), highlighting that 

while an identified protein may be present in the sample, its activity in situ cannot be 

confirmed through this method. 

 

Another primary limitation to this analytical approach is the inherent assumption that each 

pathway is an isolated unit or module. While this approach allows the simplification of the 

research question and can be applied in several situations where the pathway is spatially or 

chemically isolated (Hartwell et al., 1999), it is widely accepted that biological signalling acts 

as an integrated network with all pathways directly or indirectly linked through multiple 

signalling mechanisms (García-Campos, Espinal-Enríquez and Hernández-Lemus, 2015).  

 

Functional validation of the major pathways highlighted in the proteomic analyses of the 

UM secretome could be achieved by inhibition of major components of those pathways. 

Amirouchene-Angelozzi et al., previously demonstrated that inhibition of mTOR with the 

small molecule everolimus could induce apoptosis in UM cell lines and inhibit tumour 

growth in patient derived xenografts (Amirouchene-Angelozzi et al., 2016). However, 

everolimus is a selective MTORC1 inhibitor. As our results show increased RhoA signalling 

and pathways associated with motility and migration, it may be more beneficial to inhibit 

MTORC2 or both mTOR complexes concurrently similar to (Ho et al., 2012). mTOR 

pathways, as well as RhoA signalling could be inhibited through small molecule, peptide or 

knock down models of UM and metastatic traits could be assessed; these could include 
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proliferation, migration or invasion in in vitro models, or the rate/level of metastatic 

progression and tumour growth in animal models. Similar work has previously employed 

pan-mTOR inhibitors and knockdown models (Pópulo et al., 2010); however, this was in a 

limited number of different cell lines and could be expanded upon. Knockdown models of 

RhoA have highlighted it as a possible therapeutic target, demonstrating reduced 

proliferation and increased apoptosis in an in vitro lung cancer model (Liu et al., 2017), and 

suppressed tumour cell viability, migration, invasion and adhesion of ovarian cancer cells in 

vitro and reduced tumorigenicity in nude mice (Xiaoxia Wang et al., 2015). Conversely, 

RhoA knockdown in breast cancer has been shown to have no effect on primary tumour 

formation or proliferation, yet it increased lymph node invasion and metastatic spread 

(Kalpana et al., 2019). 

 

 Comparative analysis of ECM produced by the PUM, in the liver during non-MUM fibrosis 

and during MUM-associated fibrosis could reveal insights into similarities between PUM 

and the metastatic niche. This could help improve our understand of the propensity of UM 

to metastasise to the liver and/or the chronologic relationship between liver fibrosis and 

MUM, similar to previous work in colorectal cancer (Kondo et al., 2016). UM-induced ECM 

changes in the PUM could also be compared between groups with different metastatic risk. 

It has previously been shown in neuroblastoma that a group of patients at ‘ultra-high-risk’ 

of tumour progression and reduced survival exists within a high-risk patient cohort and that 

this can be defined by identifying differential composition of the tumour ECM (Tadeo et al., 

2016).  

 

Herein, cadaver derived NCMs and primary UM cells were cultured in a 2D model. It has 

been suggested that 3D culture systems are more representative of cells in situ (Abbott, 

2003) and can influence some of the pathways highlighted in the analyses, such as Rho 
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GTPase signalling (Ridley, 2015), mTOR-S6K signalling (Riedl et al., 2016), fibroblast 

signalling (Green and Yamada, 2007) and integrin signalling (Yamada, Pankov and 

Cukierman, 2003). While the results herein represent UM biology previously reported in the 

literature, and correspond to UM signalling pathways described in vivo (Feng et al., 2014) 

and in patient-derived xenografts (Decaudin et al., 2018), future studies may seek to 

examine how the UM secretome differs between 2D and 3D culture. 

 

To limit the identification of exogenous proteins from bovine serum, a common additive in 

cell culture, the culture of UM and NCM cells in this research was performed in serum-free 

conditions prior to media collection. While this should limit erroneous results due to 

contaminating bovine proteins, serum levels in cell culture can alter the cells secretory 

profile (Nonnis et al., 2016). Future studies could consider alternative methods of culture 

such as SILAC, in which the cells are cultured in media containing amino acids labelled with 

stable isotopes (Ong et al., 2002). The cells incorporate the “heavy” amino acids into 

biosynthesised proteins, making them distinguishable from exogenous serum proteins by 

mass spectrometry. 

 

In this research we were able to compare groups due to multiple samples of each disease 

state; however, sample distribution may cause bias in the study as the numbers for NCM, 

LR-UM and HR-UM were 5, 4 and 10 samples, respectively. Within the UM group more than 

double the number of samples were HR-UM compared with LR-UM. While the repetition in 

signalling pathways and biofunctions between the UM versus NCM comparison and the HR-

UM versus LR-UM comparison may denote similar differences in physiology and pathology 

with increasing disease state, it suggests that these pathways or functions may be 

upregulated in those samples at higher risk of metastatic disease compared with both low 

risk and normal samples. Whilst this could cause some bias in the results, the highest 
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possible number of samples were included in order to increase the power of the analysis. 

As HR-UM tumours tend to be larger, samples from these tumours are more readily 

available for research purposes. 

 

Whilst the methods employed in this chapter may have associated limitations, these are 

heavily outweighed by the consistency in results throughout this research and the 

correspondence of these results with similar reports in the UM literature and with other 

chapters of this thesis. 

 

4.5. Conclusion 

The research herein confirmed the hypothesis that the UM secretome contains proteins 

associated with a more malignant phenotype when compared with NCM, highlighting 

upregulations in pathways and functions associated with cell motility, migration and 

invasion. Furthermore, it suggests a possible role of the Rho GTPase and mTOR signalling 

axes in UM pathology. It suggests that the PUM secretome contains proteins associated 

with enhanced ECM deposition, and that the signalling pathway involved in this ECM 

production is similar to that of activated HSCs. The analysis also suggests that a potentially 

large amount of the UM proteomic secretome is generated through the release of EVs such 

as exosomes, suggesting that they may play a fundamental role in UM progression.  

 

While the results presented correspond with previous reports, additional functional studies 

are required to validate these findings in in vitro and in vivo models and to assess the 

involvement of proteins in the UM secretome in the signalling pathways which promote 

local and metastatic progression of UM. 
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5.  CHAPTER 5: ISOLATION AND CHARACTERISATION OF EXTRACELLULAR VESICLES 

FROM UM CELL LINES 

5.1. Introduction 

Chapter 4 identified a large proportion of the UM protein secretome as being secreted via 

exosomes. UM EVs, described as exosomes, have previously been isolated from liver 

perfusate and the vitreous humor of UM patients (Eldh et al., 2014; Ragusa et al., 2015) by 

UC. Their analyses focused on the microRNA content of UM exosomes and, to our 

knowledge, no study to date has performed in-depth proteomic analysis on small 

exosome-like EVs released by UM cells.  

 

The first paper investigating UM EVs was published in 2014 by Eldh et al., and described 

small exosome-like EVs isolated from local liver perfusates in patients with MUM (Eldh et 

al., 2014). The authors isolated the EVs from plasma, obtained from both the liver perfusate 

and peripheral heparinised blood of patients with MUM. EVs were isolated by differential 

UC, at 400 × g for 10 minutes, followed by a second centrifugation at 1880 × g for 10 

minutes. The purified blood plasma was then centrifuged at 29 500 × g for 20 minutes to 

remove remaining cells and cell debris. The supernatant was filtered through a 0.2 μm filter 

to remove particles larger than 200 nm. EVs were pelleted from the purified blood plasma 

by ultracentrifugation at 120 000 × g for 90 minutes and characterised. 

 

 The EVs were assessed by transmission electron microscopy (TEM) and shown to be 

approximately 50 nm in diameter and positive for cluster differentiation 63 (CD63) by 

immune-gold labelling, and CD63, CD9 and CD81 by flow cytometry following 

immunoprecipitation on anti-CD63 coated latex beads. EVs were considered of UM origin 

due to positivity for Melan-A when assessed by western blot.  
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In 2015, Ragusa et al., isolated small EVs – considered exosomes – from the aqueous humor 

and serum of patients with PUM (Ragusa et al., 2015). Small EVs were isolated by 

differential centrifugation, filtration and subsequent UC. Serum was isolated after whole 

blood was left to stand for 30 minutes at 20°C before being centrifuged at 3000 rpm for 15 

minutes at 4°C.The vitreous humor or serum was centrifuged at 300 g to pellet cell debris, 

and then at 16500 g for 30 minutes, followed by filtration through a 0.2 μm filter. The final 

supernatant was UC at 120,000 g for 70 minutes to pellet the small EVs. The EVs had a 

diameter of 100 nm when measured by dynamic light scattering and showed presentation 

of CD9, CD63 and CD81 by flow cytometry following adsorption onto aldehyde/sulphate 

latex beads. A cohort of 179 miRNAs were detected in the vitreous humour derived EVs 

from a TaqMan low-density array of 754 miRNAs profiled. The authors identified miRNAs 

146a, 21, 34a and 618 as significantly differentially expressed between the EVs isolated 

from healthy control patients and patients with UM. They suggested that exosomal 

mir-146a in patient serum could act as a diagnostic biomarker of UM and possibly 

discriminate between UM and cutaneous melanoma. 

 

Recently in 2019, Surman et al., isolated larger EVs – described as ectosomes – from the 

UM cell line Mel202 (Surman et al., 2019). EVs were isolated by differential UC from cell 

culture media. Growth conditioned media was centrifuged sequentially at 400 ×g for 

5 minutes, 4000 ×g for 20 min and 7000 ×g for 20 min all at 4 °C. With each spin, cells and 

cellular debris were pelleted and discarded. Supernatants were collected for ectosome 

isolation and centrifuged at 18,000 ×g for 20 min at 4 °C. Pelleted EVs resuspended in ice 

cold PBS. EVs were characterised for morphology, size and purity by TEM. Size analysis of 

electron micrographs determined a mean vesicle diameter of 317 nm.  
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The research by Eldh et al., Ragusa et al., and Surman et al., demonstrate the ability to 

isolate and characterise small and large UM EVs from various biological fluids of patients 

with UM and from cell cultures. The research herein aimed to isolate and characterise small 

exosome-like EVs. While several methods exist for the enrichment of small exosome-like 

EVs (detailed in Chapter 1), many of these methods focus on the identification and analysis 

of nucleic acids housed in the isolated EVs. The method herein was chosen with a view to 

the downstream proteomic analysis of the UM EVs isolated. After considering the extent at 

which the pros and cons of each method would affect these downstream analyses (Table 

1.1.), UC was chosen as the most appropriate technique for the enrichment of small 

exosome-like EVs from the UM secretome for in-depth proteomic analysis. UC would 

isolate EVs with reduced protein contamination compared with PP and would allow the 

highest likelihood of encompassing all exosome subtypes in contrast with methods like 

immune-affinity capture.  

 

This chapter aimed to isolate small exosome-like EVs from UM cell lines and to characterise 

these samples by size, morphology and protein presentation. For the characterisation of EV 

samples, nanoparticle tracking analysis was employed for the analysis of particle size 

distribution and as a measure of sample purity; transmission electron microscopy was used 

to identify small exosome-like EVs by their characteristic ‘cup-shaped’ morphology; western 

blotting was employed to assess the presence and absence of ‘canonical exosomal markers’ 

and cellular contaminants respectively. 
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5.2. Materials and Methods 

5.2.1. Culture of uveal melanoma cells and collection of conditioned media 

UM cell lines (92.1, Mel270, MP41, OMM1, OMM2.3, OMM2.5) were cultured according to 

methods Chapter section 2.1. and the conditioned culture media was collected for EV 

isolation. 

 

5.2.2. Isolation of uveal melanoma extracellular vesicles 

UM EVs were isolated with an UC protocol, performed as described in Chapter section 2.10.  

 

5.2.3. Size distribution analysis of uveal melanoma extracellular vesicles by 

nanoparticle tracking analysis  

NTA was performed on the collected UM culture media according to the protocol described 

in methods sections 2.11. This was also conducted for aliquots of “pre-UC conditioned 

media”, for comparison of size distribution with the corresponding EV isolation. 

 

5.2.4. Morphology characterisation of uveal melanoma extracellular vesicles 

by transmission electron microscopy 

For the visualisation of single UM EVs, samples were subjected to transmission electron 

microscopy, performed as described in methods section 2.12. 
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5.2.1. Characterisation of uveal melanoma extracellular vesicle proteins by  

western blot 

Western blotting of UM cell lines and isolated UM EVs was performed as described in 

methods section 2.13. Primary antibody suppliers and concentrations are detailed in Table 

5.1.  
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Table 5.1. Antibody concentrations and suppliers for use in western blotting 

Target Dilution factor Supplier Product code 

HSP90 – 90 kDa 1:200 Santa Cruz, US SC-13119  

CANX – 67 kDa 1:1000 Santa Cruz, US SC-130059 

ANXA2 – 32 kDa 1:200 Santa Cruz, US SC-28385 

CD81 – 22 kDa 1:200 Santa Cruz, US SC-166029 

CD63 – 24 kDa 1:200 Santa Cruz, US sc-5275 
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5.3. Results 

5.3.1. Size distribution and concentration of enriched EVs 

UM cell line secretomes were analysed with nanoparticle tracking analysis software before 

and after the enrichment of EVs (Figure 5.1.). Prior to UC the samples showed relative 

heterogeneity in diameter; however, the modal peak of each sample was within the size 

range of exosomes. After UC the heterogeneity was markedly reduced and the area under 

the curve minimised, suggesting an increase in purity. The modal peaks for EVs enriched 

from each UM cell line was between 80 – 100 nm diameter, suggesting the protocol was 

effective at enriching small exosome-like EVs.
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Figure 5.1. Representative nanoparticle tracking analysis size distribution profiles of cell culture supernatant before and after ultracentrifugation 

for the enrichment of uveal melanoma cell line extracellular vesicles. Figures show representative profiles from three biological replicates, each 

with five repeated measurements.

 Uveal Melanoma cell line 

 92.1 Mel270 OMM1 OMM2.3 OMM2.3 

Before UC 

    

 

After UC 

    

 

Post-UC 
concentration 
(mL-1) 

1.33 x10 9  

+/- 4.61 x10 7 

7.4 x10 8 

+/- 1.50 x10 7 
3.26 x10 8  

+/- 9.64 x10 7 
2.21 x10 9  

+/- 6.10 x10 7 
2.76 x10 9  

+/- 5.20 x10 7 
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5.3.2. Morphology and purity of enriched EVs 

TEM of enriched small EVs from UM cells showed vesicles with a recognisable “cup-shape”, 

characteristic of exosomes (Figure 5.2.). The isolated EVs had a size similar to that 

highlighted by the modal peak of the NTA size distribution graphs (Figure 5.1.). The small 

EVs enriched were consistent with both the size and morphology reported for exosomes, 

and there was a minimal number of other structures (such as organelles or cellular debris) 

visible on the electron micrographs (Figure 5.2.). 
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92.1 Mel270 OMM1 OMM2.3 OMM2.3 

     

     

     

Figure 5.2. Transmission electron microscopy of enriched extracellular vesicles for a panel of uveal melanoma cell lines shows standard “cup” 

morphology of exosomes. Representative images of two biological replicates, repeated twice for each cell line are shown in rows one and two at 

200,000x magnification. The third row displays a wide-field view of vesicles for sample purity at 40,000x magnification.  
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5.3.3. Protein markers in EVs and sample purity 

Whole cell lysates and EV lysates from each UM cell line were subjected to SDS-PAGE and 

western blotting under denaturing and reducing conditions. They were probed with 

antibodies for known exosomal proteins (CD63, CD81, ANXA2, HSP90) and proteins that 

should be absent in EV isolates (CANX). The resultant blots are shown in Figure 5.3. 

 

HSP90 was present in all UM cell lysates and was demonstrated in the EV lysates of 92.1. 

Mel270 and OMM2.5 cell lines yet was absent in OMM1 and OMM2.3 EV lysates. ANXA2 

was present in all UM cell and EV lysates. CD81 demonstrated limited expression in UM 

cellular lysates but increased expression in matching EV lysates, CD81 was present in 

OMM1 and OMM2.3 EV lysates at low but visible levels similar to the corresponding cell 

lysates. CANX was present in all UM cell lysates and at lower levels in the EV lysates of 92.1, 

Mel270 and OMM1. CANX was absent in the OMM2.3 EV lysate and was expressed at 

similar levels to the cellular lysate in OMM2.5 cells. CD63 was expressed at varying levels in 

UM cell lysates. CD63 was consistently difficult to identify by western blot in UM cell lines 

and was not visible in 92.1 or Mel270 EVs across repeated measures and so was not 

performed in other UM EVs. 
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 92.1 Mel270 OMM1 OMM2.3 OMM2.5 

 CL EV CL EV CL EV CL EV CL EV 

CD63 –  
Expected 24 kDa 
Observed ~63 kDa 

        

CD81 – 22 kDa 

     

ANXA2 – 32 kDa 

     

HSP90 – 90 kDa 

     

CANX – 67 kDa 

     

Figure 5.3. Western blotting of proteins commonly enriched in exosomes (CD81, HSP90 and ANXA2) and a negative control protein reported as 

absent in exosomes (CANX) in cell lysates (CL) and extracellular vesicle lysates (EV) of uveal melanoma cell lines. Cell lines were all loaded at 10 µg 

per lane; extracellular vesicle loading was standardised by the number of vesicles lysed, at 1 x108 EVs per lane. CD63 blots of 92.1 and Mel270 are 

representative of n = 5; remaining CD63 blots represent n = 3; all other blots were performed only once n = 1. 

ANXA2, annexin A2; CANX, calnexin; CD, cluster differentiation; CL, whole cell lysate; EV, extracellular vesicles lysate; HSP90, heat shock protein 90;  

NP, not performed. 

NP NP NP 
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5.4. Discussion 

This chapter hypothesised that EVs could be isolated from the conditioned culture media of 

UM cells grown in short-term 2D culture and that techniques could be employed to select 

for the enrichment of small exosome-like EVs. This chapter aimed to employ a well-defined 

UC protocol previously shown to isolate small exosome-like EVs from conditioned culture 

media of UM cells and other cancer cells. The research aimed to characterise these EVs by 

their size distribution through NTA, their morphology through TEM imaging and their 

protein presentation through western blotting. Through these methods, this chapter aimed 

to demonstrate the presence of small exosome-like EVs in the cultured media of UM cells, 

with characteristics previously described in the literature as pertaining to exosomes. 

 

Several recent papers have compared techniques for the enrichment of exosomes; often 

these comparisons focus on exosomal RNA purity/quantity (Taylor, Zacharias and Gercel-

Taylor, 2011; Helwa et al., 2017; Tang et al., 2017) and few have focused on proteomic 

content (Pisitkun, Shen and Knepper, 2004; Tauro et al., 2012). Herein, the choice and 

optimisation of isolation technique focused on reduced protein contamination while 

encompassing the total small exosome-like EV population. UC was chosen as the most 

appropriate method for the isolation of small exosome-like EVs when considering the 

application of downstream proteomic analysis to the resultant sample. UC represents the 

most commonly employed technique for the isolation of exosomes (P. Li et al., 2017) and 

has previously been demonstrated to enrich small exosome-like EVs from UM samples 

(Eldh et al., 2014; Ragusa et al., 2015). While PP has been shown to produce a higher yield 

of RNA-containing small exosome-like EVs, UC was shown to present fewer contaminating 

proteins (Tang et al., 2017). Furthermore, it has been shown that, after pelleting small 

exosome-like EVs by UC, resuspension in large amounts of PBS prior to another final UC 
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step can “wash” the sample, reducing any protein contaminants (Théry et al., 2006); hence, 

this was employed here. 

 

It should be considered, however, that UC protocols pellet EVs of similar densities and it 

has been demonstrated that multiple EV subpopulations have overlapping buoyant 

densities. Though characterisation suggests small exosome-like EVs, these samples are 

likely to contain heterogenous populations (Kowal et al., 2016). A sucrose cushion/gradient 

can be applied to increase the purity of EVs, further eliminating contaminants with 

different buoyant densities (Van Deun et al., 2014); however, in my hands this greatly 

reduced EV yield and a PBS wash step was deemed sufficient.  

 

The EVs in this research demonstrated a size distribution indicative of exosomes (Figure 

5.1.). Literature definitions for the size of exosomes differ from suggestions of 20–80 nm 

(Muller et al., 2014) to those stating 30–200 nm (Garcia-Contreras et al., 2017). The sizing 

of exosomes is complicated by the fact that most techniques for their isolation do little to 

differentiate between EV subgroups (Kowal et al., 2016). Therefore, it is well known that 

available isolation techniques yield heterogenous EV samples (Kowal et al., 2016). 

 

Exosomes are suggested to have a characteristic “cup-shape” morphology when visualised 

by TEM (Lobb et al., 2015). This is thought to be a consequence of the dehydration process 

and is not seen in methods where the samples remain hydrated (P. Li et al., 2017). The 

“cup-shape” morphology can be seen in the EV TEM images (Figure 5.2.) and further 

qualifies that our samples contain enriched exosome-like small EVs. The change in 

morphology due to dehydration could affect size determination when visualising exosomes 

by TEM; therefore, in this research TEM was used simply for confirming “cup-shape” 

morphology as a characteristic indicator of exosome-like small EVs. 
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While the UM EV isolates demonstrated the presence of previously reported ‘exosome 

markers’ CD81, ANXA2 and HSP90, they were positive for the “negative marker” CANX, and 

these proteins were at varying levels (Figure 5.3.). Furthermore, the frequently described 

marker CD63 was difficult to demonstrate in UM cells and was not present in the EV 

samples tested. The most likely explanation for these results could be the varied protein 

expression in uveal melanocytes and UM cells compared with previously investigated cells 

in the literature. To my knowledge, the protein content of UM exosomes has not yet been 

published. It has previously been demonstrated that populations of EVs devoid of such 

‘canonical’ markers exist (Bobrie et al., 2012; Kowal et al., 2016) and that the levels of these 

proteins and the level of their enrichment vary drastically between cell lines (Yoshioka et 

al., 2013). Calnexin is considered a marker of endoplasmic reticulin due to its role as a 

chaperone in the protein folding process (Williams, 2006); however, it has been shown that 

calnexin can be found at the cell surface membrane due to continuous changes in its 

localisation for its lysosomal degradation or recycling (Okazaki et al., 2000). Due to these 

subcellular locations, the presence of calnexin in the isolated EVs is likely to indicate 

heterogenous populations of EVs in the samples, through the release of cell surface 

microvesicles (Haraszti et al., 2016) or the release or subcellular organelles such as the ER in 

apoptotic bodies during apoptosis (Tucher et al., 2018). Furthermore, Lotvall et al., 

suggested that research engaging in the study of exosomes should be able to show the 

enrichment of ‘exosomal’ proteins and the negative enrichment of ‘non-exosomal’ proteins 

when compared with lysates of the cell of origin (Lötvall et al., 2014). However, the protein 

levels in the EV samples isolated herein were not detectable by common protein 

quantification methods, and so loading was standardised by vesicle number based on the 

size distribution and quantification data achieved by NTA. Therefore, it was not possible to 

appropriately demonstrate the enrichment of these proteins. Regardless, the size 
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distribution and morphology of the EVs, along with the presence of known exosomal 

proteins was deemed sufficient to consider the isolation of small exosome like EVs 

successful. The presence, absence and composition of the protein presentation in EV 

samples is likely to be specific to the cell type and the enrichment technique employed 

(Hessvik and Llorente, 2018). Further research is required to define specific markers of UM 

EV subpopulations.  

 

It has been suggested that UC co-enriches low density lipoproteins (LDLs) due to similar 

buoyant densities (Sódar et al., 2016). The buoyant density of exosomes ranges between 

1.23–1.16 g/L (Théry et al., 2006), while for LDLs it is between 1.019–1.063 (Feingold and 

Grunfeld, 2000). The errant inclusion of these lipoproteins in the dataset could influence 

certain downstream analyses such as any proteomic interrogation. LDLs have a reported 

diameter of 22 – 27.9 nm (Campos et al., 1992). While NTA provided no evidence for LDLs 

in the size distribution of the isolated EVs (Figure 5.1.), this could be influenced by the 

lower limit of detection of the Nanosight NS300™, which is approximately 30 nm (Filipe, 

Hawe and Jiskoot, 2010). However, particles in this size range were not visible when 

samples were imaged with TEM (Figure 5.2.). Interestingly, LDL recycling and transport 

pathways are similar to those of exosomal biogenesis; both involving clathrin-mediated 

endocytosis and endosomal processing (Bissig and Gruenberg, 2013). In future research, 

the presence of LDLs in the isolated EVs could be assessed through western blot for LDL 

markers such as apolipoprotein B-100 (Zhang et al., 2008), in order to limit any possible 

contamination and effects on functional enrichment. Apolipoprotein E was the only LDL 

identified in the dataset and demonstrated reasonable abundance (240th ranked 

abundance); however, it showed no significant difference between subgroups and so its 

impact on the analysis should be limited. 
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Small exosome-like EVs have previously been isolated in UM models; however, the focus of 

the downstream analysis was different to the research in this thesis. Eldh et al., and Ragusa 

et al., previously investigated the levels of micro-RNA in the small exosome-like EVs 

enriched from isolated liver circulation of patients with MUM and the vitreous humor of 

patients with PUM, respectively (Eldh et al., 2014; Ragusa et al., 2015). They demonstrated 

that isolation of small exosome-like EVs from UM cells by UC was effective and that 

downstream analysis of UM small exosome-like EV micro-RNA was possible. They also 

demonstrated that protein presentation of common exosomal markers varied between 

samples, corresponding with the results presented herein. Total proteomic analysis of UM 

small exosome-like EVs was conducted and is discussed in Chapter 6. 

 

Research by Eldh et al., and Ragusa et al., have analysed EVs in liquid biopsies from patients 

and so contains EVs released by multiple cell types (Eldh et al., 2014; Ragusa et al., 2015). 

Eldh et al., also showed small exosome-like EVs by TEM with the ‘characteristic cup-shape‘ 

and a typical size of 50 nm in EVs isolated by UC from the liver perfusate of patients with 

MUM (Eldh et al., 2014). Ragusa et al., demonstrated EVs with an average diameter of 

100nm (Ragusa et al., 2015). Ragusa et al., demonstrated CD63 and CD81 on the isolated 

EVs but limited levels of CD9 (Ragusa et al., 2015), while Eldh et al., showed varying levels 

of each across three separate patient samples (Eldh et al., 2014). 

 

The research herein reports the levels of several EV ‘markers’ in UM cell line lysates and the 

corresponding EV samples (Figure 5.3.). Identification of common markers in UM EVs 

proved difficult. CD63 produced inconsistent bands by western blot in whole cell lysates 

and was absent in EV lysates. CD63 has historically been used as a canonical exosomal 

marker due to its enrichment in multivesicular bodies (Piper and Katzmann, 2007). 

However, recent studies have shown it can be found on multiple vesicle types and can be 
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absent from small exosome-like vesicles (Kowal et al., 2016). As seen in the western blots 

presented (Figure 5.3.), CD63 is known to produce a multi-band ‘smear’ at a higher 

molecular weight than its reported value (Hikita et al., 2018); it has been suggested that 

this is due to extensive glycosylation of the protein (Tominaga et al., 2014). 

 

CD81 was expressed at very low levels in cell lysates but was frequently present at high 

levels in small exosome-like EVs, though it seemed absent in both the cell and EV lysates 

from OMM1 and OMM2.3 cells (Figure 5.3.). Eldh et al., demonstrated that CD81 levels 

varied between samples of EVs isolated from the liver perfusate of patients with MUM 

(Eldh et al., 2014). Ragusa et al., previously showed that CD81 was present on only 32% of 

EVs isolated from the vitreous humour of patients with PUM (Ragusa et al., 2015). As stated 

above both the studies of Eldh et al., and Ragusa et al., study used biological fluids likely to 

contain EVs isolated from multiple cell types. Furthermore, Kowal et al., highlighted the 

diverse expression profiles of subpopulations within EV isolates, suggesting that ‘canonical 

markers’ of exosomes can be both present and absent on vesicles within the same sample 

(Kowal et al., 2016). Other markers were inconsistently enriched in small exosome-like EVs, 

sometimes at lower levels than cell lines and sometimes absent. It has been well 

established that the protein content of vesicles differs between different cell lines (Hessvik 

and Llorente, 2018). Annexin II has previously been suggested as a marker with low 

enrichment for exosomes from cell culture supernatant and biological fluids (Théry et al., 

2006). Annexin II demonstrated variable levels between cell lines and between EV lysates 

and whole cell lysates in this study.  Annexin II has recently been shown to be expressed on 

multiple EVs (Kowal et al., 2016). HSP90 has also been suggested as an exosome marker, 

yet shows varying enrichment in different cell lines (Hosseini-Beheshti et al., 2012). Herein, 

HSP90 often showed lower levels in EV lysates than in cell lysates and was low in both the 

cell and EV lysates of OMM1 and OMM2.3 cells. CANX and CYC1, reported as negative 
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markers of EVs (Lötvall et al., 2014), were found at varying levels in most of the EVs 

analysed. This could be indicative of cell debris or apoptotic bodies in the EV samples. It 

should be noted that the EV lysates were loaded at a controlled number of EVs per lane and 

so the protein content of each EV lysate may vary. Attempts were made to assess the 

protein content of EV lysates, yet the total protein isolated from large volumes of culture 

media (>100 mL) was below the limit of detection for several methods applied. This means 

that the level of protein between cell lysates and EV lysates is not representative of true 

enrichment as the two sample types are not standardised for protein content. 

 

Although all the samples tested represent small exosome-like EVs of the same cell type, 

they were isolated from different cell lines with different genetic and phenotypic 

characteristics, and so display different protein content of common exosome markers. 

Moreover, the Mel270 cell line was derived from the same patient as the OMM2.3 and 

OMM2.5 cell lines (Mel270 from the primary tumour and OMM2.3 and OMM2.5 from 

separate metastatic lesions) and yet all three present different proteomic profiles by 

western blot. This suggests that proteomic analysis of exosomes and the presence of 

common exosomal markers will not only differ between different cell types but between 

samples of the same cell type and patient origin due to differences in the in situ physiology, 

disease state or genetic profile of their cellular origin. 

 

Research in the field of EVs is always conducted with the caveat that the size distributions, 

buoyant densities, and protein markers of EVs overlap between exosomes, MVs and 

apoptotic bodies (Kowal et al., 2016), and that subpopulations within the distinct 

populations of EVs (exosomes, MVs and apoptotic bodies ) share some common 

characteristics (Kowal et al., 2016); therefore, it is acknowledged that where this study 
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refers to “exosomes”, the interpretation of this wording can be defined as small exosome-

like EVs with characteristics indicative of exosomes.  

 

Due to the varied protein expression profile of common exosome ‘markers’ in UM small 

exosome-like EVs, future research should be performed to identify a panel of EV proteins 

that differentiate UM exosomes from other EV subpopulations. Further research should be 

performed employing this panel of differentiating proteins to further optimise isolation 

protocols in order to reduce the presence of vesicles or debris presenting negative markers 

of exosomes such as calnexin and cytochrome C1. Unfortunately, this may not be a simple 

task. Kowal et al., demonstrated the complex presentation of ‘exosome’ markers across 

various EV subpopulations and further varied presentation across additional 

subpopulations within those EV types (Kowal et al., 2016). Several methods for the isolation 

of small exosome like EVs can be combined to improve the EV subpopulation selection. 

Both Eldh et al., and Ragusa et al., applied a 0.2 µm filter to their EV isolates to exclude 

larger EVs from the sample (Eldh et al., 2014; Ragusa et al., 2015). Herein, however, this 

does not appear to have been necessary as the NTA distributions in Figure 5.1. show a size 

distribution with a modal peak close to 100 nm and only few vesicles/particles with a 

diameter greater than 200 nm. 

 

As stated earlier, sucrose cushion or density gradient centrifugation has been shown to give 

the purest exosome population when compared to ultracentrifugation and precipitation-

based methods (Van Deun et al., 2014). However, Bobrie et al., suggested that sucrose 

gradients fail to separate vesicles with small differences in densities, which may use 

different intracellular machineries for their secretion (Bobrie et al., 2012). The combined 

suggestions of Kowal et al., and Bobrie et al., could go some way to explaining the 

complexity in pure exosome isolation, and more needs to be known about the disparate 
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biogenesis mechanisms of exosome subpopulations before appropriate techniques can be 

developed for their pure isolation. 

 

The presented methods for the isolation and characterisation of small exosome-like EVs 

from UM cells could be employed in future research in combination with methods 

previously applied in Chapter 4 for the collection of conditioned media from primary 

patient UM cells (Angi et al., 2016). This would allow more clinically applicable analysis of 

patient samples from a wider cohort. These samples would be less susceptible to genetic 

drift through long term culture (Torsvik et al., 2014) and should produce EVs more akin to 

those released in situ. EVs from cell lines or primary samples could be isolated and their 

mRNA or miRNA profiles interrogated similar to Eldh et al., and Ragusa et al., (Eldh et al., 

2014; Ragusa et al., 2015). Furthermore lipidomic analysis of small exosome-like EVs from 

UM cells could be investigated, similar to research into prostate cancer (Brzozowski et al., 

2018). 

 

Isolated EVs could be interrogated to assess their role in many steps of UM progression, as 

EVs have previously been shown to contribute to four of the originally described hallmarks 

of cancer (Hanahan and Weinberg, 2000) and two of the more recently added hallmarks 

and enabling characteristics (Hanahan and Weinberg, 2011). These include sustained 

proliferative signalling, resistance to cell death, induction of angiogenesis, activation of 

invasion and metastasis, immune evasion/inhibition, and promotion of inflammation 

(Meehan and Vella, 2016). Koga et al., demonstrated a dose-dependent response in the 

proliferation of breast cancer cells when challenged with exogenous EVs isolated from the 

same line (Koga et al., 2005).  
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The ability of lung cancer derived EVs to promote angiogenesis was demonstrated by Cheng 

et al., who highlighted this was through reduced expression of lnRNA growth arrest-specific 

transcript 5 (Cheng et al., 2019). It was previously demonstrated that EVs released by 

cervical cancer cells contain the protein Survivin (Khan et al., 2011), a protein known to 

inhibit cell death and apoptosis, promoting metastatic potential (Khan et al., 2009). 

Migration and invasion was also shown to be promoted in hepatocarcinoma cells through 

their horizontal transfer of EVs containing CXCR4 (Li et al., 2018). EVs in the serum or 

plasma of prostate cancer patients inhibit lymphocyte cytotoxic function through the 

downregulation of the activating cytotoxicity receptor NKG2D on natural killer and CD8+ 

cells, promoting tumour immune evasion (Lundholm et al., 2014). Hoshino et al., 

demonstrated the ability of EVs from pancreatic cancer cells to promote pro-inflammatory 

S100 gene expression through integrin-mediated Src phosphorylation (Hoshino et al., 

2015). 

 

The primary consideration when choosing which isolation technique to employ for the 

isolation of small exosome-like EVs from UM cells was the planned downstream application 

of in-depth proteomic analysis. The following chapter (Chapter 6) submits the UM small 

exosome-like EVs, isolated and characterised herein, to liquid chromatography tandem 

mass spectrometry for in-depth proteomic analysis of their composition and contents. 

Furthermore, bioinformatic analyses are performed on the resultant spectral data allowing 

functional enrichment and pathway analysis of the identified proteins. This allows data 

driven hypothesis generation into signalling pathways and biological processes that UM EVs 

impact and allows a targeted approach to their research and investigation. 
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5.5. Conclusion 

In conclusion, this chapter demonstrates the successful isolation of small exosome-like EVs 

UM with the size distribution and morphology indicative of exosomes. The protein 

presentation in the EV lysates demonstrated the presence of several proteins suggested to 

be ‘markers’ of exosomes but also the presence of a ‘negative marker’ of exosomes. This 

presentation was inconsistent between samples. This characterisation was considered to 

indicate samples of small exosome-like EVs from UM cell lines. 

 



208 
 

CHAPTER 6: PROTEOMIC ANALYSIS OF EXTRACELLULAR VESICLES FROM UVEAL 

MELANOMA CELLS 

6.1. Introduction 

Chapter 5 demonstrated our ability to isolate EVs with a size distribution and morphology 

indicative of small exosome-like EVs. Previous papers by Eldh et al., and Ragusa et al., 

demonstrated similar isolation techniques and size distribution of small exosome-like EVs 

from UM (Eldh et al., 2014; Ragusa et al., 2015). Both papers employed flow cytometry to 

characterise the presence of ‘exosomal’ protein markers in UM EVs from primary biological 

fluids. While this demonstrated the percentage of EVs expressing each protein, it did little 

to qualify them as ‘markers’ of UM EVs and investigated no other protein content of the 

EVs isolated (Eldh et al., 2014; Ragusa et al., 2015). Outside of the percentage presentation 

of CD63, CD9 and CD81 by flow cytometry, and the presence of MART-1 (aka Melan-A) by 

western blot, there has been no investigation into the protein content of small 

exosome-like EVs in UM. As such, no functions have been predicted or attributed to the 

proteins housed in UM small exosome-like EVs.  

 

The research by Eldh et al., and Ragusa et al., focused primarily on the microRNA content of 

UM EVs and only discussed their proteomic content in reference to their characterisation 

(Eldh et al., 2014; Ragusa et al., 2015). However, the application and capabilities of in-depth 

proteomic research into EVs from other cancers has been extensively reviewed by 

Rosa-Fernandes et al., in 2017 (Rosa-Fernandes et al., 2017). Many studies have been 

conducted examining the total proteomic profile of small exosome-like EVs, isolated from 

cancers of the breast (Clark et al., 2015), pancreas (Costa-Silva et al., 2015), colon 

(Mathivanan et al., 2010), liver (Qu et al., 2015), bladder (Welton et al., 2010), prostate 
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(Duijvesz et al., 2013; Fujita et al., 2017), lung (Cheung and Juan, 2017; Wang et al., 2018) 

and skin (Mears et al., 2004; Lazar et al., 2015), among others. 

 

More recently, Surman et al., investigated the glycoproteome of UM EVs larger than those 

previously reported, describing them as ectosomes (Surman et al., 2019). They isolated 

these larger EVs with a modified differential centrifugation protocol and assessed their size 

and morphology by TEM as previously reported. The authors performed gene-ontology 

(GO) enrichment on the proteins identified and demonstrated functional enrichment of 

biological processes associated with RNA processing, translation and protein production, as 

well as WNT and NF-kB signalling. They highlighted further molecular functions associated 

with translation, as well as GTPase signalling and manipulation of the cytoskeleton. 

 

While this functional enrichment has been performed on the protein content of larger 

ectosome-like EVs in UM (Surman et al., 2019), no similar research has been published 

investigating the proteome of small exosome-like EVs in UM. The research in this chapter 

investigates the total proteome of small exosome-like EVs from UM cell lines, isolated and 

characterised with the methods described in Chapter 5. The research hypothesises that 

small exosome-like EVs isolated from UM cells house proteins associated with the 

malignant progression and metastatic spread of UM and that the proteomic profile of EVs 

and signalling profiles conferred by those proteins differ between PUM and MUM derived 

EVs, and between GNAQ and GNA11 mutant UM cell derived EVs. This chapter aims to 

submit the isolated EVs to nano liquid chromatography tandem mass spectrometry (nano 

LC-MS/MS) employing methods similar to those published by Angi et al.,(Angi et al., 2016) 

to generate a sample proteome from the resultant spectral data. It aims to interrogate the 

resulting proteome with a battery of freeware and proprietary programs to highlight the 
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functional enrichment of pathways and functions conferred by UM EVs and to compare this 

with the results demonstrated in Chapter 5.  
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6.2. Materials and Methods 

6.2.1. Cell culture and the isolation of small exosome-like EVs 

Six UM cell lines were employed for this research; 92.1, Mel270, MP41, OMM1, OMM2.3 

and OMM2.5. Cell lines were cultured and the secretomes were collected for EV isolation 

according to the methods described in section 2.17.  

 

UM EVs isolation and characterisation was discussed in Chapter 1 and demonstrated in 

Chapter 5. Isolation employed UC as described in section 2.18. Characterisation for size 

distribution by nanoparticle tracking analysis, for morphology by TEM and for EV protein 

presentation by western blot was performed according to sections 2.19., 2.20. and 2.21. 

respectively. All cell lines were regularly tested for mycoplasma contamination and shown 

to be negative. STR profiles were assessed and shown to correspond with the literature 

profiles (Jager et al., 2016). 

 

6.2.2. Processing small exosome-like EVs for nano liquid chromatography 

tandem mass spectrometry 

EV pellets were submitted for processing and nano LC-MS/MS in biological triplicates. All 

steps of LC-MS/MS and protein identification/quantitation were performed by Dr Deborah 

Simpson in collaboration with the Centre for Proteome Research at the University of 

Liverpool. UM EVs were processed and submitted to nano LC-MS/MS according to section 

2.22. 

6.2.3. Protein identification and quantitation 

Protein identification and quantification of raw mass spectral data files were processed 

according to section 2.23. Data were then separated into the experimental sample groups 

of triplicates for each cell line; Mel270, 92.1, MP41, OMM1, OMM2.3 and OMM2.5. The 
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resultant dataset was filtered to include only proteins identified with three or more unique 

peptides. The filtered dataset was used for all further downstream analyses. 

 

6.2.4. Assessing the proteomic dataset 

The mean log10 abundance values of each protein were ranked in ascending order and 

plotted for each cell line. The scales were standardised for ease of comparison. Pairwise 

comparison was also performed with the R package “pairs.panel”. This provided a visual 

overview of the descriptive statistics for each proteome.  

 

6.2.5. Gene-ontology enrichment analysis 

The accession numbers of the proteins in the dataset were analysed with the online 

software ‘Gorilla’ (Eden et al., 2009) to assess the presence of enriched GO terms 

associated with the proteins present in UM EVs. Clustering of the enriched GO terms was 

assessed and visualised with the online freeware ReviGO clustering (Supek et al., 2011). 

 

6.2.6. Pathway analysis 

In addition to the GO annotation analysis, the canonical pathways and biological functions 

associated with the dataset were analysed using Qiagen’s Ingenuity Pathway Analysis (IPA) 

(QIAGEN, US) software according to section 2.16. This allowed analysis of the pathways and 

functions associated with UM-derived small exosome-like EV proteins, and the comparative 

analysis of these networks between sample groups. The up/downregulation of these 

pathways and functions were assessed between samples derived from PUM tumours and 

MUM lesions, and between those samples harbouring GNAQ mutations or GNA11 

mutations (Table 6.1). For each protein, the experimental ratios between the means were 
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compared between groups, and the associated statistical difference between the means of 

the groups (PUM vs MUM and GNAQ-mutant vs GNA11-mutant) were calculated in excel 

(Microsoft, US); p-values were calculated with a 2-way unpaired student’s t-test. The 

accession numbers of the proteins were uploaded into IPA along with the experimental 

ratios between sample groups and the associated p-values. 
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Table 6.1. Biological characteristics of the six uveal melanoma cell lines  

Cell line GNAQ/11 
mutation 

In situ tumour 
site 

BAP1 
Mutation 

Chromosome 
3 status 

Additional 
notes 

92.1 GNAQ 
Q209L 

Primary (Eye) WT D3   

Mel270 GNAQ 
Q209P 

Primary (Eye) WT D3¥  

MP41 GNA11 
Q209L 

Primary (Eye) WT Loss Cell line 
established 
from patient 
derived 
xenograft in 
mouse 

OMM1 GNA11 
Q209L 

Metastatic 
(Subcutaneous) 

WT D3  

OMM2.3 GNAQ 
Q209P 

Metastatic 
(Liver) 

WT D3* Isolated from 
the same 
patient as 
Mel270 cell line 

OMM2.5 GNAQ 
Q209P 

Metastatic 
(Liver) 

WT ND Isolated from 
the same 
patient as 
Mel270 and 
OMM2.3 cell 
lines 

¥Primary tumour showed M3 (Jager et al., 2016) but the established cell line showed 

D3 (White et al., 2006); *White et al., suggested OMM2.3 shows D3 in culture through 

balanced structural aberrations resulting in a numerical aberration leading to 

reacquisition of an additional complete copy of chromosome 3 (White et al., 2006). 

BAP1, BRCA1 associated protein-1; D3, disomy of chromosome 3; GNA11, guanine 

nucleotide-binding (G protein) α subunit 11; GNAQ, guanine nucleotide-binding (G 

protein) α subunit q; M3, monosomy of chromosome 3; ND, not defined; WT, wild type 
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6.2.7. Hierarchical clustering  

Hierarchical clustering was performed using the R package “pheatmap”. Due to the vast 

differences in normalised abundance between the proteins, the dataset was Log10 

transformed prior to heatmap clustering. 
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6.3. Results 

6.3.1. Dataset 

The proteomic workflow produced the proteomes UM derived small exosome-like EVs that 

were quantitatively similar, consisting of 2155 proteins (identified with a false discovery 

rate [FDR] of 1%) and each sample proteome possessing a dynamic range spanning 

approximately 6 orders of magnitude; 1172 of these proteins were identified as having >2 

unique peptides. The ranked value plots of the mean normalized abundance values of the 

proteomes for each cell line demonstrated comparable profiles between UM cell lines 

(Figure 6.1.). Pairwise comparison provided a visual overview of the descriptive statistics for 

each proteome. All UM EV proteome profiles demonstrated normal distribution in their 

protein abundances and correlative analysis confirmed that the proteomes were 

statistically comparable (Figure 6.1.). The MP41 small exosome-like EVs proteome 

consistently demonstrated the lowest correlation statistic with the other proteomes. 
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Figure 6.1. (A) Mean normalised abundance values of UM small exosome-like EVs proteins were ranked and plotted in ascending order, each point 

represents a single protein. All analyses are scaled to the same axis limits for number of proteins and for abundance, to aid comparison between 

samples. (B) The mean normalised abundance was standardised and pairwise comparisons was performed displaying comparative plots, histograms 

demonstrating normality and Pearson’s statistic of correlation (X92.1 in this panel represent the 92.1 cell line). 
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6.3.2. Hierarchical clustering 

Hierarchical cluster analysis was performed on the three biological replicates of small 

exosome-like EVs isolated from each cell line (Figure 6.2.). Each cell line replicates were 

shown to cluster; however, the cell lines did not cluster in any known groups, neither PUM 

vs MUM nor GNAQ-mutant vs GNA11-mutant. Small exosome-like EVs from five out of six 

of the cell lines clustered into PUM or MUM groups; however, Mel270, a cell line derived 

from PUM clustered with the three MUM cell lines rather than the other PUM cell lines; this 

was the primary differentiating branch of the clustering.  
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Figure 6.2. Hierarchical clustering of uveal melanoma extracellular vesicles proteomic 

profiles, comparing six uveal melanoma cell lines each with three biological replicates. 

Normalised protein abundances were log transformed and plotted with the R package 

“pheatmap”. 
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6.3.3. Gene-ontology enrichment analysis 

GO-annotation of the total proteomic profile of UM EVs revealed functions linked with the 

regulation of biomolecule localization, transport and EV/exosome signalling, cytoskeleton 

binding, actin binding, and signal transduction. Collectively these results qualify the analysis 

of small exosome-like EV content, and suggest they play a role in the regulation of cell 

morphology. 
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Table 6.2. Functional enrichment of gene ontology annotation terms associated with 

the uveal melanoma small exosome-like EV proteome, generated by the online 

freeware GOrilla 

 
GO term Description FDR q-value 

Process 

GO:0032879 Regulation of localization 7.08E-06 

GO:0006810 Transport 1.15E-05 

GO:0051234 Establishment of localization 1.92E-05 

GO:0051049 Regulation of transport 2.00E-05 

GO:0065008 Regulation of biological quality 2.19E-05 

    

Function 

GO:0023023 MHC protein complex binding 4.35E-05 

GO:0023026 MHC class II protein complex binding 8.69E-05 

GO:0005102 Signalling receptor binding 3.24E-04 

GO:0003779 Actin binding 4.19E-04 

GO:0008092 Cytoskeletal protein binding 9.26E-04 

    

Component 

GO:1903561 Extracellular vesicle 3.53E-28 

GO:0070062 Extracellular exosome 6.61E-28 

GO:0043230 Extracellular organelle 7.06E-28 

GO:0044421 Extracellular region part 1.79E-27 

GO:0031982 Vesicle 9.01E-25 

FDR, false discovery rate; GO, gene ontology; MHC, major histocompatibility complex 
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The online freeware ReviGO was employed to allow visualisation of GO-term clustering 

(Figure 6.3.). Similar to Table 6.2. this demonstrated clustering of terms associated with 

protein translation, localization, transport and vesicular secretion, signal transduction and 

manipulation of cytoskeletal processes. 
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Figure 6.3. Gene ontology term clustering assessed with the online freeware ReviGO. Colour indicates the GOrilla generated q-value; size indicates 

the frequency of the gene ontology term in the underlying gene ontology annotation database (bubbles of more general terms are larger).
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6.3.4. Pathway analysis of the total uveal melanoma extracellular vesicle 

proteome 

The protein accession numbers of the dataset were uploaded to IPA to assess pathways and 

processes associated with the UM small exosome-like EVs proteome. This allows 

identification of networks statistically associated with the dataset but provides no 

information regarding up/downregulation; comparative analysis is required for prediction 

of the directional regulation. 

 

The biological and functional pathways associated with the UM small exosome-like EV 

proteome highlighted an association with cell movement and migration, as well as cellular 

proliferation and protein metabolism. Cell death, apoptosis and necrosis were also 

associated with the dataset (Figure 6.4.). 

 

 

Figure 6.4. The Disease and Bio Functions most associated with the uveal melanoma 

extracellular vesicle proteome (inverse log10 p-values ≥2) 
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The top canonical pathways associated with the UM small exosome-like EV proteome 

highlighted association with two distinct but related groups of signalling pathways. These 

are a group including EIF2, EIF4/p70S6K, mTOR and Rho family GTPase signalling, and a 

group with ephrin and integrin signalling (Figure 6.5.). 

 

 

Figure 6.5. The Canonical Pathways most associated with the uveal melanoma 

extracellular vesicle proteome (inverse log10 p-values ≥2) 

The top upstream regulators of the UM small exosome-like EV proteome were predicted 

with IPA; matrix metalloprotease 12 (MMP12) demonstrated the highest association with 

the dataset, with an inverse log10 p-value of 39.5. Others of interest included the  

apoptosis inhibitor Synovial 1 (SYVN1), the proto-oncogene MYC and the micro-RNA  

mir-122 (Figure 6.6.). 
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Figure 6.6. The upstream regulators most associated with the uveal melanoma 

extracellular vesicle proteome (inverse log10 p-values ≥2) 

 

6.3.5. Differential expression of pathways and processes between primary 

uveal melanoma and metastatic uveal melanoma cell line derived 

extracellular vesicles 

When assessing the differential activation status of biological functions in the MUM small 

exosome-like EV proteome compared with that of the PUM, necrosis, cell death and 

apoptosis all appear to be upregulated, while cell viability, survival and cell movement are 

all downregulated. Viral infection pathways are also downregulated (Figure 6.7.). 
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Figure 6.7. The disease and bio functions most differentially associated between the 

extracellular vesicle proteomes from metastatic and primary uveal melanoma cell lines 

(inverse log10 p-values ≥2; z-scores ≥2 or ≤-2) 

Top canonical pathway analysis revealed an upregulation in vitamin metabolism, 

PTEN signalling and RhoGDI signalling, and a downregulation in several pathways linked to 

GTPase signalling, cytoskeletal remodelling, adhesion and cell motility (Figure 6.8.). 

 

-12

-10

-8

-6

-4

-2

0

2

4

6

8

N
e

cr
o

si
s

C
el

l d
ea

th

C
el

l d
ea

th
 o

f 
tu

m
o

r 
ce

ll 
lin

es

A
p

o
p

to
si

s

A
p

o
p

to
si

s 
o

f 
tu

m
o

r 
ce

ll 
lin

es

C
el

l d
ea

th
 o

f 
ce

rv
ic

al
 c

an
ce

r 
ce

ll 
lin

es

C
el

l d
ea

th
 o

f 
lu

n
g 

ca
n

ce
r 

ce
ll 

lin
es

C
el

l d
ea

th
 o

f 
ca

rc
in

o
m

a 
ce

ll 
lin

es

A
p

o
p

to
si

s 
o

f 
ce

rv
ic

al
 c

an
ce

r 
ce

ll 
lin

e
s

A
p

o
p

to
si

s 
o

f 
ca

rc
in

o
m

a 
ce

ll 
lin

e
s

C
el

l m
o

ve
m

e
n

t

C
el

l v
ia

b
ili

ty
 o

f 
tu

m
o

r 
ce

ll 
lin

es

C
el

l v
ia

b
ili

ty

C
el

l s
u

rv
iv

al

In
fe

ct
io

n
 b

y 
H

IV
-1

In
fe

ct
io

n
 b

y 
R

N
A

 v
ir

u
s

In
fe

ct
io

n
 b

y 
R

et
ro

vi
ri

d
ae

H
IV

 in
fe

ct
io

n

H
IV

 in
fe

ct
io

n

In
fe

ct
io

n
 o

f 
ce

lls

V
ir

al
 In

fe
ct

io
n

A
ct

iv
at

io
n

 z
-s

co
re



228 
 

 

Figure 6.8. The canonical pathways most differentially associated between the 

extracellular vesicle proteomes from metastatic and primary uveal melanoma cell lines 

(inverse log10 p-values ≥2; z-scores ≥2 or ≤-2) 

Analysis of the upstream regulators differentially expressed in MUM compared with PUM 

predicted an increase in mir-122, estrogen receptor (ER) and SPDEF (SAM Pointed Domain 

Containing ETS Transcription Factor). Whereas, MYC (cancer associated myelocytomatosis 

protein), HIF1A (hypoxia inducible factor 1 alpha), GNA12 (G Protein Subunit Alpha 12), PGR 

(progesterone receptor), EGF (epidermal growth factor), EGFR (epidermal growth factor 

receptor), SMARCA4 (SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of 

Chromatin, Subfamily A, Member 4), HSP90B1 (Heat Shock Protein 90 Beta Family Member 

1) and SYVN1 (Synoviolin 1) were all predicted to be inhibited (Figure 6.9.). 
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Figure 6.9. The upstream regulators most differentially associated between the 

extracellular vesicle proteomes from metastatic and primary uveal melanoma cell lines 

(inverse log10 p-values ≥2; z-scores ≥2 or ≤-2)  

6.3.6. Differential expression of pathways and processes between GNAQ and 

GNA11 mutant uveal melanoma extracellular vesicles 

Biological processes that were differentially expressed in the GNA11-mutant UM small 

exosome-like EV proteome compared with that of GNAQ-mutant UM were analysed. This 
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highlighted a reduction in proteins linked with cell death and apoptosis, and an 

upregulation of proteins associated with cell movement (Figure 6.10.) 

 

 

Figure 6.10. The 20 most differentially associated disease and bio functions between 

the extracellular vesicle proteomes from GNA11-mutant and GNAQ-mutant uveal 

melanoma (inverse log10 p-values ≥2; z-scores ≥2 or ≤-2) 

When assessing the biological processes differentially regulated in the UM small 

exosome-like EV proteomes, pathways associated with viral infection were dominating 

those most upregulated. As the viral pathways are known to overlap with those associated 

with exosomal uptake and release (Nolte-’t Hoen et al., 2016), pathways under the 

categories “Infectious disease” and “Infectious disease and organismal injury” were 
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removed to limit this bias and to assess which other pathways were differentially regulated 

(Figure 6.11.). This demonstrated an upregulation in functions related to cell movement, 

migration and invasion, and cell survival, viability and proliferation. 
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Figure 6.11. The 20 most differentially associated disease and bio functions between 

the extracellular vesicle proteomes from GNA11-mutant and GNAQ-mutant uveal 

melanoma (inverse log10 p-values ≥2; z-scores ≥2 or ≤-2). The categories “Infectious 

disease” and “Infectious disease, organismal injury” were removed for this analysis 

The top canonical pathways demonstrating differential expression between the 

GNA11-mutant UM small exosome-like EVs and those of GNAQ-mutant UM was an 

upregulation in GTPase signalling and signalling related to morphology, adhesion and 

motility. Apoptosis signalling showed downregulation, as did PPARα, HIPPO and PTEN 

signalling (Figure 6.12.). 
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Figure 6.12. The 20 most differentially associated canonical pathways between the 

extracellular vesicle proteomes from GNA11-mutant and GNAQ-mutant uveal 

melanoma (inverse log10 p-values ≥2; z-scores ≥2 or ≤-2) 

The upstream regulators, differentially expressed in GNA11-mutants compared with GNAQ 

mutants, were predicted; activated upstream regulators included the oncogene ERBB2, the 

transcription factor TFEB, FOXM1, the melanogenesis associated transcription factor MITF, 

MYC, GNA12 and the transcriptional activator SMARCA4 (Figure 6.13.). 
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Figure 6.13. The 20 most differentially associated upstream regulators between the 

extracellular vesicle proteomes from GNA11-mutant and GNAQ-mutant uveal 

melanoma (inverse log10 p-values ≥2; z-scores ≥2 or ≤-2) 
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6.3.7. Comparing the uveal melanoma extracellular vesicles proteome with the 

total secreted proteome 

The proteome identified in UM EVs was compared with that of the UM secretome 

described in Chapter 4. The proteome of the UM EVs highlighted 1172 proteins identified 

with >2 unique peptides. The proteome of the UM secretome highlighted 758 proteins 

identified with >2 unique peptides. The two datasets contained 461 proteins that were 

apparent in both sample types. Employing the UniProt published list of 26,236 proteins 

identified and reviewed in the total human proteome (Breuza et al., 2016), this allowed 

statistical evaluation of the probability of overlap between the two datasets using the 

hypergeometric probability assessment (Gonin, 1936; Kim et al., 2001). This gave a 

representation factor of 13.6 and a statistically significant overlap between the two 

proteomes (p < 0.001).  

 

The 25 most abundant proteins of each proteome were compared to see which proteins 

overlapped between the two. Only 5 of the proteins were apparent in both lists; Alpha-

enolase, Pyruvate kinase PKM, Cytokeratin-1, Annexin A2 and Peptidyl-prolyl cyc-trans 

isomerase A (PPIA).  

 

When compared with the proteins in the UM secretome that were predicted to be of EV 

origin, the proteomic profile of isolated UM EVs demonstrated approximately 3x the 

number of proteins. The proteome of isolated UM small exosome-like EVs encompassed 

82% of the exosomal profile predicted in Chapter 4 (Figure 6.14.) and identified a further 

862 proteins. Furthermore, 94% of the proteome of UM EVs has previously been reported 

to be in EVs isolated from other cell types (Mathivanan and Simpson, 2009).  
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Figure 6.14. The overlap between the proteomic profiles of the predicted extracellular 

vesicle fraction of the secretome and of isolated extracellular vesicles 
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Of 255 ‘GO processes’ associated with the UM EV proteome (false discovery rate corrected 

q-value < 0.01) 25 of these were also associated with the UM secretome (out of a total of 

76). However, comparison of the ‘GO functions’ associated with the EV dataset (86 

functions) and the secretome (4 functions) revealed only 1 function associated with both, 

enzyme binding. When comparing the ‘GO compartment’ annotations, 13 of the 32 

annotations associated with the secretome were also present in the 81 annotations 

associated with the UM EV proteome 
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Figure 6.15. The 20 most differentially associated canonical pathways between the UM 

secretome and uveal melanoma extracellular vesicles 

When assessed by IPA, the 20 signalling pathways with the greatest difference in associated 

between the secretome and UM EVs all demonstrated higher association in UM EVs 

compared with the secretome (Figure 6.15.). All 20 of these pathways are associated with 

or regulated by mTOR signalling. 
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6.4. Discussion 

Presented herein is the first in-depth comparison of the proteomes of EVs released by UM 

cell lines and the functional enrichment of signalling pathways and biological functions 

associated with these. The research hypothesised that EVs released by UM cells contain 

proteins associated with the malignant progression of UM, that the signalling pathways 

associated with this malignancy are upregulated in MUM compared with PUM, that the 

profile of these pathways may differ between GNAQ/11 mutants. This research suggested 

that proteins in UM EVs are associated with cellular movement and adhesion through 

networks such as mTOR, Rho GTPase and integrin signalling pathways; mechanisms 

commonly associated with malignancy and tumour progression. Contrary to the hypothesis, 

these pathways and processes were downregulated in MUM compared with PUM. 

However, these analyses demonstrated they were upregulated in GNA11 mutant UM EVs 

compared with EVs from GNAQ mutant UM.  

 

The proteomic workflow employed herein generated quantitatively comparable proteomes 

for each cell line with dynamic ranges spanning six orders of magnitude. The UM EV 

proteome encompassed 82% of the proteins previously predicted to be exosomal through 

analysis of the total UM secretome (Angi et al., 2016) and was three-fold larger, containing 

1172 confidently identified proteins. The total number of identified proteins was 2155 

proteins, with 983 proteins identified by less than 3 unique peptides. While these proteins 

may be components of the UM EV proteome, for the purpose of this research they were 

omitted from the analyses to improve the confidence in the results presented. 

 

Hierarchical clustering of the proteomic profiles demonstrated neat clusters within 

biological triplicates for each cell line. While the three cell lines isolated from one patient 

also clustered, the total panel of cell lines did not cluster in any known groups based on cell 
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line characteristics, such as tumour site, G-alpha subunit mutation. This method of analysis 

relies on commonalities between the values of multiple variables across multiple samples. 

While the data herein presents >1000 variables (proteins identified), six samples (cell lines) 

is a limited number for comparison. Increasing the number of samples may generate a 

different pattern of clustering and is worth investigating in future research. 

 

GO annotation of the UM small exosome-like EV proteome highlighted processes and 

components associated with EVs and exosomes (Table 6.2.). The high degree of association 

with exosomal/EV components suggested that the isolation methods were successful in 

enriching UM EVs from the UM cell secretome. While recent evidence suggests that 

methods for the isolation of exosomes likely yield heterogenous populations of EVs (Kowal 

et al., 2016), the GO term ‘extracellular exosome’ was associated with the UM EV proteome 

with a corrected p-value of 8.55 x10-21. This high level of association could be attributed to 

an enrichment of exosomes within the EV sample due to the techniques employed and 

would correspond with the characteristic morphology and size distribution described in 

Chapter 5.  

 

The analysis herein also enriched the cellular component GO terms ‘pigment granule’ (p = 

x10-6) and ‘melanosome’ (p = 7.71 x10-6) confirming the melanocytic origin of the EVs 

isolated. This method of proteomic analysis and GO term enrichment could therefore be 

employed to determine cellular origin when isolating/enriching UM EVs from complex 

samples such as bodily fluids. Previous research by Eldh et al.,(Eldh et al., 2014) employed 

immunoblotting for the MART-1 antigen to establish melanocytic origin of EVs. However, 

research into MART-1 targeted immunotherapy for the treatment of melanoma suggested 

that the antigen is not always present on melanoma cells (Sørensen et al., 2009). A more 

integrated approach employing functional enrichment, such as that described herein, could 
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be used in conjunction with immunoblotting for MART-1 for a more robust identification of 

melanocytic origin.  

 

As well as vesicular signalling, GO-annotation highlighted the regulation of localization, 

transport, biological quality and signalling receptor binding. Taken together with the 

functions associated with actin binding, this suggests a role of UM EVs in the intercellular 

regulation of cytoskeletal remodelling and cellular cargo transport. This could be 

stimulating recipient cells to increase the rate at which they move, degrade, or secrete 

factors. Alternatively, these functions could represent the localisation and transport of 

proteins through EV secretion from the donor cell. The association of EV proteins with the 

modulation of cellular morphology was previously demonstrated by Hood et al., in 2009, 

who highlighted the ability of cutaneous melanoma derived EVs to influence microtubule 

number, size and structure in endothelial spheroids (Hood et al., 2009). The authors 

observed a bi-modal, dose-dependent response in endothelial spheroids. They showed an 

increase in the size and complexity of nanotubule formation at lower doses; yet produced 

an increased number of smaller nanotubules at higher doses, generating smaller, more 

proliferative spheroids. Tunnelling nanotubes are structures involved in the movement and 

transport of vesicles and organelles (Rustom et al., 2004) which require extensive 

cytoskeletal remodelling (Gerdes, Bukoreshtliev and Barroso, 2007). This activity has been 

demonstrated in prostate cancer cells (Vidulescu, Clejan and O’Connor, 2004) known to 

produce pro-invasive EVs (Chowdhury et al., 2015). 

 

Analysis of the biological functions of the UM EV proteome highlighted a possible function 

in signalling related to the modulation of cell survival and death. This included 27 individual 

but overlapping functions associated with cell viability, survival, and death, among others, 

involving 423 proteins. Cancer derived EVs have been shown to promote cell proliferation 
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while inhibiting apoptosis in both normal and cancerous cells (Huang et al., 2019). Tumour 

derived EVs have been shown to modulate cell cycle progression (Atay and Godwin, 2014) 

and to promote tumour proliferation through upregulation of the PI3K/AKT or MAPK/ERK 

signalling pathways (Qu et al., 2009; Yang et al., 2013). Zuidervaart et al., demonstrated 

MAPK/ERK signalling in UM, suggesting its involvement in UM progression (Zuidervaart et 

al., 2005), and PI3K has been posited to be an effective target for therapeutic intervention 

in UM when combined with targeting mTOR signalling (Amirouchene-Angelozzi et al., 

2016). 

 

Cellular migration processes were strongly associated with the dataset, suggesting that UM 

EVs may play a role in the early stages of metastatic progression of UM. Cutaneous 

melanoma EVs have been shown to promote a migratory and metastatic phenotype 

through autocrine signalling (Lazar et al., 2015). The authors performed functional analysis 

of the cutaneous melanoma EV proteome and highlighted similar processes and functions 

to those demonstrated herein, including cytoskeleton reorganisation, cell motility, vesicle 

and intracellular cascade (Lazar et al., 2015). 

 

Functional enrichment and pathway analyses highlighted a role of mTOR, RhoA and integrin 

signalling associated with the UM EV proteome. These pathways are known to play key 

roles in specific behaviours during carcinogenesis and cancer progression and each has 

been described to have a role in UM. 

 

This analysis highlighted mTOR signalling associated with both the secretome (Chapter 4) 

and the UM EV proteome. Furthermore, the level of association was shown to be higher in 

the UM EV proteome (Figure 6.15.). The primary roles of the mTOR protein are executed 

through the two complexes it forms; MTORC1 and MTORC2. The physiological roles of 
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MTORC1 involve a role in integrating incoming growth factor and nutrient sensing signals, 

regulating growth and cell cycle progression (Fingar et al., 2004), and mediating incoming 

stress and hypoxia signals (Cam et al., 2010; Su and Dai, 2017). MTORC1 is also a known 

mediator of autophagy (Kim and Guan, 2015), commonly known as a tumour suppressing 

mechanism (Kung et al., 2011). 

 

Active mTOR signalling has previously been reported in PUM tumours (Pópulo et al., 2010), 

the authors highlighting a relationship between mTOR and AKT phosphorylation. This 

association of mTOR pathways with UM corresponds with literature suggesting that 

pharmacological targeting of mTOR may provide therapeutic benefits in a clinical setting 

(Amirouchene-Angelozzi et al., 2014). The inhibition of mTOR in UM demonstrated reduced 

cell growth and viability in 2D culture and reduced tumour growth in patient derived 

xenografts. Interestingly however, the efficacy of targeting mTOR in 2D culture was shown 

primarily in PUM cell lines and only few MUM lines, and the PDX models only employed 

PUM cells (Amirouchene-Angelozzi et al., 2014). These results align with those presented 

herein, suggesting that mTOR signalling and its influence on migration and invasion may 

subside once the tumour is established in the metastatic niche. Previous combination 

therapies have targeted mTOR and demonstrated reasonable efficacy. Carita et al., showed 

that dual inhibition of PKC and mTORC1 was able to significantly reduce tumour growth in 

vivo, when compared with each monotherapy (Carita et al., 2016), though the results were 

not seen in all PDXs or in all cell lines in vitro. Ho et al., demonstrated that an 

ATP-competitive pan-mTOR inhibitor was successful in limiting cell cycle progression and 

inducing apoptosis in GNAQ mutant UM cells when treated in combination with 

selumetinib (Ho et al., 2012). The induction of apoptosis in the combination therapy was 

shown to be via inhibition of the MTORC2 complex through siRNA knockdown. 
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The mTOR signalling network and several known downstream effects are shown in Figure 

6.16. Downstream biological effects of upregulated mTOR signalling include the initiation of 

translation, and remodelling of the actin cytoskeleton, both mechanisms that were 

associated with the UM EV proteome. 



 

Figure 6.16. Schematic overview of the mTOR signalling pathway associated with the 

uveal melanoma extracellular vesicle proteome. Those molecules apparent in the 

proteome are highlighted pink; the density of the red colour indicates the relative 

abundance in the dataset. 

 



The Rho family of GTPases has a well-established role in remodelling the actin cytoskeleton 

and regulating cell migration (Hall, 1998) its link with invasion and metastasis in cancer is 

well documented (Struckhoff, Rana and Worthylake, 2011). However, this mechanism can 

be inconsistent, as Rodrigues et al., demonstrated that Rho GTPases possess the ability to 

suppress tumour progression and metastasis in colorectal cancer (Rodrigues et al., 2014). It 

is thought that the functions of Rho GTPases act in a dynamic balance, and that regulation 

of Rho proteins can promote both strong focal adhesion through stress fibres and cell 

motility through membrane ruffling (O’Connor and Chen, 2013). Feng et al., demonstrated 

TRIO-dependent regulation of the signalling activity of the Rho GTPases, RhoA and Rac1 in 

cells with activating G protein α-subunit mutation (Feng et al., 2014). They proposed a 

HIPPO-independent pathway of YAP nuclear localisation and dynamic actin polymerisation 

downstream of this signalling, suggesting that Rho GTPases play an integral role in 

orchestrating the downstream effects of GNAQ or GNA11 mutation in UM.  

 

Figure 6.17. highlights the complex signalling network associated with Rho family GTPase 

activity, compiled in Qiagen’s Ingenuity knowledge base. It recognises that Rho family 

GTPase pathways are downstream of G protein α-subunit signalling, as previously 

described, and highlights the biological effects of this activity, including cytoskeletal 

remodelling, adhesion and proliferation; all highlighted in this research. 



 

Figure 6.17. The Rho Family GTPase signalling pathway associated with the uveal 

melanoma extracellular vesicle proteome. Those molecules apparent in the proteome 

are highlighted pink; the density of the red colour indicates the relative abundance in 

the dataset. 

 



Integrins are evolutionarily conserved proteins with well-established roles in cell adhesion 

(Barczyk, Carracedo and Gullberg, 2010). They have demonstrated integral roles in cancer 

(Desgrosellier and Cheresh, 2010) and have recently been shown to influence many steps in 

the metastatic progression, including and have recently been shown to influence many 

steps in the metastatic progression; including migration, invasion, anchorage-independent 

survival, engagement with cell surface receptors, sensing and remodelling of the tumour 

stroma, and the acquisition of stem cell-like properties (Hamidi and Ivaska, 2018). 

 

Integrin composition of EVs secreted from the primary tumour is thought to influence 

organotropic metastasis, as demonstrated by Hoshino et al., in 2016 (Hoshino et al., 2015). 

The authors highlighted the presence of several integrins on EVs secreted by PUM cells; 

namely, integrins α1, 2, 3, 4, 6 and V, and β1, 3 and 5. Each of these integrins, with the 

exception of α4, was identified with the methods presented herein. These are presented in 

Table 6.3. ranked by average abundance across all samples. Hoshino et al., suggested that 

integrins αV and β5, both found on in UM EVs, allowed preferential liver tropism through 

binding to resident Kupffer cells (Hoshino et al., 2015). While integrin αV demonstrated the 

highest abundance in the UM EVs analysed herein, integrin β5 showed the lowest 

expression. Elshaw et al., previously demonstrated the involvement of integrins in uveal 

melanoma and their possible link with poorer prognosis (Elshaw et al., 2001). The authors 

highlighted the expression of integrin α6β1 in tumours compared with its absence in 

normal melanocytes, and its differential expression in tumour cells with different cell 

morphology, a known influencer of prognosis.  
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Table 6.3. The relative ranking of integrins found in uveal melanoma extracellular 

vesicles from highest to lowest abundance 

Rank* Integrin 

1 αV 

2 β1 

3 β3 

4 α3 

5 α2 

6 α6 

7 α5 

8 α1 

9 β5 

*, Ranking based on average abundance 

 

Additional to the association of integrin signalling networks with both the UM secretome 

and the UM EV proteome, was the association of ephrin, agrin and paxillin signalling 

networks. Each of these demonstrated stronger association with the EV proteome in UM 

when compared with the secretome, suggesting that their signal propagation is heavily 

mediated through EV transfer. 

 

Ephrin is known to regulate the actin cytoskeleton, modulate adhesion and migration and 

also negatively regulate ERK/MAPK signalling (Kullander and Klein, 2002). In melanoma 

models, overexpression of the Ephrin B2 was shown promote actin polymerisation and 

cause constitutive focal adhesion kinase activity in vivo. This caused enhanced preferential 

integrin-mediated ECM-attachment to laminin and fibronectin. Ephrin B2 overexpression 

also propagated melanoma-cell migration in Boyden chamber and scratch plate assays in 
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vitro (Meyer et al., 2005). While only ephrin A2 and B4 were identified in the UM EV 

proteome, the role of these proteins requires further investigation. 

 

Agrin is a protein with an indispensable role in the formation of neuromuscular junctions 

during embryogenesis (Daniels, 2012). Although, it has previously been suggested that it 

plays an oncogenic role through its regulation of focal adhesion integrity (Chakraborty et 

al., 2015). Furthermore, ECM localised Agrin has a role in cellular mechanotransduction, 

stimulating the transcriptional co-activators YAP/TAZ – a pathway previously demonstrated 

in UM without reference to the role of Agrin (Feng et al., 2014).  

 

Paxillin has well-established roles in focal adhesion signalling due to its subcellular location 

at the plasma membrane, actin cytoskeleton interface, where it integrates incoming 

mechanical and biochemical signals from adhesion dynamics and growth factor stimulation 

(Turner, 2000; Brown and Turner, 2004). In 2005, Hamamura et al., demonstrated 

increased phosphorylation of paxillin in melanoma cells expressing the ganglioside GD3 , a 

molecule associated with transformed/malignant phenotype in melanocytes (Carubia et al., 

1984).  

 

RhoGTPase signalling, actin dynamics, mTOR signalling, and focal adhesion, are known to 

converge in order to facilitate and regulate the cell’s relationship with its surrounding ECM 

(Boyle and Samuel, 2016), allowing tumour invasion, migration and metastasis. Herein, 

each of these signalling networks were highly associated with the UM EV proteome, 

suggesting an integral role of UM EVs in the regulation of UM metastatic progression. These 

pathways and the involvement of the UM EVs in their promotion require further 

investigation in UM models. 
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By combining the signalling networks demonstrated in these analyses with information 

know about them and demonstrated in the literature, a mechanistic network of pathways 

contributing to UM pathology and progression contributed to by UM EVs is proposed in 

Figure 6.18.  
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Figure 6.18. The primary network of signalling pathways potentiated by extracellular 

vesicles from uveal melanoma 

AKT, Protein kinase B; ECM, Extracellular matrix; ERK, Extracellular signal-regulated 

kinase; Gα, Guanine nucleotide binding protein G alpha subunit; GDP, Guanosine 

diphosphate; GNAQ/11, Guanine nucleotide binding protein G alpha subunit q or 11; 

GPCR, G-coupled protein receptor; GTP, Guanosine triphosphate; MEK, 

Mitogen-activated protein kinase kinase; mTORC, mammalian target of rapamycin 

complex; PI3K, Phosphoinositide 3-kinase; PIP2, Phosphatidylinositol 4,5-bisphosphate; 

PIP3, Phosphatidylinositol (3,4,5)-trisphosphate; PKC, Protein kinase C; PLCβ, 

Phospholipase C beta; PTEN, Phosphatase and tensin homolog; Rac, Ras-related C3 

botulinum toxin substrate; Rho, Ras homolog family member; SGK1, 

Serine/threonine-protein kinase 1; TRIO, Triple functional domain protein; YAP, 

yes-associated protein 



 

While these pathways were strongly associated with the UM EV proteome, our research 

suggests a differential signalling profile of mTOR and Rho Family GTPase signalling between 

PUM and MUM EVs, inhibition of which could demonstrate different efficacy when 

targeting the metastatic lesions in the liver compared with the primary tumour in the eye. 

 

The downregulation of these pathways in MUM compared with PUM was contrary to the 

hypothesis that their up/downregulation would mirror that of pathways demonstrated in 

HR-UM compared with LR-UM (Angi et al., 2016). This may highlight a difference between 

PUM and MUM distinct from that between HR and LR UM, as all the cell lines analysed in 

this chapter display M3, a characteristic which was the primary differentiating characteristic 

used in Chapter 4 and strongly correlates with increased metastatic potential (Prescher et 

al., 1996). The downregulation of these pathways may indicate a difference in the 

physiology of UM tumours depending on their in situ location. 

 

While the upregulation of these pathways may aid metastatic dissemination in PUM, it is 

possible that the profile is altered further once the cells are established in the metastatic 

niche. Differences in the genetic profile of HR-PUM and LR-PUM are well established 

(Onken et al., 2004), while both Meir et al., demonstrated the distinct genetic profile 

between PUM and MUM (Meir et al., 2007). They demonstrated 193 differentially 

expressed genes in liver MUM compared with PUM, highlighting upregulation of NF-B and 

downregulation of CDK4 at both mRNA and protein levels. Differential expression of NF-B 

and CDK4 have been shown previously to modulate apoptosis (Karin et al., 2002) and cell 

cycle regulation (Ekholm and Reed, 2000), respectively. Despite this, a comprehensive 

analysis comparing matched pairs of primary and metastatic tumours to assess differences 
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in genetic profile may be warranted, as these differential expressions may differ with 

inconsistently altered characteristics of UM, such as chromosomal profile.  

 

Further from the comparison of MUM with PUM, we were able to compare EVs isolated 

from GNA11-mutant UM with those from GNAQ-mutant UM. GNAQ and GNA11 are highly 

homologous alpha subunits of heterotrimeric G proteins associated with G-protein coupled 

receptors. Mutations in GNAQ and GNA11 are considered initiating mutations in UM, 

occurring mutually exclusively in ~95% of cases (Koopmans et al., 2013). While it has been 

demonstrated that grouping of UM patients by these mutations does not correlate with 

survival or metastatic risk (Onken et al., 2008; Koopmans et al., 2013), there is some 

evidence that GNA11-mutant tumours are linked with a more aggressive phenotype due to 

its higher frequency in M3 UM (Dono et al., 2014). 

 

The presented research demonstrates that GNA11-mutant UM small exosome-like EVs 

display a different proteomic signature compared with that of GNAQ-mutant UM. The 

GNA11-mutant UM small exosome-like EV profile displayed an upregulation in functions 

and pathways linked with malignant phenotype. Signalling related to multiple Rho GTPases 

showed upregulation along with focal adhesion signalling mechanisms and actin 

remodelling. Rho GTPases are known to be activated downstream of GNAQ and GNA11 

(Chua et al., 2017) and have been previously demonstrated to modulate actin remodelling 

through HIPPO-independent pathways (Feng et al., 2014). Interestingly, HIPPO signalling 

was predicted to be downregulated in GNA11-mutant UM compared with GNAQ-mutant 

UM. Ephrin-receptor signalling and integrin signalling pathways were associated with the 

UM EV proteome and the IPA software predicted their upregulation in EVs released by 

GNA11-mutant UM compared with GNAQ-mutant UM. It has been suggested that ephrin 

regulates integrin mediated focal adhesion and affects the cytoplasmic levels of GTPases 
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such as Rho, Rac and Cdc42 (Pasquale, 2005); these GTPases signalling pathways 

demonstrated association with the UM small exosome-like EV proteome and were 

predicted to be upregulated in GNA11-mutant small exosome-like EVs compared with 

GNAQ-mutants. 

 

The difference between PUM and MUM, GNAQ and GNA11, or indeed any subgroup 

comparison of cell line culture may be limited in its ability to contrast those characteristics 

in situ. Genetic drift of cell line after prolonged culture in 2D models is well established 

(Torsvik et al., 2014). When examining glioblastoma cells, Torsvig et al., highlighted that this 

genetic drift often encompasses a loss of primary tumour characteristics and is 

accompanied with phenotypic changes (Torsvik et al., 2014). Genetic changes have 

previously been reported in UM cell lines compared with their primary tissues 

(Amirouchene-Angelozzi et al., 2014; Jager et al., 2016). Of concerning note for the 

interpretation of this research is the difference between the cell lines Mel270, OMM2.3, 

OMM2.5 and MP4, and their corresponding primary tumours. Jager et al., demonstrated D3 

of the Mel270, OMM2.3 and OMM2.5 cell lines, in contrast to the M3 identified in the 

primary tumours (Jager et al., 2016). Similarly the MP41 cell line was shown to have M3 in 

contrast to the D3 identified in the patient derived xenograft from which it was derived 

(Amirouchene-Angelozzi et al., 2014). Future work should seek to investigate UM EVs in a 

larger panel of UM cell lines with more genetic diversity or in isolated from a large 

population of patient primary cultures, as used in Chapter 4. 

 

Significant overlap between the two proteomes (p < 0.001) suggests the UM EV proteome 

extensively contributes to the secretome. When assessing those proteins in the secretome 

which were predicted to be secreted via EVs, 82% were identified in isolated EVs. While this 

again highlights extensive overlap, the remaining 18% could have erroneously predicted 
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secretory mechanism. This discrepancy is not unusual when considering the method of 

prediction. Manually curated databases may contain incorrect annotations; furthermore, 

the majority of the proteins in the exocarta database have been identified in EVs from 

different cell types and pathologies. Proteins identified in the EVs of one cell type may not 

necessarily be secreted by the same mechanism from other cells and in other diseases. The 

research presented herein is the first in-depth study of the UM EV proteome. 

 

Of the 25 most abundant proteins in each proteome, only 5 were apparent in both lists; 

Alpha-enolase, Pyruvate kinase (PKM), Cytokeratin-1, Annexin A2 and Peptidyl-prolyl cyc-

trans isomerase A (PPIA). Alpha enolase is a glycolytic enzyme which has been suggested as 

a prognostic marker in cancer and promotes cell growth migration and invasion (Song et al., 

2014). The targeting of alpha enolase in pancreatic cancer has been shown to be effective 

in vivo (Principe et al., 2015). Alpha enolase also demonstrated markedly increased 

expression in a panel of five malignant melanoma cell lines compared with normal 

melanocytes (Cecconi et al., 2018). Alpha enolase is a glycolytic enzyme which has been 

shown to have increased expression in whole cell proteome of PUM samples from patients 

who progressed to metastasis (Linge et al., 2012). However, it was shown to be 

downregulated when comparing MUM and PUM cell lines (Zuidervaart et al., 2006). 

Interestingly, the expression of alpha enolase by was highlighted to be upregulated in the 

whole cell proteome of a UM cell line with a higher invasive potential compared with that 

of a UM cell line with a lower invasive potential (Pardo et al., 2006). The role of alpha 

enolase in UM remains unclear and further research into its importance in UM progression 

is warranted. 

 

PKM is another glycolytic enzyme and has previously been identified as significantly related 

to clinical outcome in patients with stage 3 metastatic melanoma (Welinder et al., 2017). A 
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possible mechanism of this action was proposed by Mortia et al., in 2018, where the 

authors suggested that increased PKM expression activates glucose catabolism pathways 

driving tumour cell growth and promoting autophagy and malignancy (Morita et al., 2018).  

 

Cytokeratin-1 was also abundant in both datasets. Cytokeratins have been suggested as 

tumour markers (Barak et al., 2004) and are thought to influence migration and invasion 

(Karantza, 2011); however, cytokeratins are known to be common contaminants in MS 

based proteomic studies (Lyngholm et al., 2011), and so this result may require further 

investigation before conclusions can be drawn.  

 

Annexin A2 is a member of the annexin calcium-dependent phospholipid-binding protein 

family and is thought to have a role in endosomal sorting and transport (Morel and 

Gruenberg, 2009). Proposed relevance of Annexin A2 in cancer has been systematically 

reviewed by Christensen et al., in 2018. When assessing multiple cancer types, the 

expression of Annexin A2 was shown to correlate with resistance to treatment, binding to 

the bone marrow, histological grade and type, TNM-stage and shortened overall survival 

(Christensen et al., 2018). Over expression of the Annexin 2 receptor demonstrated both 

increased autophagy and apoptosis in UM (Zhang et al., 2016). The authors highlighted that 

Annexin 2 receptor-induced autophagy played a protective role against apoptosis in UM. 

Annexin A2 may also play a role in migration and invasion in liver cancer (Zhang et al., 

2013), and its presence in released EVs has been shown to promote angiogenesis in breast 

cancer (Maji et al., 2016). 

 

PPIA is an enzyme involved in the regulation of intracellular signalling, transcription, 

inflammation and apoptosis. Its increased expression has been linked with poorer prognosis 

in liver cancer (Wang et al., 2019). PPIA is also known as cyclophilin-A. The possible roles of 
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cyclophilin-A in cancer have been reviewed by Lee and Kim, they were shown to include the 

promotion of growth, increased angiogenesis, resistance to hypoxia, resistance to 

chemotherapy and promotion of metastatic progression (Lee and Kim, 2010).  

 

UM small exosome-like EV isolates did not contain the common exosomal protein CD63 at 

levels high enough to be visualised by western blot (Chapter 5). In this research, CD63 was 

shown to be present in the LC-MS/MS proteome. CD9, a protein commonly extolled as a 

marker of exosomes, was absent in the LC-MS/MS proteome. As the morphology and size 

distribution of the EVs isolated are indicative of exosomes, this suggests that CD9 is 

insufficient as a pan exosome marker for all cell types. However, it is worth noting that 

these results are in contrast to previous work by Pardo et al., who identified CD9 in the 

secretome of the 92.1 UM cell line (Pardo et al., 2007). The low level and lack of these 

proteins suggests that they do not represent sufficient markers of UM exosomes, 

corroborating literature suggestions that pan-exosome markers are often only present on 

subpopulations of small EVs (Kowal et al., 2016) and indicating that appropriate markers in 

UM require further investigation. 

 

UM small exosome-like EVs contained non-exosomal proteins calnexin (CANX) and 

cytochrome C1 (CYC1). Cell death and apoptosis associated with the dataset could account 

for this through leakage or release in small apoptotic bodies. Additionally, CANX is known 

to appear in microvesicles (Haraszti et al., 2016). The literature suggests that currently 

available approaches for the isolation of exosomes are limited in their ability to provide 

pure exosomes (P. Li et al., 2017). However, the variability in the levels of these proteins 

between cell lines could be due to differences in their growth, survival and death profiles in 

2D serum-free culture (Hamabe et al., 2000) or simply different physiological levels in 

different cell lines from different tumours. Additionally, while serum-free culture does not 
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seem to negatively impact the growth of UM cells in short-term culture, it has been shown 

that serum free culture conditions can alter the protein composition of EVs in other models 

(J. Li et al., 2015). Similarly, it has recently been shown that the RNA and protein content of 

EVs from a 3D culture systems differ from those EVs isolated from 2D culture models 

(Rocha et al., 2019). Furthermore, the RNA content of EVs from 3D culture systems more 

closely represents EVs in vivo (Thippabhotla, Zhong and He, 2019). Future research could 

isolate and perform in-depth label free proteomics on UM EVs from cells grown in 

established 3D models (Valyi-Nagy et al., 2012). This would allow comparison with the 

proteome presented herein and may give more representative results when interrogated 

with functional enrichment, as 3D UM models may release EVs more representative of UM 

in situ. 

 

Functional enrichment with the Ingenuity software also allowed prediction of the top 

upstream regulators associated with the UM EV proteome and its associated highlighted 

potential roles of Matrix Metallopeptidase 12 (MMP12), synoviolin (SYVN1), MYC and the 

micro-RNA mir-122 (Figure 5.6.). MMP12 has been shown to correlate with invasive 

potential in squamous cell carcinoma (Kerkelä et al., 2002), but has also been shown to 

correlate with reduce vascular invasion in gastric carcinoma (Cheng et al., 2010) and with 

better prognosis in colorectal carcinoma (Yang et al., 2001). In 2015, Zhang et al., 

demonstrated increased expression of MMP12 in cutaneous melanoma compared with 

normal skin, and an association between increased MMP12 expression with invasion and 

metastasis (Zhang et al., 2015). SYVN1 is known to have anti-apoptotic properties and 

promote proliferation through regulation of the tumour suppressor p53 (Yamasaki et al., 

2007). SYVN1 is also thought to have a role in autophagy, through its relationship with α-1-

antitrypsin (Feng et al., 2017). The role of the MYC oncogene in cancer progression has 

been extensively reviewed by Dang et al.,(Dang, 2012). Previous work by Parrella et al., in 
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2001 described specific amplifications of the MYC oncogene in more than 30% of UM and 

suggested that this may be due to copy number gains of chromosome 8q (Parrella et al., 

2001). The micro-RNA mir-122 is the most abundant in the liver (Hu et al., 2012) and is 

known to mediate cell motility and invasion by targeting RhoA (Hu et al., 2012). Conversely 

however, breast cancer secreted mir-122 has also been shown to modulate glucose 

metabolism within the metastatic niche, propagating metastatic progression (Fong et al., 

2015). 

 

Among the upstream regulators predicted by the IPA software were MITF, let-7 and MYC 

each of which have been linked to cancer pathology or progression. MITF is a known 

oncogene which is amplified in malignant melanoma (Garraway et al., 2005). MITF is 

thought to play a role in melanocyte development and survival (Hartman and Czyz, 2015); 

yet, its overexpression was shown to suppress Rho-GTPase activation and cellular invasion 

in melanoma (Bianchi-Smiraglia et al., 2017). Let-7 is transcriptionally repressed by MYC 

(Chang et al., 2008) and has been shown to be upregulated in tumours at higher risk of 

metastasis (Worley et al., 2008). The MYC oncogene codes for the MYC protein and is 

known to play a role in cell growth and proliferation (Bernard and Eilers, 2006). MYC is 

thought to play a role in UM proliferation and was suggested as a prognostic marker of UM 

(Royds et al., 1992). MYC is located on chromosome-8 (Dalla-Favera et al., 1982), which 

commonly shows additional copies in UM, correlating with reduced survival (Sisley et al., 

1997). The inhibition of MYC has been hypothesised to reverse tumorigenesis due to its 

relationship with cell cycle progression, senescence and apoptosis (Li, Casey and Felsher, 

2014); furthermore, it is known to promote integrin-mediated TGF signalling, ameliorate 

Let-7 signalling (Chang et al., 2008), and orchestrate a feedback loop with RhoA that 

contributes to cytoskeletal remodelling (Bustelo, 2010). Each of these regulators require 
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further investigation in models of UM, to study how their modulation affects UM pathology 

and the UM secretome. 

 

The research presented in this chapter lacked an appropriate negative control for 

comparison against the experimental samples. An example of such a control could be small 

exosome-like EVs isolated from NCMs as in Chapter 4. Comparison with such a control 

could demonstrate a difference in the proteomic profiles between small exosome-like EVs 

isolated from normal choroidal melanocytes and malignantly transformed UM. However, 

currently NCM cell lines are not available; furthermore, isolated NCMs would require 

multiple donor eyes for the number of cells required, which is likely to be higher than the 

number of UM cells as exosomal release is known to be upregulated in cancer (Riches et al., 

2014).  

 

It is worth noting that non-exosomal proteins were found in the dataset. This may indicate 

non-exosomal EVs or proteins released in other forms such as through lysis or cellular 

debris. To limit the possibility that this release is due to the serum free culture conditions, 

the research could be repeated with cells grown in conditions including exosome-free 

serum. Vilas Shelke et al., highlighted the importance of exosome depletion protocols when 

culturing with fetal bovine serum and concluded that the presence of bovine EVs in cell 

culture affected the behaviour of cells, such as migration, and that overnight 

ultracentrifugation was only capable of eliminating 95% of serum EVs (Shelke et al., 2014). 

Kornilov et al., have since demonstrated an inexpensive filtration method for the removal 

of EVs from serum (Kornilov et al., 2018). The method maintains the metabolic and 

proliferative activity of cells compared with those grown in EV-containing serum and 

reduces ROS production compared with serum-free culture. This could also be 

implemented in future studies replicating the methods herein. 
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While the cell lines employed herein are frequently used in UM research, their molecular 

profile isn’t representative of the total population of patients who develop UM and they 

are considered to have originated from “unusual” tumours (Jager et al., 2016). The MP41 

cell line added in this chapter to improve sample size and genetic variation. The MP41 line 

was described as more appropriately recapitulating the genetic landscape of UM; however, 

none of the cell lines employed in this research harbour a BAP1 mutation, an event 

apparent in 47% of UM cases (Koopmans et al., 2014), an even considered an independent 

marker of metastatic risk (Harbour et al., 2010). A greater number of cell lines or primary 

sample cultures would allow collection of EVs from a greater cohort of sample types. The 

research herein compares tumour site and GNAQ/11 mutation; however, comparing wild 

type with BAP1, EIF1AX or SF3B1 mutations could provide insight into their impact in 

intercellular signalling through EVs. Similarly, comparison of UM harbouring common 

genomic aberrations (described in Chapter 1) with normal copy number samples could also 

highlight interesting biological implications. 

 

While this research represents the first in-depth proteomic analysis of UM EVs and is the 

first research to propose molecular mechanisms influenced by the proteins un UM EVs, 

functional validation of the associated pathways is required to confirm their involvement in 

UM pathology. The influence of UM EVs on the mTORC1 and mTORC2 pathways could be 

interrogated through exogenous treatment of UM cells with UM EVs. UM EVs could be 

isolated as described herein and administered in a dose dependent manner to UM culture 

models. The mTORC1 and mTORC2 pathways could be assessed for upregulation by 

western blot of downstream protein phosphorylation (Amirouchene-Angelozzi et al., 2014) 

and inhibited either independently (Amirouchene-Angelozzi et al., 2014; Werfel et al., 

2018) or through dual inhibition (Srivastava et al., 2019). Similarly, methods of silencing 
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RhoA could be employed to assess the importance of RhoA signalling through UM EVs. UM 

EVs could be then added exogenously to UM cells and downstream outcomes of RhoA 

activity could be assessed, such as RhoA activity binding, actin dynamics through 

immunofluorescence, migration and adhesion (Yan et al., 2014; Jatho et al., 2015). Some of 

these methods would also assess cell migration and adhesion in response to UM EVs. 

Additionally, several methods for quantifying adhesion have been reviewed by Khalili et al., 

(Khalili and Ahmad, 2015). The authors described imaging techniques such as 

polyacrylamide-traction force microscopy and three-dimensional traction force 

quantification, among others. These could be applied to cultured UM cells in the presence 

or absence of exogenous UM EV treatment. Collectively these methods could be employed 

to assess the impact of UM EVs on the pathways highlighted in this research. 

 

6.5. Conclusion 

In conclusion, proteomic analyses identified an association between UM small exosome-like 

EVs and functional pathways related to cell proliferation, adhesion and migration. The 

functionally enriched pathways were commonly related to mTOR and Rho GTPase 

signalling. It highlighted increased activation of these pathways in GNA11-mutant UM EVs 

compared with GNAQ-mutant UM EVs, and downregulation in MUM EVs compared with 

PUM EVs. These results demonstrate the exciting implication of UM EVs in autocrine or 

intercellular signalling in UM. The pathways discussed in this chapter require functional 

validation in relevant UM models.



264 
 

7.  CHAPTER 7: THESIS SUMMARY AND DISCUSSION  

This thesis considers the role of the metastatic microenvironment in UM pathology and 

progression and how this may be influenced by factors secreted by the UM. It studies the 

level and pattern of fibrosis in the liver in response to MUM cells, comparing the results 

with patient and tumour characteristics. It investigates the signalling pathways and 

biological functions associated with the total protein secretome of PUM and assesses the 

secretory mechanism of those proteins. It continues by demonstrating methods capable of 

isolating and characterising small exosome-like EVs from a panel of UM cell lines and 

assesses the biological functions and signalling pathways associated with their protein 

content. 

7.1. Summary of results 

A key feature of UM-related mortality is its prevalent organotropic metastasis to the liver 

(Singh, Durairaj and Yeung, 2018). An apparent fibrotic response has previously been 

demonstrated in MUM of the liver (Grossniklaus, 2013) and is a common characteristic of 

the liver metastases from other primary cancer types (Cox and Erler, 2014; Milette et al., 

2017). This fibrosis is characterised by excess ECM deposition and the activation of local 

resident fibroblasts. Chapter 3 investigated this fibrosis in the largest cohort of hepatic 

MUM to date. To my knowledge this is the first study to statistically assess the fibrotic 

response in the liver of patients with MUM and to compare this with other tumour/patient 

characteristics. Chapter 3 demonstrates that increased ECM deposition in hepatic MUM is a 

common occurrence. Two distinct patterns of ECM deposition were described; 

(1) peritumoural ECM and (2) intratumoural ECM. 

 

Peritumoural ECM deposition was shown to be statistically associated with co-localised 

αSMA positive cells, suggesting that peritumoural ECM deposition is a consequence of 
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activated HSCs (Brenner et al., 2012). This phenomenon has previously been suggested to 

impact immune infiltration in UM (Krishna et al., 2017) and the efficacy of 

chemotherapeutics in pancreatic cancer (Tanaka and Kano, 2018; Matsuda et al., 2019). 

 

A common pattern in the intratumoural ECM deposition was also apparent, presenting as 

interconnecting loops similar to PAS-positive loops seen in PUM (Folberg et al., 1993) and 

cirrhotic nodules seen in the liver (Lo and Kim, 2017). Intratumoural αSMA positivity was 

also seen in looping patterns, similar to the ECM loops described; however, this relationship 

was not statistically significant. When statistically assessed, the fibrotic markers were not 

significantly related to any other tumour characteristic assessed.  

 

The prevalent fibrotic microenvironment demonstrated in hepatic MUM in Chapter 3 offers 

an exciting therapeutic prospect. Previous research has investigated the treatment of 

cancer through targeting the associated fibrosis but has demonstrated contrasting results 

depending on the context. Targeting the fibroblasts directly in pancreatic cancer can 

increase the response to chemotherapy (Olive et al., 2009; Ene-Obong et al., 2013; 

Sherman et al., 2014) but has also been associated with increase tumour progression and a 

more aggressive phenotype (Özdemir et al., 2014; Rhim et al., 2014). These studies both 

employed mouse models of pancreatic cancer and treated the mice with compounds 

known to mediate stellate cell activation. They measured efficacy and outcome with a 

variety of methods such as H&E or Sirius red staining, IHC for collagen I or fibronectin, 

metastatic count, measures of tumour volume, duration of survival, and qRT-PCR of genes 

known to represent pancreatic stellate cell activation. Similar research has not yet been 

conducted in UM and these methods could be used to investigate the effect of antifibrotic 

treatment in animal models of MUM (Burnier et al., 2019). At present however, further 
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work is needed to determine whether the available animal models are representative of 

hepatic MUM and if they display the fibrotic response presented in this research. 

 
Chapter 3 aimed to elucidate any relationship between the genetic profile of MUM and the 

pattern or level of fibrosis present. However, the cohort of UM sample employed 

harboured limited variation in the genetic profiles due to the method of sample collection. 

Similar research with a larger sample cohort, containing a more varied genetic profile, could 

highlight a relationship between fibrosis and UM genetics. Current clinical practice at the 

Royal Liverpool University Hospital employs a method for predicting metastatic risk in UM 

patients which incorporates the genetic profile of the PUM (Eleuteri et al., 2007; Deparis et 

al., 2016). Should a relationship between UM genetics and fibrotic response exist, this 

information could be used to predict the level of fibrosis in the MUM. If identified, it could 

impact the clinical management of patients with UM and open alternative therapeutic 

strategies such as targeting fibrosis as discussed above. It should be noted however, that 

differences in genetic profile between the PUM and MUM have been highlighted (McCarthy 

et al., 2016), and so analysis of the MUM genetic profile through fine needle biopsy may be 

more appropriate. Additionally, While the present dataset contains limited variation of 

these genetic aberrations, it must be recognised that UM is a rare disease in which <10% of 

patients present with resectable MUM, making this one of the largest collections of MUM 

samples worldwide. The samples analysed were large, localised, resectable MUM and thus 

it is unclear whether similar patterns of the markers examined would be observed in 

hepatic MUM that present as non-resectable miliary lesions. 

 
Following the results presented in Chapter 3, I hypothesised that the fibrotic 

microenvironment in hepatic MUM is a response to the secretion of biologically active 

proteins by the UM cells and that the proteins secreted from PUM cells promote tumour 

progression through autocrine signalling and education of the premetastatic niche in the 
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liver. To investigate this, chapter 4 assessed the proteomic profile of the secretome of 

patient-derived PUM cells from those patients at a HR or LR of developing metastasis and 

the secretome of cadaver-derived NCM. The study identifies the mechanism of secretion of 

each protein and performs GO-annotation and functional enrichment on the resulting 

proteome in order to predict biological functions and signalling pathways associated with 

the UM secretome. 

 

Chapter four demonstrated that a large proportion of the UM secreted proteome may be of 

EV origin and GO-annotation of the cellular component demonstrated association with the 

terms ‘Vesicle’ and ‘Extracellular exosome’, among other similar terms. Functional 

enrichment highlighted an upregulation of functions associated with cellular adhesion, 

migration and invasion in UM compared with NCM, and in HR-UM compared with LR-UM. 

Upregulated pathways included Rho, Rac and actin signalling, mTOR/S6K signalling, and 

agrin, integrin, ILK, paxillin and ephrin pathways. Each of these signalling networks are 

involved in cellular adhesion and migration. Furthermore, pathways associated with 

proliferation were also demonstrated, such as an upregulation in PI3K/AKT, HGF, and 

glycolysis signalling and a down regulation in PTEN signalling. 

 

Interestingly, hepatic fibrosis and HSC signalling demonstrated the highest association with 

the UM secretome. When considering the propensity of UM to metastasise to the liver and 

the fibrotic response to MUM in the liver described in chapter 3, this result suggests that 

proteins secreted by UM cells are likely to be involved in signalling that regulates the 

activation of the resident fibroblasts in the liver. Rho GTPase, mTOR, actin and integrin 

signalling dynamics are known to co-operatively regulate the cell’s response to its 

surrounding ECM (Boyle and Samuel, 2016) and these pathways are not only important in 

cancer migration and metastasis, but also in the activation of fibroblasts (Thoen et al., 
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2011; Shafiei and Rockey, 2012; Martin et al., 2016). Unfortunately, while upregulation of 

the Rho GTPase, mTOR, actin and integrin signalling mechanisms were predicted in UM vs 

NCM and in HR-UM vs LR-UM, up or down regulation of hepatic fibrosis and HSC activation 

was not predicted by the software. This process and its associated signalling require further 

investigation in models of UM. 

 

The UM patient samples employed in chapter 4 were stratified according to chromosome 3 

status, a strong predictor of a patient’s risk of developing metastases (Cassoux et al., 2014). 

The dataset employed in this study contained a large number of M3 HR-UM as compared 

with D3 LR-UM due to the isolation of PUM cells from large tumours that were either 

enucleated or underwent local resection. The HR-UM group contained ten samples, the 

LR-UM contained only four samples and the NCM group contained only five samples. While 

this could cause a bias in the results towards the difference between HR-UM and NCM, 

limiting the impact of LR-UM, it could be addressed in future research by also isolating cells 

from more D3 UM undergoing biopsy rather than resection.  

 

To my knowledge, this is the first study to perform functional enrichment and pathway 

analysis on the total secreted proteome of PUM and NCM cultures. The results align well 

with previously published literature on pathways associated with UM pathology. The 

consistency of the results throughout these analyses and their alignment with the literature 

strengthens their interpretation and points to an important role of these pathways in UM 

progression. These findings contribute considerably to the development of novel 

hypotheses and future research projects into the involvement of specific signalling 

pathways and proteins in the pathology and metastatic progression of UM. An important 

implication of these findings is the association with the MTORC2-RhoA signalling axis. 

MTORC2 and RhoA have previously been reported to have roles in cell motility, invasion 
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and metastasis (Huang and Zhou, 2011). These signalling pathways require further 

investigation in models of UM and are discussed in further detail later in this chapter. A 

striking outcome of this research was the high proportion of EV associated proteins, 

representing two thirds of the UM secretome. Chapters five and six investigated UM EVs 

further demonstrating their isolation, characterisation and an investigation of their 

proteome and predicted functions. 

 

The research in chapter 4 highlighted EV release as a major factor contributing to the UM 

protein secretome. I hypothesised that the protein content of EVs released by UM cells 

plays an important role in intercellular signalling and may be involved in educating the 

metastatic niche. Chapter 5 brings together methods previously described in the literature 

for the isolation and characterisation of small exosome-like EVs and applies these for the 

first time to the secretome of 2D cultured UM cells. The results demonstrate EVs with 

appropriate size, in line with published values (Muller et al., 2014; Xu et al., 2016; Garcia-

Contreras et al., 2017), and a reduction in size distribution following UC. TEM micrographs 

of isolated UM EVs demonstrated characteristic ‘cup-shaped’ morphology of exosomes as 

previously described (Théry et al., 2006). Assessment of protein expression identified varied 

expression of common ‘exosomal markers’; however, also showed the presence of 

‘negative markers’ that should be absent in exosomes (Lötvall et al., 2014). Collectively, the 

results presented in chapter 5 demonstrate the successful isolation and characterisation of 

small exosome-like EVs from a panel of UM cell lines.  

 

These results are broadly consistent with those produced by Eldh et al., and Ragusa et al., in 

their research into UM exosomes (Eldh et al., 2014; Ragusa et al., 2015). Both employed UC 

for the isolation of small exosome-like EVs from biofluid samples collected from patients 

with UM. Ragusa et al., demonstrated small exosome-like EVs with an average diameter of 
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100 nm, isolated from the vitreous humor of patients with PUM (Ragusa et al., 2015). Eldh 

et al., isolated small exosome-like EVs from the liver perfusate of patients with MUM, 

demonstrating a diameter of 50 nm when measured by TEM (Eldh et al., 2014). Similar to 

the results presented herein, both authors also demonstrated ‘cup-shaped’ morphology by 

TEM and highlighted varied expression of ‘canonical’ exosome markers by flow cytometry 

(Eldh et al., 2014; Ragusa et al., 2015).  

 

As this research demonstrates the ability to isolate small exosome-like EVs from cultured 

UM cells, functional studies could be undertaken with isolated UM EVs to understand their 

role in UM pathology. These are discussed in further detail later in this chapter. 

 

Several cell types are known to ‘take up’ EVs, which can modulate mechanisms in the 

recipient cell that have previously been described to aid metastatic progression and 

education of the pre-metastatic niche. For instance, EVs have been shown to be taken up 

by endothelial cells, promoting angiogenesis and tumour vascularisation (Chiba et al., 

2018). EVs can be taken up by immune cells such as T-cells and macrophages including 

Kupffer cells (Costa-Silva et al., 2015; Hoshino et al., 2015; Barros et al., 2018), causing 

modulation of the immune response. They can also be taken up by fibroblasts/resident 

stellate cells impacting fibrosis and desmoplasia (Costa-Silva et al., 2015; Yang et al., 2019). 

The impact UM EVs have on these different cell types could be investigated in future 

studies employing UM models. In particular, the role PUM derived EVs play in the education 

of the pre-metastatic niche and their promotion of fibrosis requires investigation. Following 

the demonstration of the fibrotic microenvironment of MUM in chapter three and the 

functional enrichment of hepatic fibrosis/HSC activation signalling in the UM secretome 

demonstrated in chapter 4, the impact the UM EVs have on quiescent HSCs could be 

investigated in relevant UM models.  
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EVs also represent possible biomarkers of disease (Halvaei et al., 2018; Zhang et al., 2019). 

EVs isolated with the methods in chapter five could be investigated for the presence of 

biomarkers of UM stage, such as the development of MUM in the liver. They could also be a 

marker of therapy effectiveness during the treatment of MUM. In order to represent non-

invasive biomarkers in liquid biopsies, any potential protein, lipid or genetic biomarker 

revealed in the EVs of cultured UM cells would require validation in patient biofluids, such 

as plasma. 

 

Bioinformatic analysis of the total content of EVs can also reveal functions and mechanisms 

not immediately apparent in univariate investigations. EVs are known to contain several 

types of bioactive molecules, such as proteins, lipids RNAs and DNA (Jeppesen et al., 2019). 

Research into the microRNA content of UM small exosome-like EVs (Eldh et al., 2014; 

Ragusa et al., 2015) has begun yet there are currently no published studies of their total 

protein content. 

 

Chapter six investigates the protein content of EVs isolated from UM cell lines using nano-

liquid chromatography tandem mass spectrometry for in-depth proteomic analysis. The 

generated proteome underwent bioinformatic analyses using a range of tools to define 

biological functions and signalling pathways associated with the dataset as undertaken in 

Chapter four. Similarities and differences between the two proteomic datasets were also 

investigated. I hypothesised that UM EVs contain proteins associated with UM growth and 

metastatic progression, and that these proteins may differ between PUM and MUM as well 

as UM harbouring different initiating mutations (GNAQ vs GNA11).  
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Similar to the bioinformatic analysis of the total secretome, presented in chapter four, 

functional enrichment of UM EV proteome highlighted an association with proliferation, 

adhesion and migration functions as well as mTOR, GTPase, integrin, paxillin, agrin and 

ephrin signalling networks.  

 

The results presented are consistent with those of Eldh et al., and Surman et al.,(Eldh et al., 

2014; Surman et al., 2019). Eldh et al., demonstrated the association of focal adhesion 

signalling with a cluster of mircoRNAs present in small exosome-like EVs isolated from the 

liver perfusate of patients with hepatic MUM and a cultured melanoma cell line. These 

microRNAs differentiated between the EVs from patients with MUM (plus one melanoma 

cell line) and EVs from unrelated cell lines, such as mast cells and other cancers (Eldh et al., 

2014). Surman et al., investigated larger EVs considered ectosomes. Functional enrichment 

of their proteome highlighted an association with focal adhesion, translation initiation and 

GTPase signalling (Surman et al., 2019). While the research methodologies differed to those 

presented herein, the similarities between the findings of these studies further highlight an 

important role of UM EVs in the regulation of cellular adhesion. These functions, the 

associated signalling pathways and the proteins or microRNAs involved require further 

investigation.  

 

Functional enrichment identified pathways and functions associated with proliferation, 

adhesion and migration. These were predicted by the software to be downregulated in EVs 

isolated from cell lines of MUM as compared with EVs isolated from cell lines derived from 

PUM. This suggest that EVs secreted by PUM cells would promote metastasis more so than 

those from MUM cells. 
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It is important to consider however, that cells residing in 2D culture may produce EVs with a 

differing protein content when compared with that produced by cells in a more 

representative microenvironment. As more representative in vitro models of UM are 

developed, such as multicellular 3D spheroids, further investigation of EVs and their 

contents will be necessary for comparison with the data generated herein.  

 

The grouping of cell lines also adds limitations to the conclusions drawn from the 

GNAQ-GNA11 comparison due to numerical imbalance in such a low samples number (2 vs 

4). Due to this limited number of samples, there is limited genetic variability between 

samples. Increased numbers could allow comparisons between biologically relevant 

differences, such as EIF1AX mutant vs wild-type, SF3B1 mutant vs wild-type, BAP1 mutant 

vs wild-type etc. With the limited number of UM cell lines that appropriately represent the 

genetic landscape of UM (Amirouchene-Angelozzi et al., 2014), a way to overcome this 

would be to culture primary tumour derived tissue as described by Angi et al., (Angi et al., 

2016) and to isolate UM EVs as described in chapter 5 of this thesis. Chapter 4 compares 

the secretome of primary UM cells against that of cultured primary NCMs. Yet similar 

comparison was not possible in chapter 6 due to a lack of an NCM cell line. Primary NCM 

are slow growing with presumed limited EV production compared with cancer cell lines 

(Whiteside, 2016). EVs could be isolated from larger cultures of pooled NCM samples, and 

future studies could compare these to EVs isolated from PUM cultures grown as described 

by (Angi et al., 2016). 

 

Future larger studies hoping to demonstrate differences in these pathways between 

different UM genotypes should include greater numbers of different UM cell lines or large 

numbers of cultures from primary samples. Statistical analyses against an appropriate 

control could also improve the conclusions drawn from this research; EVs isolated from 
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several large NCM cultures from multiple donors could be pooled to generate enough 

material for this purpose. 

 

Although this study examined for the first time the protein content of UM EVs, it has been 

well documented that EVs contain several different types of actively and selectively 

enriched biologically active molecules, such as mRNA, microRNA, lncRNA, double stranded 

DNA and lipids (Jeppesen et al., 2019); all of which could impact downstream biological 

processes. By integrating information about all of these molecules secreted in EVs from UM 

cell lines a more comprehensive picture of their functional role in the disease may be 

obtained. 

 

7.2. Consistent themes throughout the thesis 

Throughout this thesis, the mTOR signalling axis was highlighted as an important pathway 

governed by the UM secretome and by UM EVs. MTORC1 signalling is known to govern 

amino acid metabolism, nucleotide metabolism, fatty acid and lipid metabolism, and 

glucose metabolism (Saxton and Sabatini, 2017; Mossmann, Park and Hall, 2018). The S6K 

and eIF4E signalling networks were also highlighted in the two datasets, both are 

downstream effectors of the MTORC1 pathway and known to increase the translation of 

metabolic enzymes and metabolism-related transcription factors (Saxton and Sabatini, 

2017). MTORC2 signalling is known to impact cytoskeletal remodelling through PKCα and 

GTPases such as Rho, Rac and cdc42(Huang and Zhou, 2011). Cytoskeletal remodelling, 

GTPase signalling and multiple adhesion networks were frequently associated with the UM 

secretome and UM EVs. This suggests an integral role of MTORC2 signalling in UM through 

extracellular protein and EV transfer. MTORC2 is also known to modulate cell survival and 

proliferation through AKT and SGK1 (Sarbassov et al., 2005; García-Martínez and Alessi, 

2008). MTORC2 and AKT have both been shown to co-localize with newly assembled focal 
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adhesion complexes including the protein paxillin (Sen et al., 2014). Both adhesion and 

paxillin signalling were highlighted in this thesis as associated with UM EVs and the UM 

secretome. Alongside these functions, both MTORC1 and MTORC2 were shown to impact 

cellular adhesion pathways, with MTORC1 functioning through S6K1 and 4E-BP1 pathways 

and MTORC2 through an undefined AKT-independent pathway (L. Chen et al., 2015). These 

functional mechanisms are all highlighted in chapters 4 and 6 and have been linked with the 

progression of other cancers in the literature. These pathways have also been linked with 

the stimulation of fibrosis (Hillel and Gelbard, 2015; Lawrence and Nho, 2018; Woodcock et 

al., 2019) and the activation of cancer associated fibroblasts (Conciatori et al., 2018). 

Chapter three demonstrated hepatic fibrosis and the activation of HSCs in MUM and 

chapter 4 highlighted an association of hepatic fibrosis and HSCs activation with the 

proteins in the PUM secretome. 

 

The results presented throughout this thesis correspond with those previously described in 

the UM literature. mTOR signalling has previously been shown to be important in UM, 

regulating cell viability in vitro and tumour growth in vivo (Ho et al., 2012; Amirouchene-

Angelozzi et al., 2014; Carita et al., 2016), while Feng et al., demonstrated Rho and Rac 

GTPase signalling and their activation of YAP, downstream of the UM oncogene GNAQ 

(Feng et al., 2014). Differential integrin expression has been demonstrated in invasive and 

non-invasive UM (Woodward et al., 2005) and α6β1 has previously been suggested as a 

prognostic factor in UM (Elshaw et al., 2001). The role of paxillin in UM was previously 

discussed at the 2014 annual ARVO meeting (Morales et al., 2014) where the authors 

demonstrated significantly reduced cellular migration and proliferation through targeted 

inhibition of paxillin. Vukoja et al., demonstrated that nuclear expression of the ephrin 

receptor EphA2 in PUM is associated with an increased rate of metastatic progression  

 



276 
 

Collectively, the prevalence of these pathways throughout this thesis and their previously 

reported roles in UM suggest an important role of the UM secretome and UM EVs in the 

pathological progression of UM. The findings presented herein can contribute considerably 

to the development and evaluation of further studies in UM. In order to determine if the 

signalling pathways highlighted by functional enrichment are active in UM and if they are 

stimulated by protein or EV transfer, functional studies that assess the downstream effects 

of these pathways could be employed in UM models, such as those previously described 

(Valyi-Nagy et al., 2012; Angi et al., 2016; Burnier et al., 2019). 

 

7.3. Future work 

Dose dependent studies could employ UM EVs or the UM secretome to investigate their 

role in promoting cell proliferation, migration, adhesion or HSC activation through mTOR, 

GTPase, integrin, paxillin, ephrin and agrin signalling pathways. UM models could be 

challenged with increasing numbers of UM EVs or increasing quantities of the UM 

secretome, and downstream measures of these pathways assessed. 

 

Signalling through MTORC1 could be assessed as described by Li et al., who investigated its 

role in gastric cancer in response to dysregulated the long non-coding RNA urothelial 

carcinoma-associated 1 lncRNA-UCA1 (C. Li et al., 2017). They employed western blotting 

and optical densitometry to assess fold change expression of downstream mTORC1 targets 

in response to different conditions. 

 

The involvement of MTORC2 could be assessed with methods performed by Joly et al., in 

their study in breast cancer (Joly et al., 2016), where they used in vitro culture and in vivo 

xenograft models alongside IHC and western blotting to assess expression levels of key 

MTORC2 pathway components. 
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The activity of GTPases could be assessed similar to how Yan et al., investigated its activity 

in endothelial cells in response to heparin sulphate and CXCL8 treatment (Yan et al., 2016). 

The authors used western blotting, and a Rho GTPase activity assay and imaging of 

downstream morphological effects to assess GTPase activity. 

 

Integrin activation during cell adhesion could be assessed with the methods used by (Du et 

al., 2011). The authors used a combination of immunochemical analysis, imaging 

techniques and western blotting to assess integrin involvement in stem cell differentiation. 

 

The involvement of paxillin signalling in UM could be assessed with the methods employed 

by German et al., in their study into endothelial migration and angiogenesis in response to 

neuropilin-2 expression (German et al., 2014). They used siRNA knockdown models 

alongside western blotting, immunocytochemistry and functional assays to assess paxillin 

levels and activity. 

 

The ephrin signalling axis could be assessed in UM with the methods described by 

Youngblood et al. The authors employed micro array analysis and expression profiling of 

patients with breast cancer (Youngblood et al., 2016). They assessed ephrin’s functional 

role through siRNA knockdown and IHC, western blot, proliferation assays and spheroid size 

measures of in vitro cell lines, and tumour volume measures in mouse xenograft models.  

 

Agrin involvement in YAP translocation and activity was investigated in hepatocellular 

carcinoma by Chakraborty et al.,(Chakraborty et al., 2017). They employed siRNA and 

shRNA knockdown models with immunofluorescence imaging, IHC and western blotting, as 
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well as ECM stiffness, collagen gel contraction assays and transwell migration assays to 

assess the downstream effects of agrin depleted models.  

 

The ability of UM EVs or the UM secretome to activate HSCs could be assessed in vitro. 

Human HSCs could be cultured according to methods described by Xu et al.,(Xu et al., 

2005), and their activation assessed with the methods discussed in Chapter 3. These 

methods could also be used in conjunction with 3D and organoid models of hepatic fibrosis 

(Mazza, Al-Akkad and Rombouts, 2017). 

 

The prospect of these pathways being stimulated through local intercellular transfer of 

secreted biomolecules — as discussed in Chapter 4 — offers potential drug targets that 

could impact clinical pathways. Furthermore, the promotion of these intercellular signalling 

pathways through EV secretion — as demonstrated in Chapter 6 — suggests the possibility 

of more distal signalling with cells and tissues elsewhere in the body. This is because the 

packaging of biologically active materials into EVs prolongs their stability in the 

bloodstream (Akuma, Okagu and Udenigwe, 2019). 

 

It should be noted that the presence of these proteins in UM EVs and the UM secretome 

may not mean they actively contribute to the functionally enriched pathways associated 

with their presence. It could simply mean that the proteins associated with those pathways 

are present in the given proteome. This could be true if the proteins overlapping with the 

given pathway are those downstream of the pathway rather than those stimulating it. In 

the context of this research, the HSC activation pathway — associated with the secretome 

in Chapter 4 — mainly overlapped the dataset through proteins produced by the pathway, 

rather than ligands stimulating it. The given signalling pathway may be active in the UM 

cells and the downstream products sequestered in EVs or secreted due to overproduction. 
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These proteins may not confer any relevant activity through horizontal transfer. Equally, 

this can be the case for EVs which contain functionally active proteins or proteins which 

may be able to stimulate a given pathway. EV uptake mechanisms can involve endosomal 

processing which may lead to lysosomal degradation of any protein transferred via EVs 

(McKelvey et al., 2015), which would render their activity inert.  

 

This thesis considers the proteome of UM EVs and the UM secretome; however, both of 

these sample types contain several other biologically active substances such as nucleic 

acids, lipids and metabolites, each of which can influence a recipient cells behaviour (Zhang 

et al., 2019). Future research could employ the methods for UM secretome collection — 

described by Angi et al.,— and UM EV isolation — described in Chapter 5 — to further 

characterise the transcriptome, lipidome and metabolome of UM EVs, as previously 

described by Turchinovic et al., Haraszti et al., and Fellows et al., respectively (Haraszti et 

al., 2016; Fellows et al., 2018; Turchinovich, Drapkina and Tonevitsky, 2019). 

 

There have only been a limited number of previous studies investigating the role of small 

exosome-like EVs in UM, yet these have focused their research on UM EV micro-RNAs. Eldh 

et al., previously described the microRNA content of small exosome-like EVs isolated 

directly from the liver circulation of patients with MUM (Eldh et al., 2014). The authors 

demonstrated that a cluster of six microRNAs capable of differentiating the UM patient 

samples from cultured cell lines of other cancer types. Similar to the results herein, 

functional enrichment of these microRNAs showed association with focal adhesion 

signalling and mTOR signalling. They also demonstrated the presence of microRNA linked 

with TGF- signalling (Eldh et al., 2014). The TGF- protein in a known regulator of cell 

morphology, growth and differentiation (Edlund et al., 2002) and its role in hepatic fibrosis 
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has been extensively documented (Gressner et al., 2002). These processes are stimulated 

through Rho GTPases signalling, including RhoA and Cdc42.  

 

Ragusa et al., examined the microRNA content of the vitreous humour of UM patients 

(Ragusa et al., 2015), identifying 94 localised small microRNAs. While the majority of the 

identified microRNAs were thought to primarily function in the development of the eye, the 

microRNA mir146a is thought to have a role in angiogenesis and neovascularisation within 

the eye, and regulation of ECM deposition. Mir146a was expressed more highly in the 

vitreous humour of UM patients compared with other pathologies. 

 

While the results presented in Chapters 3,4 and 6 all demonstrate a common theme 

suggesting the modulation of ECM and the promotion of related pathways. The ability to 

conflate the respective conclusion limited due to the different UM models employed. Each 

investigates biological processes in UM; Chapter 3 studies the activation of resident stellate 

cells in the liver and their promotion of MUM associated fibrosis, Chapter 4 enzymatically 

disaggregates primary UM tumours and grows them short-term in 2D culture for analysis of 

their protein secretome, while chapters 5 and 6 culture established UM cell lines for the 

isolation of small exosome-like EVs. While these all represent UM and have their own 

benefits and flaws, the cross-chapter comparison of the results and the conflation of 

conclusion derived drawn may be inappropriate. Future studies should be performed in one 

comparable in vitro model system that could then be validated in vivo. 

 

7.4. Conclusions 

This thesis provides statistically relevant rational in chapters 4 and 6 for the investigation of 

multiple signalling pathways in UM and their response to secreted UM proteins or EVs. The 

primary implications of these findings are that UM cells secrete proteins and EVs associated 



281 
 

with adhesion, cytoskeletal remodelling and migration. These functions may be governed 

by specific signalling networks associated with the proteins released. The molecular 

functions and signalling pathways highlighted in this research have been shown to 

contribute to tumour malignancy and metastatic progression in other cancers. These 

pathways have also been linked in the literature with the pathological progression of 

fibrosis through the activation of resident HSCs, a feature highlighted in the liver of patients 

with MUM in chapter 3. Hepatic fibrosis and HSC activation was also the pathway most 

associated with the UM secretome in chapter 4. Collectively, these results highlight a 

possible role of these molecular functions and signalling pathways in UM progression and 

metastasis, not only through autocrine promotion of cellular proliferation and migration 

but through advantageous communication with resident stromal cells in the metastatic 

niche. While the pathways highlighted in this thesis require functional validation in UM 

models, their modulation through EV transfer represents an unexplored therapeutic target. 

These pathways could be directly targeted through chemotherapeutic or 

immunotherapeutic inhibition and the release or uptake of EVs could also be targeted in 

conjunction with current therapeutic strategies.  
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