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Abstract  

Uveal melanoma (UM) is a rare, ocular cancer that arises from melanocytes within the uveal 

tract. This cancer imposes the threat of visual impairment, ocular pain, enucleation, and in half 

of all cases, death from metastatic disease. Approximately 50% of patients presenting with UM 

will develop metastases, which occur most frequently in the liver. Despite advances in control 

of the primary tumour, there is currently no approved therapy that can prevent or halt the 

growth of UM metastases. The prognosis for patients presenting with metastatic UM is 

extremely poor; the median overall survival ranges from less than 6 months to 13.4 months, 

with as few as 8% of patients surviving beyond 2 years. Despite the rare nature of this cancer, 

recent reports suggest that Ireland has one of the highest incidence rates in the world, with an 

average of 45 new cases diagnosed annually. The development of therapies that can prolong 

the life of patients presenting with UM is an urgent unmet need.  

This research evaluates the clinical relevance and therapeutic potential of the cysteinyl 

leukotriene receptors (CysLT1 and CysLT2) in UM. The cysteinyl leukotrienes (CysLTs) are a group 

of inflammatory, lipid mediators that signal through G-protein coupled receptors, CysLT1 and 

CysLT2. The role of CysLT receptor expression, and CysLT receptor signalling, in several cancers 

has recently emerged. This, coupled with the identification of an oncogenic mutation in 

CYSLTR2 in a subset of patients presenting with UM, led us to hypothesise that these receptors 

could be targeted therapeutically in the disease. 

Using expression data from The Cancer Genome Atlas, we have shown that high expression of 

CYSLTR1 and CYSLTR2 are significantly associated with reduced disease-free survival and 

reduced overall survival in patients with UM. The expression of both receptors was further 

investigated by immunohistochemistry and assessed by manual and digital analysis. In two, 

independent patient cohorts we validated that high expression of CysLT1 is significantly 

associated with reduced overall survival. These findings solidified the importance of CysLT 

receptor expression in UM and its link to patient outcomes. 

As CysLT receptors are druggable targets, we hypothesised that pharmacological antagonists 

may attenuate cancer phenotypes including viability, proliferation, angiogenesis, inflammation, 
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and metabolism, of UM cells in culture. We found that CysLT1 antagonists, but not CysLT2 

antagonist, HAMI 3379, produced significant anti-cancer effects in primary and metastatic UM 

cell lines through the inhibition of cell survival and cell proliferation. The same effects of CysLT1 

antagonists are not observed in non-cancerous ocular cells, suggesting that this is an effect 

specific to UM cells. Novel CysLT1 antagonists, quininib and 1,4-dihydroxy quininib, produce cell 

line-dependent effects on the cancer secretome of UM cell lines. In primary UM cells, CysLT1 

antagonists decrease the secretion of inflammatory factors. However, in metastatic UM cells, 

antagonist treatment results in the increased secretion of inflammatory mediators. In terms of 

metabolism, CysLT1 antagonists significantly reduce oxidative phosphorylation in primary and 

metastatic UM cells. 

We sought to validate our findings in in vivo and ex vivo preclinical models of UM. In zebrafish 

cell line-derived xenograft models, CysLT1 antagonists significantly inhibit the growth of primary 

and metastatic cell lines in vivo. CysLT1 antagonists have a greater effect in zebrafish ocular 

orthoxenograft models, in which the cells are implanted into the corresponding anatomical 

location. In a cell line-derived orthotopic rodent xenograft model of metastatic UM, treatment 

with CysLT1 antagonist, 1,4-dihydroxy quininib, did not significantly decrease tumour weight 

versus vehicle control but did decrease tumour weight and expression of Ki-67, a marker of 

proliferation, versus standard-of-care, dacarbazine. 1,4-dihydroxy quininib significantly 

decreases ATP5B, a marker of oxidative phosphorylation, versus vehicle, mimicking our in vitro 

data. Treatment of UM ex vivo explants derived from primary UM with 1,4-dihydroxy quininib 

significantly alters the secretion of inflammatory mediators in the tumour microenvironment. 

The secretion of IL-13, IL-2 and TNF-α was significantly increased following treatment of 

primary UM tumours for 72 hours. 

These preclinical data strengthen the importance of CysLT signalling in UM. Our findings 

suggest that high expression of CysLT1 in UM could act as a biomarker and that antagonism of 

CysLT1 may be of therapeutic interest in the treatment of UM. 
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*Note: Some of the content in this chapter belongs to a publication which I authored during my 

PhD programme. 

 

The complete reference for this article is:  Kayleigh Slater, Pei Sian Hoo, Amy M. Buckley, Josep 

M. Piulats, Alberto Villanueva, Anna Portela, Breandán N. Kennedy. Evaluation of oncogenic 

cysteinyl leukotriene receptor 2 as a therapeutic target for uveal melanoma. Cancer metastasis 

reviews, 2018, 37(2-3), 335–345. 
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1.1 Thesis aims and objectives 

Goal: The goal of this thesis is to investigate the disease relevance and therapeutic potential of 

cysteinyl leukotriene receptors in uveal melanoma.  

Hypothesis: The expression of cysteinyl leukotriene receptors is altered in uveal melanoma 

(UM) and may correlate with patient prognosis. Antagonists of CysLT1 and/or CysLT2 will alter 

cancer hallmarks in preclinical models of primary and metastatic UM. 

Specific objectives: 

1. Analyse the expression of CysLT1 and CysLT2 in primary UM patient samples to determine if 

receptor expression is linked to clinical characteristics or patient prognosis. 

2. Investigate if antagonists of CysLT1 or CysLT2 alter hallmarks of UM including cell growth and 

proliferation, metabolism, and the secretion of angiogenic and inflammatory mediators in 

primary and metastatic UM cells.  

3. Develop appropriate in vivo and ex vivo models of UM in which novel therapies can be 

evaluated. Investigate the anti-tumourigenic effects of the lead CysLT receptor antagonists in 

these research models of UM.  
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1.2 Epidemiology and aetiology of uveal melanoma  

Uveal melanoma (UM) is a rare form of ocular cancer that arises from melanocytes within the 

uveal tract. The uveal tract is made up of the iris (in the anterior chamber of the eye), the ciliary 

body, and choroid (in the posterior chamber of the eye) (Figure 1.1). UM accounts for 

approximately 5.2% of all primary melanomas, and the majority of cases are diagnosed in the 

choroid (~90%) (Figure 1.2) [1].  

Although considered a rare disease, UM is the primary intraocular tumour found in adults. In 

Europe, the incidence greatly varies by region, with a South-to-North increasing gradient as 

evidenced by a minimum incidence of < 2 per million population in Spain and Southern Italy, 

and an incidence of > 8 per million population in Ireland, Norway, and Denmark [2-4]. The 

incidence is low in Asia, with 0.4 and 0.6 per million per year in South Korea [5] and Japan [6], 

respectively. A similarly low incidence is reported in Africa (0.3 per million per year) [7]. The 

overall incidence of UM has remained relatively constant in comparison to other cancer types, 

but varies by race, sex, and country [8]. UM is typically an adult malignancy, although cases have 

been reported in children [9], and the median age at diagnosis is approximately 62 years [8]. 

Males have a slightly greater disease incidence than females, and UM is more common among 

Caucasians than non-Caucasians [10] with a white to black incidence ratio of 18:1 [7]. The most 

recent report from the National Cancer Registry of Ireland (NCRI) reported 62 new cases of 

neoplasms of the eye and adnexa diagnosed in Ireland between 2015 – 2017 [11]. This 

compares to approximately 1,700 new cases per year in the United States [3] and 430 new cases 

per year in the United Kingdom [12], suggesting that Ireland has a higher incidence of the 

disease per capita (1.3 cases per 100,000 per year in Ireland versus 0.52 cases per 100,000 per 

year in the U.S.)[13]. The National Cancer Registry Ireland estimates 63 new cases will be 

diagnosed in Ireland between 2018 -2020 [11].  

Patients presenting with UM are often asymptomatic (30.2% of patients), with disease first 

diagnosed during routine ophthalmic examination with eye dilation [14]. If symptoms do 

present, patients may experience blurred vision, the presence of floaters and/or perceived 

flashes of light, visual loss, and pain in the eye [14]. 
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Risk factors associated with UM include an inability to tan, the presence of light-coloured eyes 

(blue or green), fair skin, ocular melanocytosis, and the presence of germline mutations in BAP1 

(BRCA – associated protein-1), a tumour suppressor gene found on chromosome 3 [8]. The role 

of ultraviolet light remains unclear in the case of posterior UMs. Most UMs show no evidence 

of the UV radiation mutational signature commonly found in cutaneous melanoma (CM) [15]; 

the cornea, lens, and vitreous act as a barrier to UV radiation resulting in very little reaching the 

choroid [16]. However, recently, UV radiation associated DNA damage has been detected in iris 

melanomas [17]. The anterior location of the iris means that it is directly exposed to sunlight 

that breaches the cornea [17]. Therefore, wearing sunglasses may be protective against this 

subset of UM.  

UM disseminates through the blood stream, predominantly to the liver. Up to 50% of patients 

presenting with UM will develop liver metastases within 10 years of primary diagnosis [18]. 

Once metastatic disease is detected, the outlook for patients is extremely poor. The median 

overall survival from diagnosis of metastatic uveal melanoma ranges from less than 6 months to 

13.4 months [19]. 

Despite both arising from melanocytes, UM is clinically and molecularly distinct from cutaneous 

melanoma, the most common melanoma subtype [11]. Therefore, recent advances in targeted 

therapies and immunotherapy for the treatment of cutaneous melanoma have failed to alter 

the clinical outcomes of patients presenting with UM [12]. Disease- and most importantly, 

mutation- and patient-specific therapies for UM are critical and likely to provide the most 

promising therapeutic strategies for patients presenting with UM.  
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Figure 1.1 Development of uveal melanoma within the uveal tract. 

UM develops from melanocytes within the pigmented uveal tissue of the eye. The uveal tract is 

a highly vascularised connective tissue made up of the choroid, the vascular layer of the eye 

that supplies oxygen and nutrients to the retina, (~90% of UM cases are found here), the ciliary 

body, which controls lens shape and produces aqueous humour, (~6% of UM cases are found 

here) and the iris, the coloured part of the eye that controls pupil size (~4 % of UM cases are 

found here). Created with BioRender.com.  
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Figure 1.2 Gross pathology of primary uveal melanoma. 

(A) A heavily pigmented choroidal melanoma, as indicated with asterisk, confined by the 

Bruch’s membrane, the layer between the choroid and retina (white arrow). There is an 

adjacent retinal detachment, a very common accompanying complication of medium and large 

sized melanomas [20]. (B) An amelanotic choroidal UM (asterisk) breaking through Bruch’s 

membrane (white arrows) in what is known as a “mushroom- shaped” configuration. Image 

adapted from Jager et al. (2020) [21].  
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1.3 Uveal melanoma in Ireland  

Although UM is considered a rare cancer, it has been reported that Ireland may have one of the 

highest incidences of the disease in Europe, and possibly the world [4,11,13]. For this reason, it is 

critical for UM research to be conducted here in Ireland and that researchers, clinicians, 

patients, and patient advocates work together to tackle and raise awareness of this often-

devastating disease. As described previously, there is an increased incidence gradient from 

North-to-South, whereby countries in the Northern hemisphere, including Ireland, Scotland, 

and Nordic countries, often see higher numbers of patients presenting with the disease. This 

suggests a protective role for ocular pigmentation and higher incidence rates are consistent 

with the risk factors associated with UM. Populations in the northern hemisphere, including 

Ireland, often have a lighter eye colour, fair skin and are less prone to tanning.  

The dedicated Ocular Oncology Service in the Republic of Ireland is relatively new. It was 

established in 2010 in the Royal Victoria Eye and Ear Hospital by Mr. Noel Horgan, consultant 

ophthalmologist. Prior to 2010, all patients, excluding those undergoing enucleations, were 

sent to the United Kingdom for treatment. In 2019, the first paper examining the clinical 

demographics and epidemiology of UM in Ireland was published. This comprehensive study by 

Baily et al. (2019) included 253 patients that were diagnosed with UM by the Ocular Oncology 

Service from 2010-2015 (Table 1.1). Baily et al. (2019) report an average of 45 newly diagnosed 

cases per year, a figure that is higher than that reported and estimated by the National Cancer 

Registry of Ireland [11].  

Baily et al. (2019) found that the age-adjusted incidence of UM in Ireland was 11.1 per million 

in males, 8.2 per million in females, and 9.5 per million overall (Table 1.2) [4]. In comparison, 

the largest published series examining incidence in Europe over 11 years, reported a maximum 

incidence of 8 cases per million per year [2]. The incidence in the USA, as analysed over a 36-

year period, is reported as 5.1 cases per million per year [3]. In contrast to these reported 

figures, those reported by Baily et al.(2019) suggest that the incidence rate in Ireland is 

significantly higher. In this study, the mean age of diagnosis was 61 [4], which is in keeping with 

other studies worldwide [8]. The four-year relative and observed survival rates (81.3% and 84%, 

respectively) reported in this Irish patient cohort were also in keeping with other reported 
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European survival rates [4]. The four-year distant metastases-free survival was 79% [4]. As the 

Ocular Oncology Service is less than 15 years old, this study is limited by a short timeframe of 5 

years. However, it will be extremely interesting to examine the incidence and survival data in 

the Irish patient cohort over a longer period of time, as the data becomes available. 

Table 1.1 Baseline clinical demographics of uveal melanoma in Ireland from 2010 to 2015. 

Adapted from Baily et al. (2019) [4]. 

Table 1.2 Incidence of uveal melanoma in Ireland. Adapted from Baily et al. (2019) [4]. 
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1.4 Genetic alterations in uveal melanoma  

Uveal melanoma can be subdivided into molecular classes; Class 1 or 2, based on a 15-gene 

assay developed by Onken et al. (2010) [22,23]. These groups can be further subdivided into four 

molecularly and clinically distinct subclasses based on a comprehensive analysis by Robertson 

et al. (2017) [15] In terms of 5-year risk of developing metastases, patients with Class 2 tumours 

harbour a 72% risk, whereas Class 1 tumours harbour a 21% risk [24]. Highly recurrent 

mutations in UM strongly support the hypothesis that UM tumourigenesis is driven by the 

combination of two main events, (i) an alteration in the Gαq/11 pathway and (ii) a BSE event 

(BAP1, splice [SF3B1], and EIF1AX mutations) (Figure 1.3) [25]. A mutation affecting the Gαq/11 

pathway is suspected to be the initiating event in UM [26,27], followed by a BSE event. However, 

recent analysis suggests that punctuated rather than gradual evolution may be a characteristic 

of UM [25]. This implies that the metastatic potential of UM may be decided early in tumour 

evolution, even before primary tumour detection, and may explain the lack of improvement in 

survival rates despite advances in diagnosis and primary management [25].  

1.4.1 Gαq/11 pathway mutations  

Uveal melanomas are predominantly characterised by mutations in GNAQ and GNA11 (a 

paralog of GNAQ), both of which encode for G-protein alpha subunits and share 90% amino 

acid sequence homology [28]. Overall, 83% of uveal melanomas contain mutations in either 

GNAQ or GNA11. However, these mutations do not correlate with prognosis [27]. GNAQ 

mutations occur almost exclusively at codon 209 and result in glutamine to leucine 

(p.Gln209Leu), or proline (p.Gln209Pro) amino acid substitutions. Similarly, mutations in GNA11 

are predominantly found at position Q209 [27]. In both cases, this mutation occurs within the 

GTPase domain and results in a constitutively active G-protein which results in the 

dysregulation of several downstream pathways including Akt/mTOR, Wnt/β-catenin, Rac/Rho, 

MAPK, and PI3K pathways (Figure 1.4) [26,29].  

In 2016, a recurrent hotspot mutation in PLCB4, a downstream target of GNAQ/GNA11 was 

identified in 2 of 28 samples assayed [30]. PLCβ4 is activated upon binding of a G-protein 

subunit, resulting in cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) to produce 

diacylglycerol (DAG) and inositol triphosphate (IP3), and calcium release from the cell. The 
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PLCB4 hotspot mutation is also a gain-of-function mutation leading to constitutive activation of 

the MAPK/ERK pathway (Figure 1.4). Later that year, Moore et al. (2016) identified a c.386T>A 

mutation in the gene encoding cysteinyl leukotriene receptor 2 (CYSLTR2), which generates a 

p.Leu129Gln substitution, in 4 of 136 uveal melanoma patient samples analysed [31]. This 

mutation was found only in patients lacking GNAQ, GNA11 or PLCB4 mutations. The presence 

of mutually exclusive somatic mutations in GNAQ, GNA11, CYSLTR2 and PLCB4 was further 

confirmed in a comprehensive analysis of patient samples in the Rare Tumour Project of The 

Cancer Genome Atlas (TCGA) by Robertson et al. (2017) [15], highlighting the importance of this 

CYSLTR2/Gαq/11/PLCB4 pathway and of Gαq/11 signalling in uveal melanoma oncogenesis. 

1.4.2 BSE events 

It is believed that BSE mutations either arise second to Gαq/11 mutations or, they occur first, and 

remain silent until “unleashed” by a Gαq/11 alteration [25]. A BSE event consists of a biallelic 

inactivation of BAP1 (BRCA associated protein-1), a change-of-function hotspot mutation of 

splicing gene SF3B1, or an N-terminal tail mutation in translational initiation factor, EIF1AX 

(Figure 1.3). These mutations are also almost always mutually exclusive [29]. BAP1, a tumour 

suppressor located on chromosome 3p, is mutated in 47% of all UM and mutations are found in 

approximately 84% of metastasising UM tumours [32,33]. BAP1 encodes a deubiquitylase that 

forms protein complexes involved in several pathways including cell cycle and differentiation, 

and DNA damage response [29]. Loss-of-function mutations in BAP1 are highly correlated with 

UM metastases and therefore, poor prognosis [34]. As such, they are associated with Class 2 

UM. Recurrent mutations in splicing factor SF3B1 occur at codon 625 in ~18.6% of tumours and 

are associated with low-grade uveal melanomas with good prognosis [35]. Similarly, mutations 

in EIF1AX are associated with an even better prognosis [36]. EIF1AX mutations are found in 

~15% of UMs and are believed to alter the translation initiation site and the expression of 

protein products. However, the nature of their downstream effects is yet to be fully defined. 

SF3B1 and EIF1AX mutations appear to occur most frequently in uveal melanomas with disomy 

3, which rarely metastasise and are often grouped into the Class 1 category with low to 

intermediate risk of metastasis (Figure 1.3) [36]. 
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1.4.3 Chromosomal alterations  

Several chromosomal abnormalities associated with uveal melanoma can inform a patient’s 

prognosis and their likelihood of metastasis [37]. Chromosome 8q and 6p gains are frequently 

observed in uveal melanoma [38], as are losses in 1p, 6q and chromosome 3 [39]. Loss of 1p and 

chromosome 3, and gain of 8q, are associated with worse patient prognosis, and often found in 

Class 2 tumours. Whereas gain of 6p is associated with a better patient outcome and commonly 

associated with Class 1 tumours [18,22]. In particular, monosomy 3 is an extremely important 

prognostic indicator and is frequently associated with BAP1 loss, Class 2 tumours, and 

ultimately, metastatic disease [18]. 
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Figure 1.3 The most common genetic alterations in uveal melanoma. 

UM tumourigenesis is driven by the combination of two main mutational events, an alteration 

in the Gαq/11 pathway and a BSE event. Mutations in the Gαq/11 pathway lead to constitutive 

activation. A BSE event is an additional oncogenic event involving BAP1, SF3B1, or EIF1AX, 

involved in chromatin modulation, splicing, and translation initiation, respectively [29]. BAP1 

mutations are associated with Class 2 UM, monosomy 3, and a poorer overall prognosis. SF3B1 

and EIF1AX mutations are associated with Class 1 UM, disomy 3, and a low/intermediate risk of 

metastases. Mutations are indicated by *. Created with BioRender.com. 
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Figure 1.4 Dysregulated signalling pathways in uveal melanoma. 

Gαq/11 pathway mutations in GNAQ, GNA11, PLCB4, and CYSLTR2 (as indicated by ) are 

mutually exclusive in UM and trigger the activation of Gαq/11 signalling and related downstream 

pathways such as Akt/mTOR, Wnt/β-catenin, Yes-associated protein (YAP), and MAPK 

pathways. These pathways have been the basis for a number of  investigational targeted 

therapies in UM. Figure adapted from Vivet-Noguer et al. (2019) [29].   
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1.5 Treatment of primary uveal melanoma  

This thesis focuses on novel targets for the treatment of UM. Therefore, it is important to 

highlight the current treatment landscape for primary and metastatic UM. Primary UM 

treatment aims to prevent metastatic spread and where possible, to conserve the affected eye 

along with healthy vision [40]. Management depends on a number of factors including tumour 

size, tumour location, and overall ocular health of the patient. Similarly, patient age, general 

health, and personal desires are considered [21]. Like cutaneous nevi, intraocular nevi are not 

uncommon, and, in many cases, they will not transform into malignant disease [41]. As a result, 

small indeterminate nevi are clinically managed by periodical observation until growth is 

documented [42].   

Given the rarity of this tumour, there are few studies comparing treatment modalities and 

there is currently no standardised care pathway [21]. Most commonly, treatment of the primary 

disease involves enucleation, to remove the tumour surgically, or radiation (brachytherapy) 

which aims to preserve the affected eye [43]. Enucleation involves complete removal of the eye 

and is common in cases of large (> 8 mm), locally advanced, tumours in which vision cannot be 

retained [10]. However, globe-conserving therapies have become increasing popular after the 

2006 Collaborative Ocular Melanoma Study (COMS) confirmed no differences in survival 

between patients treated with iodine-125 brachytherapy and enucleation [44]. Brachytherapy 

for uveal melanoma involves suturing of radioactive implants, most commonly emitting iodine-

125 (125I) or ruthenium-106 (106R), directly on to the eye to deliver trans-scleral radiation to the 

tumour for several days [45,46]. This allows for a concentrated dose of radiotherapy to be 

delivered directly to the tumour, reducing potential damage to the optic nerve and other ocular 

structures. Proton beam therapy and laser therapies, such as photodynamic therapy (PDT) and 

transpupillary thermotherapy (TTT) are also available [21,47]. However, they are restricted to 

more specialised centres. For example, these facilities are not available on the island of Ireland 

and patients must travel to the UK to access these treatments when necessary [4]. In the Irish 

cohort reported by Baily et al. (2019), 64% of patients were treated with brachytherapy, 27% 

with enucleation, and 8% with proton beam radiation [4]. In some cases, patients will require 

enucleation as a secondary line of treatment, after attempted ocular conservation, due to 
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ocular complications, such as radiation induced neovascular glaucoma [40]. Approximately 50% 

of patients will experience poor visual outcome 5 years post-radiation therapy [21]. 

Local control of primary tumours is high following radiotherapy and recurrences are uncommon 

[21,48]. Bellerive et al. (2019) report the 5-year local recurrence of primary UM to be 6.6% [48]. 

In patients with a recurrence, there is an increased risk of metastases [49].  

There are a number of prognostic characteristics associated with an increased risk of 

developing metastatic UM. These include primary tumour characteristics such as greater 

tumour size and thickness, as well as histologic and genetic features [18]. Recent evidence 

suggests that there may be a window of opportunity for metastatic disease prevention whereby 

earlier detection and treatment of small, but high-risk primary UM may improve the patients’ 

outcome [50]. This supports intraocular biopsies of all clinically diagnosed primary UM, 

something that is not routinely performed at all ocular oncology centres.  
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1.6 Treatment of metastatic uveal melanoma  

Despite advances in the treatment of the primary ocular tumour, the prognosis of patients that 

develop metastatic UM remains extremely poor, and there is currently a general paucity of 

effective therapies for metastatic UM. Less than 1% of patients present with clinically 

detectable metastatic disease at the time of primary management [19]. However, 50% of 

patients go on to develop metastatic disease, with the liver being the most common site (89% 

of metastatic patients), followed by the lung, bone, and soft tissue [19]. The mechanism 

responsible for the liver tropism of UM remains elusive and speculative [51,52]. One theory 

involves the interaction between chemo-attractants, growth factors, and their receptors. 

Compared to normal melanocytes, UM cells show increased expression of the receptors CXCR4, 

c-Met, and IGF-IR (insulin-like growth factor I receptor) [53]. The liver is the only organ that 

highly expresses the corresponding ligands; CXCL12, HGF (hepatocyte growth factor) and IGF-1, 

respectively, which suggests that these pathways may play a role in the preferential liver 

metastases in UM [53]. 

The median overall survival from diagnosis of metastatic uveal melanoma ranges from less than 

6 months to 13.4 months, with only 8% of patients surviving beyond 2 years [19,54]. The peak of 

metastatic mortality occurs 2 years after primary treatment [50]. Systemic surveillance is 

performed on a 3-12 monthly basis using liver and chest imaging techniques including 

ultrasound, MRI, PET and CT scans [55]. Liver function tests may accompany imaging. However, 

they repeatedly show poor sensitivity [56]. Estimation of metastatic risk can be assessed using 

the American Joint Committee on Cancer (AJCC) tumour, node, metastasis (TNM) staging 

system for UM [49], as well as genetic and histological characteristics of the primary tumour (as 

described in detail in Section 3.1.3), if a biopsy is performed. Depending on the estimated risk, 

the frequency and method of surveillance may be stratified for individual patients.  

Adjuvant therapy following primary UM diagnosis is uncommon [21], likely due to a lack of 

effective treatment options, and the small number of trials performed in the adjuvant setting 

have shown no survival benefit [57-59]. Similarly, dacarbazine, an alkylating agent that was 

widely used in the treatment of cutaneous melanoma provided no survival benefit versus 

surveillance in the adjuvant setting [60]. As there is currently no standard treatment to prevent 
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or treat metastatic UM, patient involvement in clinical trials, in both the adjuvant and advanced 

disease setting, is encouraged where possible [21]. Unfortunately, the number of trials focusing 

specifically on UM is low, and access to clinical trials can be difficult.  

1.6.1 Chemotherapy  

Systemic chemotherapy regimens for the treatment of UM have been adopted from those that 

provided benefit in cutaneous melanoma. Likely due to the fundamental molecular and genetic 

differences between the two melanoma subtypes, the response rates produced in UM have 

been poor. A variety of chemotherapies including dacarbazine, temozolomide, fotemustine, 

docosahexaenoic acid (DHA)-paclitaxel, and combined chemotherapy regimens have been 

tested in clinical trials [61]. Despite the agent used, similar outcomes of less than 15% response 

rate, progression free survival (PFS) of less than 4 months, and overall survival (OS) of no more 

than 12 months were reported [62-66]. The poor outcomes and associated toxicity provide 

rationale against the use of chemotherapeutic agents in UM.  

1.6.2 Liver-directed therapy  

The liver is the most common site for UM metastases and a number of liver-targeted therapies 

including surgical resection, hepatic perfusion, and embolisation have been trialled in 

metastatic UM [61]. Surgical resection can be beneficial in the treatment of metastatic UM. 

Median OS following surgical resection is 14 months. However, this increases to 27 months 

when microscopically complete resection is possible [67]. Complete or curative resection 

provides the most favourable prognosis [68,69]. Two-year OS is reported as 54.4% after R0 

resection (microscopically complete), 30.7% after R1 resection (microscopically incomplete), 

and 14.4% after R2 resection (macroscopically incomplete) [67]. Unfortunately, less than 10% of 

patients are candidates for surgery due to the size and diffuse distribution of the liver 

metastases [70]. For unresectable liver metastases, approaches which allow direct delivery of 

high doses of chemotherapy have been developed [61]. These approaches exploit the 

differential blood supply to the metastatic deposits which comes almost exclusively from the 

hepatic artery, while the healthy hepatic tissue is supplied by the portal vein [61,71]. A phase III 

trial of percutaneous hepatic perfusion of melphalan in 93 patients (83 with metastatic UM) 

found that hepatic PFS (any documented progression in the liver) was significantly prolonged 
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versus best alternative care (median 7.0 vs. 1.6 months). However, no benefit in OS was 

observed (median 10.6 vs. 10.0 months) [72]. There are a number of trials ongoing evaluating 

isolated hepatic perfusion (NCT01785316) and percutaneous hepatic perfusion compared to 

best alternative care, including chemotherapy and/or immunotherapy (NCT02678572).  

1.6.3 Targeted therapies  

Targeted approaches are based on the known mutations (Figure 1.3) and downstream 

signalling pathways that have been identified in UM (Figure 1.4). As mutations in GNAQ, 

GNA11, CYSLTR2 and PLCB4 result in constitutive activation of the MAPK, PKC, and PI3K/Akt 

pathways, therapies that target downstream effectors of these pathways have been 

investigated [43]. Disappointingly, very limited, if any, survival benefit has been achieved using 

targeted agents in UM [21,43]. For example, selumetinib, a highly specific MEK inhibitor, 

enhanced PFS versus standard chemotherapy (15.9 vs. 7 weeks) in a phase II study [73]. 

However, there was no significant difference in OS (11.8 vs. 9 months) [73]. These results 

prompted a subsequent phase III SUMIT trial of selumetinib plus dacarbazine versus 

dacarbazine alone in treatment naïve patients with metastatic UM  [74]. Unfortunately, the 

primary endpoint was not met; median PFS was not significantly improved in the selumetinib 

treatment arm (2.8 vs. 1.8 months) [74]. Studies are ongoing to optimise the efficacy of MEK and 

PKC inhibition in UM [43] as well as trials of a number of additional targeted therapies beyond 

the MAPK, PKC, and PI3K/Akt pathways [61]. Indeed, synergistic targeting of several pathways 

may prove to be the most beneficial strategy for the treatment of UM.  

1.6.4 Immunotherapy 

Immunotherapy has dramatically improved patient outcomes in cutaneous melanoma. 

Unfortunately, the same outcomes have not been realised in UM and clinical results obtained 

to date with single-agent checkpoint blockade have been disappointing. The low mutational 

burden and few neoantigens in UM are likely contributors [75]. CTLA-4 antagonist, ipilimumab 

has limited activity in UM, with response rates ranging between 0 and 5%, PFS in the range of 3 

months, and an OS of less than 10 months in a single-arm trial [76]. The role of anti-PD-1 

directed therapy in UM has also been assessed in a number of retrospective studies. In the 

largest single-arm study, which included 56 patients with metastatic UM treated with 
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pembrolizumab (38%), nivolumab (29%), or atezolizumab (4%), the median PFS was 2.6 months 

and median OS was 7.6 months [77]. The results of combined checkpoint blockade with 

ipilimumab and nivolumab are modestly more positive. This year, a multicenter, single-arm, 

phase II trial of ipilimumab plus nivolumab conducted by Piulats et al. (2021) reported that the 

primary endpoint of 12-month OS was 51.9%, PFS and median OS were 3.0 and 12.7 months 

respectively [78]. Although UMs generally fail to respond to checkpoint blockade, two 

exceptional cases of PD-1 responders have been reported. Both cases were characterised by 

germline loss-of-function mutations in MBD4, and patients experienced stable disease and 

prolonged overall survival [79,80]. MBD4 is involved in repairing DNA mismatches and its 

inactivation results in a hypermutated tumour profile that unlike other UM, is responsive to 

immune checkpoint inhibitors [80].  

Based on preclinical studies suggesting that an additive benefit could be achieved by combining 

epigenetic and immune therapies, the PEMDAC single-arm, phase II trial investigated 

pembrolizumab combined with the HDAC inhibitor, entinostat, in 29 patients with metastatic 

UM [81]. The primary endpoint of objective response rate was met with an ORR of 14% [81]. 

Median PFS was 2.1 months and median OS was 13.4 months [81].  

Potentially the most encouraging results for metastatic UM have been achieved with 

tebentafusp (formerly IMCgp100), a first-in-class, bispecific fusion protein that redirects CD3+ T 

cells to gp100-expressing melanoma cells and induces cytolysis [40,82]. The target, gp100 is 

strongly expressed in melanomas and weakly expressed in normal melanocytes [40]. 

Tebentafusp elicits cytotoxic activity in CD8+ and CD4+ T cells [83]. T cells activated by 

tebentafusp secrete high levels of TNF-α, IL-2, IL-6 and IFN-γ which promote further apoptosis 

of melanoma cells and induce maturation of dendritic cells [83]. In a phase III trial of 378 

patients, tebentafusp achieved a 1-year OS rate of 73.2% vs. 58.5% in the investigator’s choice 

arm [84]. This is the first investigational therapy to improve OS in patients with metastatic UM  

in a phase III trial [84]. Tebentafusp is currently under accelerated review by both the EMA and 

FDA. Tebentafusp has particular affinity for the HLA-A*02:01 subtype and is not effective in 

HLA-A*02:01 negative patients [40]. One limitation of this treatment is that only 50% of 

Caucasians are HLA-A*02:01 positive and therefore, eligible for this treatment [85]. 
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Despite significant efforts to improve outcomes for patients with metastatic UM, prognosis 

remains extremely sombre. The enhanced knowledge derived from preclinical studies of the 

underlying molecular mechanisms and immunology underpinning UM have led to encouraging 

initial results. A continued focus on testing promising novel therapeutics and enhancing access 

to and participation in clinical trials should be encouraged. It is possible that targeted therapies 

may be improved by combination strategies evolving from a better understanding of UM 

oncogenesis. The recent reports of patients with MBD4 mutations responding exceptionally to 

immunotherapy points toward the importance of mutation- and patient-tailored therapy in 

UM. Lastly, clinically relevant disease models that accurately reflect the disease course are 

essential for validating novel therapies prior to the establishment of clinical trials.  
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1.7 Hallmarks of cancer in uveal melanoma  

The hallmarks of cancer are a guide by which we can better understand the capabilities that 

enable tumour growth and metastatic dissemination across the diverse range of neoplastic 

diseases [86]. In order to assess potential therapeutic targets in UM, it is important to 

understand how exactly these processes are applicable to this specific disease. As evidenced by 

the lack of successful therapeutic strategies for UM, in particular those that were adopted from 

cutaneous melanoma, it is clear that understanding the molecular mechanisms promoting UM 

development are critical to uncover UM-specific therapeutic approaches. Relevant to the work 

conducted in this thesis, the current understanding of the relationship between inflammation, 

angiogenesis, and the development and dissemination of UM will be discussed. Both the 

inflammatory and angiogenic microenvironment in UM is considerably different to what has 

been described in other malignancies.  

1.7.1 Inflammation in uveal melanoma  

The eye is considered an immune-privileged organ, and it has the ability to defend itself against 

inflammation that could be harmful to eyesight. This protection is afforded by cell surface 

molecules and soluble factors that impair, weaken, or disturb the immune system in the eye 

[52]. This immune privilege also influences the response against UM cells arising from the uveal 

tract and provides an escape mechanism for cancer cells both in the eye and in systemic 

dissemination [87]. The aqueous humour induces TGF-β-producing regulatory T-cells [88]. TGF-β 

may promote oncogenesis through its immunosuppressive effects exerted in the TME [52], 

namely through inhibitory effects on the cytolytic function of natural killer (NK) cells [89]. The 

aqueous humour also contains a high concentration of macrophage migration inhibitory factor 

(MIF), which similarly promotes immune privilege by inhibiting NK cell activity [90]. NK cells 

exert anti-tumour functions by inducing apoptosis via the activation of the death receptors of 

the TNF superfamily, including TNF-α [52] and they are thought to play a particularly important 

role in the growth and metastatic potential of UM [91]. In patients with UM, decreased tumour 

expression of KIR2DL1 and KIR2DL2/3, both of which act as ligands for inhibitory NK cell 

receptors, is associated with longer metastasis-free survival [92]. In support of this, UM tumour 

progression is associated with loss of NKG2D, a NK cell activating receptor [93]. UM cells also 
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become resistant to NK cell mediated cytolysis in the liver by downregulating NK-activating 

ligands [93] and producing factors that upregulate TGF-β [94]. 

Contrary to what is reported in other cancer types, including cutaneous melanoma, immune 

infiltration of TILs (tumour infiltrating lymphocytes) and TAMs (tumour associated 

macrophages) in primary UM is associated with a worse prognosis [95]. It has been proposed by 

Basile et al. (2019) that UM cells interact with infiltrating immune cells and skew them towards 

an immune-regulatory and immunosuppressive phenotype [52]. Another exception in UM is the 

finding that loss of HLA Class I expression is actually associated with an improved prognosis [94]. 

Given that metastatic spread of UM is purely haematogenous, this is likely owing to the NK-

mediated surveillance of these tumour cells disseminating in the blood [94]. Tumours that lose 

their HLA Class I antigens become less susceptible to cytotoxic T cell mediated lysis, but may 

become more sensitive to NK cells [94]. In UM, metastasising cells upregulate HLA expression 

allowing them to evade recognition by circulating NK cells [96].  

1.7.2 Angiogenesis in uveal melanoma  

In cancer, angiogenesis involves the growth of new blood vessels from pre-existing vasculature 

to supply the nutritional and metabolic demands of a tumour [97]. UM develops in one of the 

most capillary rich tissues of the body and disseminates solely through the blood stream [98]. 

Highly vascularised UM are more aggressive and convey a worse prognosis [99,100]. Both 

microvascular density and microvascular patterns are associated with poor prognosis in UM 

[100]. Similarly, enrichment of pro-angiogenic factors in tumours is related to a worse prognosis 

in UM, but not in CM [98]. In a process known as vasculogenic mimicry, UM cells are capable of 

forming a second microcirculation consisting of “looping” patterns of extracellular matrix 

independent of endothelial cells, the presence of which are associated with poor prognosis [18]. 

However, the molecular processes involved in vasculogenic mimicry and the contribution of this 

process to tumour blood supply and disease progression remain elusive [98]. Given the above 

evidence, it is not surprising that angiogenesis is considered a highly important process in UM 

and a desirable therapeutic target [98,101]. To date, anti-angiogenic therapy in UM has focused 

predominantly on VEGF. However, the experimental and clinical results are conflicting [102,103]. 

Bevacizumab has been found to both reduce [104] and accelerate [102] the growth of primary 
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UM in in vivo mouse models. In patients with primary UM , bevacizumab does not successfully 

halt tumour progression [105] and trials involving the use of anti-angiogenic agents in metastatic 

UM have yielded disappointing results [98]. Therefore, alternative anti-angiogenic drugs and 

targeting of anti-angiogenic pathways are desirable. 

There is a close relationship between aberrant cancer angiogenesis and immunosuppression in 

the tumour microenvironment (TME) [106]. Not surprisingly, the potential of co-targeting 

angiogenesis and the immune system to overcome the adverse microenvironment in UM, 

making it more “immunoresponsive” is of interest [98]. TAMs in UM, which are associated with 

a poor prognosis [107], express VEGF and are associated with increased microvascular density in 

the disease [108]. This suggests that the immunosuppressive environment may be linked to 

blood vessel development, which are necessary for systemic dissemination [21], and ultimately, 

metastatic disease.  
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1.8 Cysteinyl leukotrienes  

The research presented in this thesis focuses on the role and potential therapeutic targeting of 

cysteinyl leukotriene receptors in UM. The cysteinyl leukotrienes (CysLTs); LTC4, LTD4 and LTE4, 

are a group of inflammatory, lipid, signalling molecules that mediate both acute and chronic 

inflammation [109]. These eicosanoids are synthesised from arachidonic acid (AA) in the cell 

membrane upon cell activation (Figure 1.5). The 5-lipoxygenase enzyme (5-LOX) interacts with 

a 5-lipoxygenase activating protein (FLAP) which enhances the activity of 5-LOX to convert AA 

mobilised to the cytosol to the unstable leukotriene, LTA4
 [109]. LTA4 is further hydrolysed to 

LTB4 via LTA4 hydrolase or LTC4 via LTC4 synthase. LTC4
 can then be metabolised to the 

remaining cysteinyl leukotrienes; LTD4 or LTE4 [110]. 5-LOX is predominantly expressed by 

neutrophils, eosinophils, monocytes, macrophages, and mast cells, meaning synthesis of the 

CysLTs occurs predominantly in these cell types [111]. Although leukotrienes are primarily 

synthesised by stimulated immune cells, epithelial and endothelial cells can also generate 

leukotrienes at inflammatory sites through transcellular metabolism [112]. This involves the 

transformation of arachidonic acid taking place in 5-LOX expressing cells such as monocytes and 

neutrophils, and the conversion of LTA4 into LTC4 and LTD4 taking place in a “secondary” cell 

such as an endothelial cell [113]. This transcellular biosynthesis has been observed during 

inflammation in vivo, and could be an important mechanism of CysLT production at sites of 

inflammation, including in the TME [112].  

The CysLTs are a group of structurally similar but functionally different lipid mediators that 

exert their biological effects via binding to GPCRs; CysLT1 and CysLT2
1 [114]. CysLT1 and CysLT2 

are located on the plasma membrane [115,116]. However, both receptors possess the ability to 

localise to the nuclear membrane [117,118]. LTC4 and LTD4 bind CysLT2 with low, but equal 

affinity, LTD4 and LTC4 bind CysLT1 with high and low affinity, respectively [115]. Neither 

receptor subtype exhibits substantial affinity for LTE4
 [114]. However, additional CysLT 

receptors; GPR17 and GPR99, have been reported. GPR17 is a G protein-coupled orphan 

receptor with homology to both the P2Y and CysLT receptors and is reported as a ligand-

 
1 Correct nomenclature of the cysteinyl leukotriene receptors (CysLT1 and CysLT2) as per the IUPHAR/BPS Guide to 
Pharmacology  



26 
 

independent negative regulator of CysLT1 [119]. GPR99, also described as cysteinyl leukotriene 

receptor E (CysLTE) or CysLT3, is proposed as a potential LTE4 selective cysteinyl leukotriene 

receptor [120].  

Although activation of both CysLT1 and CysLT2 stimulates similar downstream signalling events 

(calcium flux and accumulation of inositol phosphate) [115,116], the receptors are not 

functionally redundant [121]. Each receptor has a distinct pattern of cellular and tissue 

expression [115,116], which in combination with their differing sensitivities to endogenous 

leukotriene ligands, suggests that each receptor has an individual role in physiology and 

pathology [122]. Cross-regulation occurs between the receptors: CysLT2 controls the membrane 

expression of CysLT1 and negatively regulates signalling through CysLT1 [121]. 

The CysLTs are traditionally known for their role in airway inflammation, bronchoconstriction, 

increased mucous production, and increased vascular permeability in asthma and allergic 

rhinitis [123]. CysLT1 antagonists, including montelukast, pranlukast, and zafirlukast are widely 

prescribed for asthma in clinical practice, with good therapeutic benefits and few side effects 

[123]. More recently, CysLTs have been implicated in a number of other inflammation-

associated diseases, including cancer, ocular disease, CNS and cardiovascular disorders [124] 

(Figure 1.6) which widens the scope for the use of CysLT antagonist drugs.  
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Figure 1.5 Overview of (cysteinyl) leukotriene synthesis from arachidonic acid metabolism. 

Arachidonic acid is metabolised by 5-LOX and 5-lipoxygenase activating protein (FLAP) to 

intermediary 5-HPETE, which is further metabolised to form LTA4. Alternatively, arachidonic 

acid can be converted to prostaglandins (e.g., PGE2) via COX-1 and COX-2. LTA4 is unstable and 

is subsequently converted to LTB4 by LTA4 hydrolase, or LTC4 by LTC4 synthase. LTC4 is 

converted by ubiquitous enzymes to form leukotriene D4 (LTD4) and leukotriene E4 (LTE4). The 

cysteinyl leukotrienes, LTC4, LTD4 and LTE4 mediate their effects via GPCRs, CysLT1 and/or 

CysLT2 at the cell surface. Created with BioRender.com. 
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Figure 1.6 Overview of the involvement of cysteinyl leukotrienes in inflammatory diseases. Created with BioRender.com 
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1.9 The role of cysteinyl leukotrienes in cancer  

Relevant to this thesis, is the increasing evidence that CysLTs play a prominent role in a number 

of cancers and may contribute to a shift towards a tumour promoting microenvironment 

[125,126]. Recent reviews have evaluated the link between CysLT receptors and many hallmarks 

of cancer including angiogenesis, sustained proliferative signalling, inflammation, migration, 

and invasion [125,127]. CysLTs may also shape the TME through mediating the crosstalk between 

epithelial cells, stromal cells, and immune cells [128]. 

Owing to the established link between chronic inflammation and the development of colorectal 

cancer (CRC), a large body of work has focused on the link between CysLTs and CRC [111,127]. 

LTD4 signalling through CysLT1 results in proliferation, survival and migration in CRC cells [111]. 

While LTC4 signalling through CysLT2 induces differentiation and suppresses migration in CRC 

cells [129]. In keeping with these findings, CysLT1 antagonists significantly reduce proliferation, 

adhesion and colony formation in CRC cells [130] and reduce tumour growth in cell line-derived 

xenograft models of CRC [130-133]. CysLT2 has also been linked to tumour growth. In an in vivo 

lung cancer model, CysLT2 promotes angiogenesis and metastasis through enhanced blood 

vessel permeability [134]. 

The upregulation of CysLT receptors and altered production of CysLTs has been reported in a 

number of cancers over the last decade. Increased expression of CysLT1 has been detected in 

colorectal cancer, prostate cancer, renal cell carcinoma, transitional cell carcinoma and 

testicular cancer [135-138]. In colorectal and breast cancer, high expression of CysLT1 and low 

expression of CysLT2 is associated with a poor prognosis [139,140]. In addition to their effects in 

CRC models, CysLT1 antagonists induce cell death in lung cancer cells [141], and significantly 

reduce prostate cancer, testicular cancer and breast cancer cell viability through apoptosis 

[136,142,143].  

Our lab has focused predominantly on the anti-angiogenic and anti-inflammatory potential of 

CysLT receptor antagonism in ocular disease and cancer. This thesis is an overlap of both 

research areas whereby we investigate the potential for targeting CysLT receptors in UM, an 

ocular cancer. Using a phenotype-based screen to identify drugs that inhibit ocular 

angiogenesis, novel CysLT1 antagonist, quininib (Q1) was identified [144]. Quininib inhibits ocular 
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angiogenesis in zebrafish, angiogenic tubule formation in endothelial cells, and angiogenic 

sprouting in aortic ring explants [144]. In colorectal cancer models, quininib alters the secretion 

of inflammatory factors in ex vivo colorectal cancer explants and reduces the growth of cell line-

derived xenografts in vivo [133], reproducing the effects of clinically available CysLT1 antagonists 

in CRC models. In order to identify more potent anti-angiogenic compounds, analogues of 

quininib were developed and screened. This resulted in the identification of another novel 

CysLT1 antagonist, 1,4-dihydroxy quininib (Q7) [145]. 1,4-dihydroxy quininib is significantly more 

effective than quininib at reducing tumour volume in cell line-derived xenograft model of CRC 

[132].  
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1.10 Cysteinyl leukotrienes in uveal melanoma  

In 2016, Moore et al. reported a previously unidentified recurrent mutation in CYSLTR2 in 

patients with primary UM [31]. They identified a c.386T>A mutation in CYSLTR2 which encodes a 

p.Leu129Gln substitution not previously described in the literature [31]. This mutation leads to 

constitutive activation of the receptor, resulting in CYSLTR2 acting as an oncogene in a small 

subset (~4%) of UM [31]. This mutation was found only in patients lacking GNAQ, GNA11 or 

PLCB4 mutations, confirming the mutual exclusivity of driver mutations in UM. The same 

Leu129Gln hotspot mutation in CYSLTR2 was later identified in blue nevi [146] and 

leptomeningeal melanocytic tumours [147] confirming the oncogenic properties of constitutively 

active signalling through this receptor. When mutant Leu129Gln was stably expressed in 

Mel290 cells, a human UM cell line lacking GNAQ or GNA11 mutations, the expression of 

melanocyte-lineage specific genes was significantly upregulated by RT-qPCR analysis compared 

to empty vector and wild-type control [31]. In vivo, Leu129Gln expressing cells engrafted 

subcutaneously into immunocompromised mice significantly accelerated tumour formation 

versus the empty vector control [31].  

In order to directly target the Leu129Gln mutation in CYSLTR2 in the subset of patients 

harbouring this mutation, an inverse agonist that selectively targets this receptor will be 

required. Inverse agonists preferentially bind to and stabilise a constitutively active receptor, 

maintaining the receptor in an inactive state and thus have intrinsic negative activity [148]. This 

differs to a neutral antagonist which can block the actions of agonists and inverse agonists. 

Clinically approved CysLT1 antagonists, montelukast and zafirlukast have inverse agonist activity 

against constitutively active CysLT1 receptors [149]. This may explain the anti-cancer effects 

produced by these antagonists in cancers with increased expression of CysLT1. At present, there 

is no inverse agonist specific for CysLT2.  

The finding that CYSLTR2 acts as an oncogene in UM, coupled with the known anti-proliferative, 

anti-angiogenic, and anti-inflammatory properties of CysLT antagonists, in both ocular disease 

and other cancers, led us to hypothesise that CysLT receptors represent a novel therapeutic 

target in UM. 
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1.11 Thesis aims and objectives  

Goal: The goal of this thesis is to investigate the disease relevance and therapeutic potential of 

cysteinyl leukotriene receptors in uveal melanoma.  

Hypothesis: The expression of cysteinyl leukotriene receptors is altered in uveal melanoma and 

may correlate with patient prognosis. Antagonists of CysLT1 and/or CysLT2 will alter cancer 

hallmarks in preclinical models of primary and metastatic UM. 

Specific objectives: 

1. Analyse the expression of CysLT1 and CysLT2 in primary UM patient samples to determine if 

receptor expression is linked to clinical characteristics or patient prognosis. 

2. Investigate if antagonists of CysLT1 or CysLT2 alter hallmarks of UM including cell growth and 

proliferation, metabolism, and the secretion of angiogenic and inflammatory mediators in 

primary and metastatic UM cells.  

3. Develop appropriate in vivo and ex vivo models of UM in which novel therapies can be 

evaluated. Investigate the anti-tumourigenic effects of the lead CysLT receptor antagonists in 

these research models of UM.  
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2.1 Ethical approval  

This research conformed to the principles of the Declaration of Helsinki and Good Clinical 

Practice guidelines. Ethical approval for all experiments involving human or animal subjects was 

granted at the relevant and appropriate institutions prior to commencement, as outlined 

below.  

2.2 Ethical approval for human tissue microarray experiments  

TMA I – Ethical approval for this study was obtained from the Health Research Authority (NRES 

REC ref 16/NW/0380) on the 16th of May 2016, and all patients provided written, informed 

consent. 

TMA II – Ethical approval for this study was obtained from Hospital de Bellvitge clinical research 

ethics committee. All patients provided written, informed consent prior to involvement. 

2.3 Ethical approval for human explant culture experiments and blood collection  

Ethical approval to obtain primary uveal melanoma tumour tissue post-enucleation and 

matched blood samples was granted by the Royal Victoria Eye and Ear Hospital on the 27th of 

November 2018. All patients involved in this study provided written, informed consent. 

Exemption from full ethical review was granted by the UCD research ethics committee on the 

19th of February 2019 under reference number LS-E-19-23-Slater-Kennedy. 

2.4 Ethical approval for mouse xenograft experiments 

All experiments involving the use of rodents were approved by the Ethical Committee of Animal 

Experimentation of the Parc Científic de Barcelona (PCB) under the procedure number 9928-P1 

approved by the Generalitat de Catalunya.  

2.5 Ethical approval for zebrafish xenograft experiments  

All experiments carried out on animals were granted ethical approval by Linköping 

Experimental Animal Research Ethics Committee under the ethical approval number N89/15. 

2.6 The Cancer Genome Atlas expression analyses  

Gene expression and clinical data from 80 primary UM included in The Cancer Genome Atlas 

(TCGA-UM dataset) were collected from the GDC data portal through the R package 

“TCGAbiolinks”. RNA-seq data were downloaded in Fragments Per Kilobase of exon per million 

fragments Mapped (FPKM) and then converted to log2 scale. The associations between 
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CYSLTR1 and CYSLTR2 gene expression and prognosis were assessed by Cox proportional hazard 

regression models, adjusted by sex and age. To resolve a violation of the proportional hazard 

assumption, the association between CYSLTR2 gene expression and overall survival was 

stratified by time from 0–20 months and beyond 20 months and analysed by the likelihood 

ratio (LHR) test. Disease- Free Survival (DFS) and Overall Survival (OS) were used as end points. 

The third quartile was used as an optimal cut-off to divide samples into “High” and “Low” 

expression categories. Survival probabilities were plotted on a Kaplan–Meier curve and a Log-

rank test was used to compare the two groups. Survival analysis was performed with R package 

“survminer”. Disease- free survival is defined as time to metastatic recurrence. Overall survival 

is defined as death by any cause. 

Gene Set Variation Analysis was performed to calculate enrichment scores in functions and 

pathways “Inflammatory response”, “INF-γ”, “Glycolysis”, “Oxidative Phosphorylation”, “TNF-

α”, “Angiogenesis”, and “GPCR signalling” (R package “GSVA”). They were manually selected 

from the Molecular Signatures Database (MSigDB) which includes gene sets from Hallmarks and 

Biocarta-curated pathways. Samples were divided by the third quartile gene expression values 

of CYSLTR1 and CYSLTR2. For each score obtained, differences were assessed using a non-

parametric Wilcoxon test. Differences were considered statistically significant at p < 0.05. 

To infer contributions from stromal infiltration, MCP-counter and ESTIMATE tools were used 

[150]. MCP-counter (Microenvironment Cell Populations-counter) uses gene expression profiles 

to quantify the relative abundance of a series of immune and non-immune cell types (T cells, 

cytotoxic T cells, NK cells, B lineage, monocytic lineage, dendritic cells, neutrophils, endothelial 

cells, and cancer associated fibroblasts). Estimation of STromal and Immune cells in MAlignant 

Tumour tissues using Expression data (ESTIMATE) is a tool that infers tumour purity and 

stromal/immune infiltration using gene expression data. Spearman correlation tests were 

performed to assess correlation between CYSLTR1 and CYSLTR2 gene expression and the 

corresponding MCP-counter scores. Stromal scores from ESTIMATE were used to adjust 

CYSLTR1 and CYSLTR2 expression values and recalculate the survival models. 
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2.7 Tissue samples for uveal melanoma tissue microarray I  

A tissue microarray (TMA) was previously generated from primary UM samples of 52 consented 

patients treated at the Liverpool Ocular Oncology Centre, with the primary UM samples being 

stored within the Liverpool Ocular Oncology Biobank (HTA Licence 12020 and HRA REC 

16/NW/0380). 

2.8 Tissue samples for uveal melanoma tissue microarray II 

A TMA was previously generated from primary UM samples of 94 consented patients treated at 

Hospital Universitari de Bellvitge, Barcelona.  

2.9 Immunohistochemical analysis of uveal melanoma tissue microarrays I & II 

Immunohistochemistry (IHC) for CysLT1 (Abcam – ab151484, 1:200) and CysLT2 (Cayman 

Chemical - CAY120560, 1:500) was performed on 4-μm FFPE sections arranged on the above 

mentioned TMAs using commercial equipment (Leica Bond RXm System; Leica Microsystems 

Ltd., Milton Keynes, United Kingdom) and a detection kit (Bond Polymer Refine Red Detection 

Kit; Leica Biosystems, Inc., Buffalo Grove, IL, USA) as previously described [34]. Slides were 

counterstained with haematoxylin and mounted using DPX mountant (Sigma-Aldrich,St. Louis, 

MO, USA). Colorectal cancer tissue served as the positive control; negative control was 

omission of the primary antibody. High cytoplasmic expression of CysLT1 and intermediate 

cytoplasmic expression of CysLT2 was detected in colorectal cancer tissue, as per previously 

published reports [139,151]. Slides were scanned using a slide scanner (Aperio CS2; Leica 

Biosystems, Inc., Buffalo Grove, IL, USA ) and analysed with imaging software (Aperio Image 

Scope version 11.2; Leica Biosystems, Inc., Buffalo Grove, IL, USA). Each core was scored based 

on intensity (0 - absent, 1 - mild, 2 - moderate, or 3 - intense) and percentage of tumour cells 

stained (0 – absent, 1 – 1 to 24%, 2 – 25 to 49%, 3 – 50 to 74%, or 4 - > 75%). The final score was 

calculated using the following equation: (scoring intensity × % of cells stained)/n number of 

samples [34]. In primary uveal melanoma tumours, the expression of both CysLT1 and CysLT2 

was predominantly cytoplasmic. The IHC-stained slides were scored by three independent 

investigators for TMA I (SEC, HK, KS) and two independent investigators for TMA II (SEC, KS). 

Melanoma-specific survival is defined as death from metastatic uveal melanoma. Overall 

survival is defined as death by any cause. 
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2.10  Digital slide scanning and automated image analysis  

Slides were scanned with an Aperio AT2 digital slide scanner (Leica Biosystem, Milton Keynes, 

United Kingdom) with a 20× lens, and the quality of the images was checked manually before 

the application of the digital algorithm. Automated digital image analysis was performed using 

the Visiopharm Integrator System (Visiopharm, Hoersholm, Denmark). A cytoplasmic algorithm 

from the ONCOTOPIX module (v4.2.2.0, Visiopharm, Hoersholm, Denmark) was fine-tuned for 

the interpretation of CysLT1 and CysLT2 staining. H-Score was used as the image analysis output, 

which was calculated using the following formula: [1× (% of weakly positive cells) + 2× (% of 

moderately strong positive cells) + 3× (% strong positive cells)], where the H-Score of 0–100 was 

generally categorised as low expression, 101–200 as intermediate expression, and 201–300 as 

high expression of CysLT1 and CysLT2. 

2.11 Statistical analysis of tissue microarray data 

Analysis of high expression of CysLT1 or CysLT2 associated with melanoma-specific survival or 

overall survival was undertaken using Log-rank tests to compare survival across groups, and the 

Cox proportional hazards model. Survival time (years) was calculated from the date of first 

diagnosis until death, or study closure on 29 May 2019 (for TMA I) and 13 August 2020 (for TMA 

II). All analyses were carried out using SPSS Statistics v.24 (IBM). 

2.12 Uveal melanoma cell culture  

UM cell lines derived from primary (Mel285, Mel270, Mel290) and metastatic (OMM2.5) UM 

were kindly provided by Dr. Martine Jager (Leiden, The Netherlands) [152-154]. Cell lines were 

maintained at 37°C/ 5% CO2 in RPMI 1640 Medium (Gibco) supplemented with 10% FBS and 2% 

Penicillin/Streptomycin. All cell lines were routinely tested for mycoplasma contamination.  

2.13 ARPE-19 cell culture  

Human retinal pigment epithelium (ARPE-19) cells were obtained from the American Type 

Culture collection (ATCC) (Rockville, MD). ARPE-19 cells were maintained at 37°C/ 5% CO2 in 

DMEM: F12 supplemented with 10% FBS, 1% Penicillin/Streptomycin and 2.5 mM L-Glutamine. 

2.14 CYSLTR1 and CYSLTR2 qPCR 

Total RNA was extracted from UM cells using the mirVana™ miRNA Isolation Kit (ThermoFisher 

Scientific, Rockford, IL, USA) as per the manufacturer’s instructions. Briefly, cells were 
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trypsinised and washed by gently resuspending in 1 mL of PBS and pelleting at 1200 rpm prior 

to lysis and total RNA isolation. Following isolation, total RNA concentration was quantified at 

260 nm (Spectrophotometer ND-2000, Thermo Scientific, Wilmington, DE, USA) and samples 

stored at −80°C. cDNA was synthesised with the SuperScript II Reverse Transcriptase system 

(Invitrogen, Carlsbad, CA, USA) or the TaKaRa PrimeScript™ RT Reagent Kit (Takara Bio Europe, 

Saint-Germain-en-Laye, France), using random hexamers as per the supplier’s instructions. 

Table 2.1 Primer sequences for qPCR. 

Primer Sequence  

CYSLTR1 forward 5’ TGA CCG CTG CCT TTT TAG TC 3’ 

CYSLTR1 reverse 5’ AGG AGA GGG TCA AAG CAA CA 3’ 

CYSLTR2 forward 5’ AAT AAT GCT CCT GGA CAG TGG CT 3’ 

CYSLTR2 reverse 5’ ACC CGA ATG ATC AGC AGA TAA CAG 3’ 

GAPDH forward 5’ GAG TCA ACG GAT TTG GTC GT 3’  

GAPDH reverse  5’ GAC AAG CTT CCC GTT CTC AG 3’  

2.15 Western blotting for determination of CysLT1 and CysLT2 expression 

UM cells were seeded at 2.5 x 105 cells per well of a 6-well plate and left to adhere for 24 hours. 

Total protein was extracted from cells. Cells were washed in ice-cold PBS and lysed with RIPA 

buffer (Sigma-Aldrich,St. Louis, MO, USA) supplemented with 200 mM NaF (sodium fluoride), 

100 mM PMSF (phenylmethylsulfonyl fluoride), 100 mM sodium orthovanadate, 1X protease 

inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA), 1X phosphatase inhibitor cocktail 2 

(Sigma-Aldrich, St. Louis, MO, USA) and 1X phosphatase inhibitor cocktail 3 (Sigma-Aldrich, St. 

Louis, MO, USA). Following lysis, cells were scraped into an Eppendorf and left on ice for 45 

min, with vortexing at 15-minute intervals. Cells were centrifuged at 14,000 rpm for 30 minutes 

at 4°C. After centrifugation, the supernatant was collected and stored at −80°C. Protein 

concentrations were determined using the BCA protein assay kit (ThermoFisher Scientific, 

Rockford, IL, USA ). Then, 15 µg of protein were prepared in 4X sample buffer and 10X reducing 

agent and separated by 10% SDS/PAGE, transferred to PVDF membranes (MilliporeSigma, 

Burlington, MA, USA), and probed with primary antibodies (CysLT1: Abcam [ab151484], 1:1000, 



39 
 

CysLT2: Cayman Chemical [CAY120560] 1:1000, α-Tubulin: Santa Cruz, 1:1000). Secondary 

antibodies were anti-mouse IgG HRP-linked (Cell Signalling [7076S] 1:1000), or anti-rabbit IgG 

HRP-linked (Cell Signalling [7074S] 1:1000). Signal was detected using enhanced 

chemiluminescence as per the manufacturer’s instructions (Pierce™ ECL Western Blotting 

Substrate, ThermoFisher Scientific, Rockford, IL, USA). 

2.16 BRAF mutation analysis 

DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen). The region of interest was 

amplified by PCR using the following primers which span the BRAF V600E  mutation: 5’-

TGCTTGCTCTGATAGGAAAATG-3’ and 5′-AGCATCTCAGGGCCAAAAAT-3’. PCR products were 

purified using a PCR clean up kit (New England Biolabs) and sent for sequence analysis (Source 

Biosciences, Ireland). 

2.17 Drug preparation for use in cell and explant culture 

Quininib (Q1), 1,4-dihydroxy quininib (Q7) [144,145], montelukast (Mon) (Sigma #SML0101), 

HAMI 3379 (Cayman Chemical #10580) and dacarbazine (Sigma #D2390) were dissolved in 

100% DMSO and stored as (10–50 mM) stock solutions. Working solutions (100 μM) were 

prepared fresh prior to each experiment in complete cell culture medium as described in 

Section 2.12. Drugs were made to final test concentrations by adding the required volume of 

the working solution to cells in complete media. DMSO at a concentration of 0.1% and 0.2% 

were used as controls in Seahorse Assay experiments. DMSO at a concentration of 0.5% was 

used as a control for all other drug treatment experiments. 

2.18 MTT assay 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye determined cytotoxic effects 

in cell lines. Cells were trypsinised using trypsin-EDTA (0.05%) (ThermoFisher Scientific, 

Rockford, IL, USA) and centrifuged at 1200 rpm for 5 minutes at RT. Cell pellets were re-

suspended in complete medium and cells seeded into 96-well plates at 5000 cells/well. After 

adherence for 24 hours, cell medium was removed and replaced with the desired drug 

concentration. 0.5% DMSO in RPMI 1640 (UM cells) or DMEM (ARPE-19 cells) was used as a 

vehicle control. Cells were incubated for 24 or 96 hours with drugs. Drug solution was removed, 

and the wells washed with PBS before adding 90 μL of serum-free medium and 10 μL MTT (3-
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(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye to each well. The plate was 

covered and incubated for 2.5 hours at 37°C. Then, 100 μL of 100% DMSO was added to each 

well to dissolve the formazan crystals. Absorbance values at 570 nm were determined using a 

SpectraMax® M2 microplate reader (Molecular Devices Corporation, Sunnyvale, CA, USA). 

2.19 Colony formation assay 

Prior to commencement, seeding density was optimised for each cell line. 1.5 × 103 (Mel285) or 

9 × 103 (OMM2.5) cells were seeded per well of a 6-well plate and allowed adhere for 24 hours. 

Cells were treated with the desired concentration of drug for 24 or 96 hours. DMSO at a 

concentration of 0.5% was used as a vehicle control. Following treatment, the drug solution was 

removed, and cells grown in complete medium for 10 days. Clones were fixed with 4% 

paraformaldehyde for 10 minutes and stained using 0.5% crystal violet (Pro-Lab diagnostics 

PL700) for 2 hours at RT. Clone counting was performed using the GelCount™ system (Oxford 

Optronix, Abingdon, United Kingdom. Plating efficiency (PE), fraction of colonies formed by 

untreated cells, was calculated using the formula: PE = No. colonies/No. cells seeded. The 

surviving fraction (SF), the number of colonies formed by treated cells, expressed in terms of 

PE, was calculated using the formula: SF = No. colonies/(No. cells seeded x PE). 

2.20 Seahorse metabolism measurements  

Mel285 and OMM2.5 were seeded in four wells per treatment group at a density of 12 x 103 

and 14 x 103  cells per well, respectively, in a 24-well cell culture XFe24 microplate (Agilent 

Technologies, Santa Clara, CA, USA) at a volume of 100 μL RPMI and allowed to adhere at 37°C 

and 5% CO2 for 5 hours; then an additional 150 μL of RPMI was added. Twenty-four hours 

following seeding, the cells were treated with 20 μM of quininib, 1-4-dihydroxy quininib or 

montelukast along with 0.1% and 0.2% DMSO controls. Twenty-four hours following drug 

treatment, cells were washed with unbuffered DMEM supplemented with 10 mM glucose, 10 

mM sodium pyruvate (pH 7.4), and incubated for 1 hour at 37 °C in a CO2-free incubator. The 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using 

a Seahorse Biosciences XFe24 Extracellular Flux Analyser (Agilent Technologies, Santa Clara, CA, 

USA). Three basal measurements of OCR and ECAR were taken over 24 minutes consisting of 

three repeats of mix (three minutes)/wait (2 minutes)/measurement (3 minutes) to establish 
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OCR measurement. Three additional measurements were obtained following the injection of 

three mitochondrial inhibitors including oligomycin (2 μg/mL) (Sigma-Aldrich, St. Louis, MO, 

USA), an uncoupling agent carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (5 

μM) (Sigma-Aldrich, St. Louis, MO,USA), and antimycin-A (2 μM) (Sigma-Aldrich, St. Louis, MO, , 

USA), and ATP turnover was calculated by subtracting the OCR post oligomycin injection from 

baseline OCR prior to oligomycin addition. Proton leak was calculated by subtracting OCR post 

antimycin-A addition from OCR post oligomycin addition. Maximal respiration was calculated by 

subtracting OCR post antimycin addition from OCR post FCCP addition. Non-mitochondrial 

respiration was determined as the OCR value post antimycin-A addition. All measurements 

were normalised to cell number using the crystal violet assay, transferring the eluted stain to a 

96-well plate before reading. 

2.21 Crystal violet assay 

Cells were fixed in a 1% glutaraldehyde solution for 15 minutes at room temperature followed 

by two washes in 100 μL of PBS. Cells were stained with 0.1% crystal violet for 30 minutes at 

room temperature. Crystal violet was removed by washing twice in water. Plates were allowed 

to airdry overnight, then crystal violet stain was eluted using 1% Triton X-100 solution on a 

plate shaker for 1 hour. The eluted stain was transferred to a 96-well plate and absorbance 

read at 595 nm on a Versamax plate reader. 

2.22 Mel285 and OMM2.5 ELISA 

Cells were seeded at 1.5 x 105 cells per well of a 6-well plate and allowed adhere overnight. 

Cells were treated with 20 μM of quininib, 1-4-dihydroxy quininib, montelukast, HAMI 3379, or 

0.5% DMSO as control. All treatments were conducted in duplicate. Following 24-hour or 96-

hour treatment, 1 mL of media was removed from each well and stored at –20°C. Media were 

processed according to the Meso Scale Discovery (MSD) multiplex protocol. To assess 

angiogenic and inflammatory secretions from cell conditioned media, a 17-plex ELISA kit 

separated across two plates was used (Meso Scale Diagnostics, USA). The multiplex ELISA 

determined the secreted levels of; IFN-γ, IL-10, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-8, TNF-α, 

bFGF, Flt-1, PlGF, Tie-2, VEGF-C, VEGF-D, and VEGF-A in cell conditioned media. Assays were run 

as per the manufacturer’s recommendation; an overnight supernatant incubation protocol was 
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used for the Pro-inflammatory Panel 1 with the Angiogenesis Panel 1 assay being run on the 

same day protocol. Cell-conditioned media were run undiluted on all assays as per previous 

optimisation experiments. Secretion data for all factors were normalised to cell lysate protein 

content (extracted as described in Section 2.15) by using a BCA protein assay kit (ThermoFisher 

Scientific, Rockford, IL, USA). 

2.23 Zebrafish breeding and maintenance  

Zebrafish were maintained in a 14-hour light, 10-hour dark cycle in a recirculating water system 

at 28°C. Larvae were produced through natural spawning and maintained as previously 

described [155]. 

2.24 Zebrafish cell line xenograft model  

Implantation of Mel285, Mel290, or OMM2.5 cells into zebrafish embryos followed published 

protocols [156]. Briefly, cells were labelled for 30 minutes at 37°C in 6 mg/mL DiI (Sigma-Aldrich, 

St. Louis, MO, USA) in PBS followed by washing 3× in PBS. Labelled cells were implanted in the 

perivitelline space or vitreous of 48 hpf (hours post-fertilisation) Tg(fli1a:EGFP)y1 zebrafish 

embryos, maintained from the 8-cell stage in 0.003% PTU-containing E3-water (5 mM NaCl, 

0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4). Approximately, 200–500 cells in 2–5 nL were 

implanted in each embryo (20 embryos per group). Embryos were transferred to individual 

wells of 24-well plates containing 0.5 mL quininib, 1-4-dihydroxy quininib or montelukast at 3 

μM, 10 μM, and 20 μM final concentration, respectively, in E3-PTU water. Embryos were 

imaged using a fluorescent microscope (SMZ1500, Nikon) soon after implantation. Embryos 

with cells erroneously implanted in the yolk, brain, or circulation were removed. Embryos 

bearing fluorescent cells in the perivitelline space or the vitreous were incubated at 36°C for 

three days and re-imaged. Relative change in xenograft fluorescence was evaluated as the 

xenograft fluorescence at three days post-implantation (3 dpi) relative to fluorescence 

immediately after implantation (at 0 dpi). 

2.25 Western blotting in drug-treated uveal melanoma cells  

UM cells were seeded at 2.5 x 105 cells per well of a 6-well plate and left to adhere for 24 hours. 

Cells were treated with DMSO or 20 μM of test compound for 1,2,5,8, or 24 hours. Total protein 

was extracted from cells as described in Section 2.15. PVDF membranes (MilliporeSigma, 
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Burlington, MA, USA) were probed with primary antibodies (ERK: Santa Cruz [sc-514302], 

1:1000, phospho-ERK: Santa Cruz [sc-7383] 1:1000, MITF: Proteintech [13092-1-AP] 1:500, Bcl-

2: Proteintech [12789-1-AP] 1:500, COX-2: Proteintech [12375-1-AP] 1:500, Calpain-2: Abcam [ 

ab39165] 1:1000, β-actin: Santa Cruz [sc-47778], α-Tubulin: Santa Cruz, 1:1000). Secondary 

antibodies were anti-mouse IgG HRP-linked (Cell Signalling [7076S] 1:1000), or anti-rabbit IgG 

HRP-linked (Cell Signalling [7074S] 1:1000). Signal was detected using enhanced 

chemiluminescence as per the manufacturer’s instructions (Pierce™ ECL Western Blotting 

Substrate, ThermoFisher Scientific, Rockford, IL, USA ). 

2.26 Mouse husbandry 

5-week-old athymic Nude-Foxn1nu female mice were purchased from Envigo. Mice were housed 

in laminar flow rooms at a constant temperature (20-24°C) and humidity, with 5 animals per 

cage. Animals had free access to irradiation sterilised dry food and water during the study 

period. Mice behaviour and weight were continuously monitored throughout the study.  

2.27 OMM2.5 cell line- derived rodent xenograft model  

OMM2.5 metastatic uveal melanoma cells were cultured as described in Section 2.12. 1x107 

cells were injected  intrahepatically as a cell suspension injection and left to grow for 3 months. 

After 3 months, mice were sacrificed and palpable OMM2.5 cell line-derived liver tumours were 

removed. Liver tumour fragments were implanted in the liver of 25 mice to generate a 

metastatic uveal melanoma xenograft model. Five weeks after implantation, mice were 

randomised and assigned to vehicle, 1,4 – dihydroxy quininib, or dacarbazine treatment groups.  

2.28 Small molecule and chemotherapeutic drug preparation for the OMM2.5 cell line-

derived rodent xenograft model  

1,4–dihydroxy quininib was prepared for administration by dissolving the powder in 5% DMSO, 

25% PEG-400, and 75% H2O to reach a concentration of 2.5 mg/ml. The final volume of injection 

was 10 ml/kg per mouse. Dacarbazine (Medac) was provided by the Hospital Universitari de 

Bellvitge and was prepared for administration by dissolving the powder in H2O to reach a 

concentration of 20mg/ml. This was further diluted with saline solution to reach a 

concentration of 8 mg/ml. The final volume of injection was 10 ml/kg per mouse. Vehicle 

control was 5% DMSO, 25% PEG-400, and 75% H2O. Drug solutions were freshly prepared on 
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the day of treatment administration. Mice were weighed immediately prior to drug 

administration to calculate the required dose for administration.  

2.29 Treatment schedule for the OMM2.5 cell line-derived rodent xenograft model 

All three treatments (vehicle, 1,4–dihydroxy quininib, and dacarbazine) were administered 

intraperitoneally every three days, for a period of three weeks (7 doses in total). 1,4–dihydroxy 

quininib was administered at a dose of 25 mg/kg, as previously determined following a 

maximum-tolerated dose study [132]. Dacarbazine was administered at a dose of 80 mg/kg, as 

previously described in a xenograft model of melanoma [157]. Mice behaviour and weight were 

monitored throughout the study. Weight loss of more than 20% of total body weight or any sign 

of suffering were the ethical endpoints for the experiment, neither of which were reached by 

any of the animals. Following three weeks of treatment, all animals were sacrificed, and 

necropsy was performed. Tumours were harvested and weighed before snap-freezing or 

storage in 10% formalin for downstream protein extraction or histological analysis.  

Table 2.2 Treatment regime for OMM2.5 cell line-derived xenograft model study 

Treatment Group Dose Administration Frequency 

Vehicle 5% DMSO, 25% PEG-400, and 75% H2O Every 3 days (7 doses total) 

1,4-dihydroxy quininib 

(Q7) 

25 mg/kg Every 3 days (7 doses total) 

Dacarbazine  80 mg/kg  Every 3 days (7 doses total) 

2.30 Statistical analyses for the OMM2.5 cell line-derived rodent xenograft model 

Statistical analysis applied GraphPad Prism 7 software (GraphPad, San Diego, CA, USA). A 

Krustal-Wallis test with Dunn’s multiple comparison post-hoc test was conducted to determine 

differences between groups in initial body weight randomisation and in final tumour weight. A 

U-Mann Whitney test was used to compare final tumour weight between two groups. Two-way 

repeated-measures ANOVA (RMANOVA) with Bonferroni’s multiple comparisons post-hoc test 

was used to determine differences in body weight over time between the different treatments. 
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2.31 Immunohistochemical analysis of OMM2.5 cell line-derived xenograft tumour tissue 

IHC for Ki-67 (Invitrogen - MA5-14520, 1:200), cleaved caspase 3 (Cell Signalling), and ATP5B 

(Sigma-Aldrich - HPA001520, 1:500) was performed on 4-μm FFPE sections produced from the 

xenograft tumours using commercial equipment and a DAB detection kit. Slides were 

counterstained with haematoxylin and mounted using DPX mountant (Sigma-Aldrich, St. Louis, 

MO, USA). Slides were scanned with an Aperio AT2 digital slide scanner (Leica Biosystem, 

Milton Keynes, United Kingdom) with a 20× lens and analysed with imaging software (Aperio 

Image Scope version 11.2; Leica Biosystems, Inc., Buffalo Grove, IL, USA). Automated digital 

image analysis was performed using the Visiopharm Integrator System (Visiopharm, Hoersholm, 

Denmark). H-Score and percentage of positive cells were used as the image analysis output for 

cleaved caspase-3 and ATP5B expression. Percentage of positive cells was used as the image 

analysis output for Ki-67 expression. H-Score was calculated using the following formula: [1× (% 

of weakly positive cells) + 2× (% of moderately strong positive cells) + 3× (% strong positive 

cells)].  

2.32 Explant culture of patient-derived xenograft tumours 

Following sacrifice and necropsy, tumour tissue was placed into complete culture medium 

(RPMI 1640 Medium (Gibco) supplemented with 10% FBS and 2% Penicillin/Streptomycin) at 

room temperature for transport to UCD. Upon arrival, the tissue was washed 3 times in sterile 

PBS wash buffer (PBS and 2% Penicillin/Streptomycin). Using a sterile scalpel and forceps, the 

tumour was cut into 4 individual pieces. Tumour pieces were incubated in 20 μM quininib, 20 

μM 1,4–dihydroxy quininib, 20 μM dacarbazine, or DMSO, made up to 1 ml in complete culture 

medium in a 12-well plate. Explants were incubated for 72 hours at 37 °C/ 5% CO2. Plates were 

wrapped in parafilm to prevent evaporation of medium during the incubation period. After 72 

hours, the tumour conditioned media was removed. An aliquot of 800 μl was stored at – 80 °C 

for ELISA analysis and 200 μl was stored at 4 °C for LDH (lactate dehydrogenase) analysis. The 

residual explant tissue was immediately snap-frozen in liquid nitrogen and stored at - 80°C. 

2.33 Explant culture of primary uveal melanoma tumours 

Human primary UM tumours were obtained post enucleation from the Royal Victoria Eye and 

Ear Hospital, Dublin. Following removal of the eye during surgery, a portion of the tumour was 
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processed, and paraffin embedded for histopathological analysis, another portion was taken for 

explant culture experiments. Immediately following dissection, the tissue was placed into 

complete culture medium (RPMI 1640 Medium (Gibco) supplemented with 10% FBS and 2% 

Penicillin/Streptomycin) at room temperature for transport to UCD. Upon arrival, the tissue was 

washed 3 times in sterile PBS wash buffer (PBS and 2% Penicillin/Streptomycin). Using a sterile 

scalpel and forceps, the tumour was cut into 4 individual pieces. Tumour pieces were incubated 

in 20 μM quininib, 20 μM 1,4–dihydroxy quininib, 20 μM dacarbazine, or DMSO, made up to 1 

ml in complete culture medium in a 12-well plate. Explants were incubated for 72 hours at 37 

°C/ 5% CO2. Plates were wrapped in parafilm to prevent evaporation of medium during the 

incubation period. After 72 hours, the tumour conditioned media was removed. An 800 μl 

aliquot was stored at – 80 °C for ELISA analysis and a 200 μl aliquot was stored at 4°C for LDH 

analysis. The residual explant tissue was immediately snap-frozen in liquid nitrogen and stored 

at - 80°C.  

2.34 Lactate dehydrogenase (LDH) cytotoxicity assay for explant cultures 

LDH activity was measured to quantify cell death and cell lysis in all explant samples post 

culture. Cytotoxicity Detection Kit (LDH) (Roche) was utilised as per the manufacturer’s 

instructions. Briefly, 100 μl of tumour conditioned media was added to 100 μl of freshly 

prepared reaction mixture (reconstituted catalyst plus dye solution) in a 96-well plate. Plates 

were wrapped in foil and incubated at room temperature for 30 minutes. Absorbance values at 

490 nm were determined using a Versamax plate reader. 

2.35 Explant total protein determination 

Total protein was extracted from each piece of tumour explant tissue (both patient-derived 

xenograft explants and human explants) in the same manner. Each individual explant was 

placed in a tube with 200 μl of ice-cold T-PER lysis reagent (ThermoFisher Scientific) 

supplemented with 10 μl/ml protease inhibitor and a 3 mm stainless steel bead. Tubes were 

placed in a TissueLyser II (Qiagen) for 2.5 minutes to homogenise the tissue. The tissue lysate 

was centrifuged at 14,000 rpm for 30 minutes at 4°C. The supernatant was used immediately 

for protein determination or stored at – 80°C. The BCA (ThermoFisher Scientific, Rockford, IL, 
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USA) kit was used to quantify the total protein extracted from explant tissue in μg/ml as per the 

manufacturer’s instructions.  

2.36 Explant ELISAs 

To assess angiogenic and inflammatory secretions from tumour conditioned media, a 17-plex 

ELISA kit separated across two plates was used (Meso Scale Diagnostics, USA). The multiplex 

ELISA determined the secreted levels of; IFN-γ, IL-10, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-8, 

TNF-α, bFGF, Flt-1, PlGF, Tie-2, VEGF-C, VEGF-D, and VEGF-A in tumour conditioned media. 

Assays were run as per the manufacturer’s recommendation; an overnight supernatant 

incubation protocol was used for the Pro-inflammatory Panel 1 with the Angiogenesis Panel 1 

assay being run on the same day protocol. Tumour conditioned media were run undiluted on all 

assays as per previous optimisation experiments. Secretion data for all factors were normalised 

to explant lysate protein content (extracted as described in Section 2.35) using a BCA protein 

assay kit (ThermoFisher Scientific, Rockford, IL, USA). 

2.37 Immunohistochemical analysis of patient-derived xenograft tumour tissue 

IHC for CysLT1 (Abcam - ab95492, 1:300) and CysLT2 (Cayman Chemical – 120560, 1:800) was 

performed on 4-μm FFPE sections produced from the patient-derived xenograft tumours using 

commercial equipment (Leica Bond RXm System; Leica Microsystems Ltd., Milton Keynes, 

United Kingdom) and a DAB detection kit. Slides were counterstained with haematoxylin and 

mounted using DPX mountant (Sigma-Aldrich, St. Louis, MO, USA). Colorectal cancer tissue 

served as the positive control. Slides were scanned with an Aperio AT2 digital slide scanner 

(Leica Biosystem, Milton Keynes, United Kingdom) with a 20× lens and analysed with imaging 

software (Aperio Image Scope version 11.2; Leica Biosystems, Inc., Buffalo Grove, IL, USA). 

2.38 Isolation of plasma from patient blood samples  

Blood samples were collected in EDTA tubes from patients undergoing enucleation at the Royal 

Victoria Eye and Ear Hospital, Dublin on the day of surgery. All blood samples were processed 

within 1 hour of collection. Blood was spun at 2,500g for 15 minutes at room temperature using 

a centrifuge with a swing-out rotor. Plasma was collected from the top of the tube without 

disturbing the buffy coat. The plasma was centrifuged again at 2,500g for 15 minutes at room 
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temperature before collection into a fresh tube. Plasma was immediately frozen and stored at –

80°C.  

2.39 Statistical analysis  

Statistical analysis applied GraphPad Prism 7 software (GraphPad, San Diego, CA, USA). Specific 

statistical tests used are indicated in corresponding figure legends. For all statistical analyses, 

differences were considered statistically significant at p < 0.05.  

 

  



49 
 

 

 

 

 

 

 

 

 

Chapter 3:  Examination of the expression of CysLT receptors in primary uveal melanoma 

and investigation of their association to clinical features of disease and patient outcomes 
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Objective of Chapter 3:  

To examine whether cysteinyl leukotriene receptors are expressed in primary uveal melanoma 

and to determine whether expression is associated with patient outcomes or clinical features of 

the disease. 

*Note: Some of the content in this chapter belongs to a research publication which I authored 

during my PhD programme.  

The complete reference for this article is: Kayleigh Slater, Aisling B. Heeran, Rebeca Sanz-

Pamplona, Helen Kalirai, Arman Rahman, Mays Helmi, Sandra Garcia-Mulero, Fiona O’Connell, 

Rosa Bosch, Anna Portela, Alberto Villanueva, Josep Maria Piulats, William M. Gallagher, Lasse 

D. Jensen, Sarah E. Coupland, Jacintha O’Sullivan and Breandán N. Kennedy. High Cysteinyl 

Leukotriene Receptor 1 Expression Correlates with Poor Survival of Uveal Melanoma Patients 

and Cognate Antagonist Drugs Modulate the Growth, Cancer Secretome, and Metabolism of 

Uveal Melanoma Cells. Cancers (Basel). 2020 Oct 13;12(10):2950 

 

Aims of Chapter 3: 

• To validate the expression of CYSLTR1 and CYSLTR2 in primary UM using The Cancer 

Genome Atlas. 

 

• To determine whether expression of CYSLTR1 and CYSLTR2 in primary UM is linked to 

patient outcomes and alterations in key molecular signatures. 

 

• To determine the expression of CysLT1 and CysLT2 in primary UM using a patient tissue 

microarray.  

 

• To correlate expression of CysLT1 and CysLT2 to clinical features and patient prognosis in 

UM. 

 

• To validate protein expression analyses of CysLT1 and CysLT2 in a second, independent 

primary UM patient cohort. 
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3.1 Introduction  

It is well understood that CysLTs play a major role in the pathophysiology of several 

inflammatory diseases and that inflammation is associated with the development and 

progression of many cancers [158]. Over the last number of years, there has been increasing 

interest in determining the role of CysLTs in promoting tumourigenesis in various cancers. 

Indeed, the upregulation of CysLT receptors and altered CysLT production has been identified in 

several cancers and CysLT receptor signalling has been linked with cancer growth and 

development [125]. The relationship between patient outcomes and expression of CysLT 

receptors has been reported for various cancers over the last decade (Table 3.1). 

Overexpression of CysLT1 presents in colorectal cancer, prostate cancer, renal cell carcinoma, 

transitional cell carcinoma and testicular cancer [135-138]. In addition, high expression of CysLT1 

correlates with poor prognosis in breast and colorectal cancers [139,140]. Interestingly, CysLT2 

exerts anti-cancer properties in some malignancies. Colorectal cancer patients with high 

nuclear CysLT2 expression are reported to have a better overall prognosis, suggesting that 

CysLT2 is protective in colorectal cancer [139]. Magnusson et al. (2010) reported that patients 

with colorectal cancer tumours characterised by high CysLT1, but low CysLT2 nuclear expression 

had the worst prognosis, whereas patients with colorectal tumours characterised by low CysLT1 

but high CysLT2 nuclear expression had the best survival probability [139]. A similar 

phenomenon has been described in breast cancer patients, whereby patients with large 

tumours exhibiting high CysLT1 and low CysLT2 expression levels had a significantly reduced 

survival [140]. Breast cancer patients with high CysLT2 expression showed an improved 5-year 

survival, potentially owing to suppression of cancer cell migration via CysLT2 signalling [140].  

Although signalling through both CysLT receptors results in similar downstream signalling 

events, CysLT1 and CysLT2 are not functionally redundant and are known to interact to regulate 

CysLT-mediated responses [121]. In human mast cells, knockdown of CysLT2 increases the 

expression of CysLT1 and CysLT1-dependent cell proliferation [159]. Similarly, CysLT2 can 

negatively regulate CysLT1 through controlling membrane expression of the receptor and thus 

limiting the strength of signalling [159]. It has been suggested, that increasing the expression 
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and signalling of CysLT2, and therefore dampening signalling through CysLT1, may be anti-

tumourigenic in colorectal cancer [129,160].  

In contrast to the anti-tumourigenic properties reported for CysLT2, a recurrent, hotspot 

mutation in CYSLTR2 is a driver oncogene in a small subset (approximately 4%) of UM [31]. This 

mutation encodes a p.Leu129Gln substitution, which leads to constitutive activation of 

endogenous Gαq/11 signalling and promotes tumourigenesis in UM models in vivo [31]. The 

mutated CYSLTR2 has also been reported in metastatic UM [33,161]. Additionally, the same 

Leu129Gln hotspot mutation in CYSLTR2 has been identified in blue nevi [146], and in 

leptomeningeal melanocytic tumours [147] confirming the oncogenic properties of constitutively 

active signalling through this receptor. Recently, Nell et al. (2021) identified elevated expression 

of wild-type CYSLTR2 in inflamed primary UM tumours (characterised by increased tumour-

infiltrating lymphocytes [TILs] and tumour-associated macrophages [TAMs]) [162], which are 

associated with a poorer prognosis in UM [18]. The authors suggest that wild-type CysLT2 may 

represent an attractive therapeutic target in all UM, and not just those harbouring the CYSLTR2 

mutation [162].  

The association between the expression of CysLT receptors in primary UM and clinical 

outcomes had not been previously reported. Thus, our published study (the contents of which 

is described in this chapter) was the first to examine the clinical significance of CysLT receptor 

gene and protein expression in patients presenting with UM.    
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Table 3.1 The effect of altered CysLT1 or CysLT2 protein expression across multiple cancer 

types.    

Table adapted from Saier and Peyruchaud (2021) [125]. 

High expression of CysLT1 at the protein level is associated with more aggressive cancer in 

bladder, kidney, and prostate tumours. High expression of CysLT1 has been linked to a poor 

prognosis in colorectal cancer and breast cancer. Conversely, expression of CysLT2 is associated 

with an improved prognosis in colorectal and breast cancer.  

3.1.1 The Cancer Genome Atlas  

The Cancer Genome Atlas (TCGA) is a cancer genomics programme developed by the National 

Cancer Institute and the National Human Genome Research Institute. This publicly available 

database contains genomic, epigenomic, transcriptomic and proteomic data across 33 cancer 

types. TCGA contains data for 80 primary uveal melanoma tumours, analysed as part of the 

Rare Tumour Project of TCGA, herein known as TCGA-UM dataset [15]. Mutations, genomic copy 

number alterations, transcriptomic and methylation profiles are reported for all 80 specimens 

[163]. Additionally, whole genome sequencing was performed on 50 specimens and reverse-

phase protein array (RPPA) was performed on eleven specimens [163]. TCGA was utilised in this 

study to examine the expression and potential disease relevance of both CysLT receptor genes 

in primary UM.  
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3.1.2  Tissue Microarrays  

Tissue microarrays (TMAs) allow for high-throughput analysis of antigen expression in multiple 

patient donors using a single immunostaining protocol. Representative tissue samples from 

individual patients are assembled into a single paraffin block and sections are cut for 

immunohistochemical analysis [164]. Importantly, staining of all patient samples included in the 

study at the same time ensures that experimental variability is avoided [164]. This study utilises 

two independent, primary UM TMAs, generated from patients treated at the Liverpool Ocular 

Oncology Centre, United Kingdom and Hospital Universitari de Bellvitge, Barcelona, Spain, to 

assess the expression of CysLT1 and CysLT2 and to analyse their involvement with patient 

outcomes and clinical features of the disease. Given the rarity of UM, patient TMAs are 

extremely valuable. It can take a number of years for an appropriate number of tumour 

samples to be collected and as biopsies are not routinely taken from the primary tumour at all 

ocular oncology centres, tissue samples are often only taken from patients undergoing 

enucleation, further limiting the number of samples available.  

3.1.3 Clinical predictors in uveal melanoma  

Several clinical, histopathological, and cytogenetic features can be used to identify patients 

with UM who are at the highest risk of developing metastatic melanoma [18]. The clinical 

features linked to prognosis in patients presenting with UM include; (i) age at presentation 

(increased age is associated with increased risk of metastasis [165]), (ii) gender (males may have 

a worse prognosis than females [166,167]), (iii) tumour size and thickness (as measured by the 

largest ultrasound diameter (LUD) and ultrasound height (LUH)), (iv) tumour location (patients 

with iris melanoma have a better prognosis, and patients with ciliary body melanoma or ciliary 

body involvement (CBI) have the worst prognosis [165]), (v) the presence of ocular/oculodermal 

melanocytosis, and (vi) extraocular tumour extension (EOE) [18]. The American Joint Committee 

on Cancer (AJCC) classification is also used to stage tumours and estimate outcomes [18]. The 

histopathologic features that can predict prognosis in UM include; tumour cell type (epithelioid 

cell UM has the worst prognosis [168]), mitotic activity, microvascular density and extravascular 

matrix patterns (the presence of microvascular loops is associated with poor prognosis [169]), 

tumour-infiltrating lymphocytes (TILs), tumour-infiltrating macrophages (TAMs), insulin-like 

growth factor-1 receptor (IGF-1R), and human leukocyte antigen (HLA) Class I expression [18]. 
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Recently, the importance of cytogenetic features in predicting the prognosis of patients 

presenting with UM has been recognised [50]. Given the location of primary UM, it can be 

difficult to safely access tumour tissue for biopsy in patients that are not undergoing 

enucleation. Some tumours are analysed for genetic alterations using trans-scleral or trans-

retinal biopsy, with growing evidence to suggest that biopsy and treatment of smaller, high-risk 

tumours may improve patient outcomes [50]. Chromosome 3 loss, chromosome 8q gain, 

chromosome 1p loss, and chromosome 6q loss are all associated with poor survival outcomes in 

UM [15,170]. Loss of BAP1 expression is also a significant independent marker of prognosis in 

primary UM [171]. Chromosome 6 gain is associated with a good prognosis and is usually 

mutually exclusive with monosomy 3 [37].  

In addition to survival data, extensive clinical and histopathological features were available for 

one of the TMAs used during this study. This allowed us to correlate the expression of CysLT1 

and CysLT2 with the key prognostic factors described above, as well as patient outcome, in 

primary UM.   
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3.2 Results  

 

3.2.1 CysLT receptors are expressed in primary uveal melanoma patient samples from 

TCGA. High expression of CYSLTR1 and CYSLTR2 correlate with patient outcomes. 

Before analysing CysLT expression at the protein level, we utilised the freely available patient 

data available from TCGA database. TCGA contains gene expression data on 80 primary UM 

samples. Both CYSLTR1 and CYSLTR2 were expressed in the UM samples confirming their 

potential disease relevance. Cox survival analysis revealed expression of CYSLTR1 and CYSLTR2 

genes are significantly associated with disease-free survival (DFS) (p = 0.01; HR 1.05; 95% CI 

1.03–1.07 and p = 0.003; HR 1.35; 95% CI 1.25–1.45, respectively) (Figure 3.1 A,C) and overall 

survival (OS) (p = 0.004; HR 1.06; 95% CI 1.04–1.08) (Figure 3.1 B) in patients with UM. To 

resolve a violation of the proportional hazard assumption, the association between CYSLTR2 

gene expression and OS (Figure 3.1 D) was stratified by time from 0 to 20 months and beyond 

20 months and analysed by the likelihood ratio (LHR) test (Table 3.2). Expression of CYSLTR2 is 

significantly associated with OS (p = < 0.0001; HR 1.01; 95% CI 1–1.02) (Figure 3.1 D). When 

stratified based on high versus low expression of the receptors, all Kaplan–Meier curves 

showed significant results. This suggests that patients presenting with UM with high CYSLTR1 or 

CYSLTR2 transcript expression, irrespective of their underlying mutation, have a worse 

prognosis than those with low expression of the receptors. 
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Figure 3.1  Analysis of CYSLTR1 and CYSLTR2 expression and primary UM patient survival 

from TCGA-UM dataset. 

Kaplan-Meier survival curves demonstrate a statistically significant relationship between high 

(red) CYSLTR1 expression and DFS (A) (n = 80; Log-rank; p = 0.03; HR 1.05; 95% CI 1.03 – 1.07) or 

OS (B) (n = 80; Log-rank; p = 0.02; HR 1.06; 95% CI 1.04 – 1.08) in patients with UM. Low 

CYSLTR1 expression is shown in blue. Similarly, Kaplan-Meier survival curves demonstrate a 

statistically significant relationship between high (red) CYSLTR2 expression and DFS (C) (n = 80; 

Log-rank; p = 0.002; HR 1.35; 95% CI 1.25 – 1.45), or OS (D) (n = 80; Log-rank; p = 0.0001; HR 

1.01; 95% CI 1 – 1.02) in patients presenting with UM. Low CYSLTR2 expression is shown in blue. 

The third quartile was used as the cut-off point for high versus low expression for all Kaplan-

Meier survival curves. Both Log-rank p-values (categorical variable) and univariate Cox p-values 

(continuous variable) were calculated and are displayed for A, B and C. Log-rank and likelihood 

ratio (LHR) test p-values were calculated and are displayed for D. DFS, disease free survival, OS, 

overall survival. 
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Table 3.2 Multivariate analysis of CYSLTR1 and CYSLTR2 expression and UM patient survival 

from TCGA-UM dataset using Cox regression analysis.  

The association between CYSLTR1 and CYSLTR2 gene expression and prognosis were assessed by 

Cox proportional hazard regression models (A, B, C) (Figure 3.1 A, B, C). To resolve a violation of 

the proportional hazard assumption, the association between CYSLTR2 gene expression and OS 

(D) (Figure 3.1 D) was stratified by time from 0-20 months and beyond 20 months and analysed 

by the likelihood ratio (LHR) test. The hazard ratios and corresponding confidence intervals for 

CYSLTR1, CYSLTR2, sex, and age are reported. Multivariate analysis demonstrates that CYSLTR1 

and CYSLTR2 are independently associated with DFS and OS in this primary UM cohort. DFS, 

disease free survival; OS, overall survival.   
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3.2.2 CysLT receptor gene expression in primary uveal melanoma is associated with 

alterations in inflammatory and angiogenic signalling pathways. 

The CysLTs have been linked to cancer-associated inflammation and angiogenesis, particularly 

in the context of CRC [125,127]. The inflammatory and angiogenic environment in UM is of 

particular interest, particularly for the development of novel targeted therapies and 

immunotherapies [98]. We applied molecular signatures associated with angiogenesis and 

inflammation, as well as related hallmarks and pathways, to the expression data available from 

TCGA-UM dataset to determine the association between CysLT gene expression and processes 

of interest. TCGA-UM samples were divided into high and low expression of CYSLTR1 and 

CYSLTR2 using the third quartile as cut-off and interrogated for their association with pathways 

of interest using the Molecular Signatures Database (MSigDB)[172]. Using Gene Set Variation 

Analysis, enrichment scores were calculated for the association between high expression of 

either receptor and hallmarks or pathways of interest. Colour values correspond to the median 

values of the enrichment scores. Samples expressing high CYSLTR1 showed a significantly 

altered expression of profiles relating to Inflammatory Response, IFN-γ, TNF-α, Angiogenesis, 

and GPCR signalling (Figure 3.2A). Interestingly, the same profiles plus glycolysis showed an 

altered expression in samples with high expression of CYSLTR2 (Figure 3.2B). 
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Figure 3.2  High expression of CYSLTR1 or CYSLTR2 is associated with alterations in 

hallmarks and pathways of interest. 

Samples from TCGA-UM database were scored using gene expression profiles and categorised 

into high and low CYSLTR1 (A) and CYSLTR2 (B) expression using the third quartile as cut-off. 

Expression profiles of interest were manually selected from the Molecular Signatures Database 

(MSigDB) which includes gene sets from Hallmarks and Biocarta curated pathways. Patient 

tumours with high expression of CYSLTR1 show a corresponding significantly altered expression 

for the terms corresponding to Inflammatory Response, INF-γ, TNF-α, Angiogenesis and GPCR 

signalling (A) (p < 0.05). Samples with high expression of CYSLTR2 show an associated 

significantly altered overexpression for the terms Inflammatory Response, IFN-γ, Glycolysis, 

TNF-α, Angiogenesis and GPCR signalling (B) (p < 0.05). Differences were assessed using a non-

parametric Wilcoxon test. Differences were considered statistically significant at p  < 0.05. 
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3.2.3 Tumour infiltrate may contribute to high CYSLTR1 expression in uveal melanoma 

patients with reduced survival. 

The immunosuppressive microenvironment is a characteristic feature of UM and immune cell 

infiltrate is associated with a poor prognosis [18]. Using gene set variation analysis, we saw that 

high expression of both CYSLTR1 and CYSLTR2 is associated with an altered inflammatory 

response enrichment score, as well as pathways associated with key inflammatory mediators, 

IFN-γ and TNF-α (Figure 3.2). Given that a number of immune cells are known to express 

CYSLTR1 and CYSLTR2 [173], we investigated whether high expression of the receptors was 

associated with the immune cell infiltrate in primary UM.  

To infer an estimated score for the contribution of stromal and immune cell infiltration in the 

TCGA-UM data, MCP-counter and ESTIMATE tools were used [174,175]. MCP-counter 

(Microenvironment Cell Populations-counter) uses gene expression profiles to quantify the 

relative abundance of a series of immune and non-immune cell types (T cells, cytotoxic T cells, 

NK cells, B lineage, monocytic lineage, dendritic cells, neutrophils, endothelial cells, and cancer 

associated fibroblasts). ESTIMATE (Estimation of STromal and Immune cells in MAlignant 

Tumour tissues using Expression data) is a tool that infers tumour purity and stromal/immune 

infiltration using gene expression data. MCP-counter was used to impute an estimated score for 

the contribution of infiltrated stromal and immune cells in TCGA-UM samples and the 

prognostic value for all 10 cell types was assessed. High expression of CD8+ T cells, 

macrophages, dendritic cells, cancer associated fibroblasts, and endothelial cells were all 

associated with poor prognosis in the TCGA-UM cohort. A positive correlation, defined as r > 

0.6,  was identified between CYSTLR1 expression and CD8+ T cells, macrophages, and dendritic 

cells. A positive correlation, defined as r > 0.6,  was identified between CYSTLR2 expression and 

CD8+ T cells and macrophages. The ESTIMATE tool was used to calculate a global score for 

stromal infiltration. When the survival models were adjusted by the stromal infiltration scores 

from ESTIMATE, there was no statistically significant relationship between high CYSLTR1 

expression and DFS (Figure 3.3A) or OS (Figure 3.3B) (p = 0.57 and p = 0.075, respectively). 

However, high expression of CYSLTR2 maintains a statistically significant relationship with DFS 

(Figure 3.3C) and OS (Figure 3.3D) (p = 0.004 and p = 0.00027, respectively). This suggests that 

in the TCGA-UM cohort, tumour infiltrate may contribute to high CYSLTR1 expression in 
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patients presenting with UM with reduced survival. In contrast, high expression of CYSLTR2 

does not appear to be associated with stromal infiltration in primary UM.  
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Figure 3.3 Analysis of CYSLTR1/CYSLTR2 expression and UM patient survival from TCGA-UM 

dataset using stromal scores from ESTIMATE. 

Survival curves in Figure 3.1 were recalculated based on stromal cell infiltration scores using 

CYSLTR1 and CYSLTR2 gene expression data. When the models are adjusted by stromal 

infiltration scores, there is no statistically significant relationship between high (red) CYSLTR1 

expression and disease-free survival (A) or overall survival (B) (Log-rank; p = 0.57 and p = 0.075, 

respectively). High expression of CYSLTR2 (red) maintains a statistically significant relationship 

with disease-free survival (C) and overall survival (D) when the models are adjusted by stromal 

cell infiltration (Log-rank; p = 0.004 and p = 0.00027, respectively).  
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3.2.4 High expression of CysLT1, but not CysLT2, is associated with reduced overall survival 

in primary uveal melanoma by manual immunohistochemical analysis.  

As described in Table 3.1, the majority of studies analysing CysLT receptor expression in cancer 

have done so at the protein level. Following analysis of TCGA gene expression profiles for both 

receptors, we examined protein expression in an independent cohort of patients to determine 

if the association between receptor expression and prognosis was maintained. The clinical 

relevance of CysLT receptors in UM was evaluated by analysing the expression of CysLT1 and 

CysLT2 in a tissue microarray (TMA), herein known as TMA I, generated from primary UM of 52 

consented patients treated at the Liverpool Ocular Oncology Centre. 

Of these 52 patients, 26 were males and 26 females, with a median age of 62 years at primary 

management (range, 39–89). Survival data were not available for one patient, which reduced 

the numbers available for survival analysis to 51 patients. At the time of study end (29 May 

2019), 18/51 patients were alive (35.29%), 25/51 had died from metastatic disease (49.02%), 

and 8/51 had died from other causes (15.69%). The median survival time was 8 years (range, 

0.4–19 years). The median largest ultrasound tumour diameter was 17.35 mm (range, 10.6–

23.6 mm) with a median ultrasound tumour height of 8 mm (range, 5–18 mm) (Table 3.3). 

Epithelioid cells were present in 30/52 (57.69%) of UM cases; 15/52 (28.85%) tumours involved 

the ciliary body and 3/52 (5.78%) had extraocular extension (Table 3.3). Monosomy 3 (defined 

as loss of an entire chromosome 3 homologue) was present in 23/52 cases (44.23%) (Table 3.3).  
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Table 3.3 Clinical characteristics of the 52 patients presenting with UM treated at the 

Liverpool Ocular Oncology Centre included in TMA I. 

PAS, periodic acid-Schiff.  
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Univariate analysis identified the following factors as significantly associated with OS (Table 

3.4): CysLT1 expression, p = 0.034 (HR 2.34; 95% CI 1.04 – 5.25); extraocular extension, p = 0.017 

(HR 6.77; 95% CI 1.80 – 25.22); chromosome 3 status, p < 0.0001 (HR 6.77; 95% CI 3.45 – 13.28); 

presence of PAS positive vascular loops, p = 0.039 (HR 2.47; 95% CI 1.02 – 6.02); ciliary body 

involvement, p = 0.002 (HR 3.29; 95% CI 1.60 – 6.79); epithelioid cells, p = 0.013 (HR 2.50; 95% 

CI 1.18 – 5.29), largest ultrasound diameter, p = 0.047 (HR 1.19; 95% CI 1.01 – 4.17); mitotic 

count, p = 0.048 (HR 2.00; 95% CI 1.01 – 4.01). As described in Section 3.1.3, these clinical, 

genetic, and histopathological features are established predictors of poor prognosis in UM [18]. 

However, this is the first report of an association between high CysLT1 expression and prognosis 

in primary UM. CysLT2 expression, sex, and ultrasound height were not significantly associated 

with OS by univariate analysis in this patient cohort (Table 3.4). Multivariate analysis 

demonstrated only chromosome 3 status as an independent factor significantly associated with 

survival, p = 0.001 (HR 5.50; 95% CI 1.95 – 15.50).  

Table 3.4 Univariate analysis of risk factors associated with overall survival in primary UM. 

Boldface values indicate statistical significance (p ≤ 0.05). Chr3, chromosome 3; EOE, 

extraocular extension, Chr3, chromosome 3; CBI, ciliary body involvement; LBD, largest basal 

diameter; UH, ultrasound height; CI, confidence interval.   
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Moderate to strong staining for CysLT1 and CysLT2 is reported in CRC [151], therefore this tissue 

served as a positive control (Figure 3.4). To conduct manual analysis for both CysLT1 and CysLT2, 

scores were assigned based on staining intensity (Figure 3.5), and the percentage of tumour 

cells stained combined. Using the median as a cut off, a score of 0 – 7 was designated as low 

CysLT1 or CysLT2 expression, while a score of > 7-12 was designated as high CysLT1 or CysLT2 

expression. The localisation of both CysLT1 and CysLT2 in primary UM was predominantly 

cytoplasmic (Figure 3.5). Therefore, it was not possible to categorise tumours based on 

cytoplasmic versus nuclear staining, as has been reported in colorectal cancer tumours [139]. 

Therefore, the scores reported are based on cytoplasmic expression of CysLT1 or CysLT2.  

In Kaplan–Meier survival curves generated from median scoring of all primary UM cases, 

immunohistochemical levels of CysLT1 or CysLT2 did not demonstrate a significant association 

with patient survival from metastatic disease (CysLT1 p = 0.122; HR 2.04; 95% CI 0.81–5.12, 

CysLT2 p = 0.341; HR 1.15; 95% CI 0.58–2.28) (Figure 3.6 A,C, respectively). However, high 

CysLT1 expression showed a robust trend towards reduced patient survival (Figure 3.6 A). In 

agreement with TCGA data, manual analysis of TMA I at the median cut-off revealed a 

statistically significant relationship between high CysLT1 expression and overall survival in 

patients presenting with UM (p = 0.034; HR 2.34; 95% CI 1.04–5.25) (Figure 3.6 B). High CysLT1 

expression also had a statistically significant relationship with ciliary body involvement in the 

UM patient cohort (p = 0.041) (Table 3.5, Figure 3.7). Ciliary body involvement is a feature of 

the disease associated with metastatic risk and poor patient prognosis [49,176]. High expression 

of CysLT2 was not significantly associated with overall survival (p = 0.697; HR 1.15; 95% CI 0.58–

2.28) (Figure 3.6 D). There was no statistically significant relationship between high or low 

CysLT1 expression and other prognostic clinical features of disease (extraocular extension, 

monosomy 3, PAS (periodic acid-Schiff) positive loops, or epithelioid cell morphology) examined 

(Table 3.5). Manual analysis did not identify a statistically significant relationship between high 

or low CysLT2 expression and clinical features of the disease examined (Table 3.5). 

High expression of CysLT1 and low expression of CysLT2 is associated with a poor prognosis in 

colorectal and breast cancers [139,140]. High expression of CysLT2 and low expression of CysLT1 is 

favourable in both cancer types [139,140]. We sought to determine if a similar association was 
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found in primary UM. Tumours were categorised into those with high CysLT1 and low CysLT2 

expression, high CysLT2 and low CysLT1 expression, high CysLT1 and high CysLT2 expression, and 

low CysLT1 and low CysLT2 expression. There was no significant difference in OS between 

patients with high CysLT1 and low CysLT2 versus those with high CysLT2 and low CysLT1 (Figure 

3.8 A). There was no significant difference in OS between patients with high CysLT1 and high 

CysLT2 versus those with low CysLT1 and low CysLT2 (Figure 3.8 B).  
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Figure 3.4 Control tissue for TMA I. 

(A) Colorectal cancer tissue positive control for CysLT1 at an antibody dilution of 1:200. (B) 

Colorectal cancer tissue positive control for CysLT2 at an antibody dilution of 1:500. Strong 

cytoplasmic expression was detected for both receptors. (C) Colorectal cancer tissue negative 

control (omission of primary antibody). 
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Figure 3.5  Representative cores from the UM tissue microarray (TMA I) stained for 

expression of CysLT1 and CysLT2. 

(A) Representative cores from TMA I designated with a score of 1, 2 or 3 for CysLT1 staining 

intensity. (B) Representative cores from TMA I designated with a score of 1, 2 or 3 for CysLT2 

staining intensity. Expression of both CysLT1 and CysLT2 was predominantly cytoplasmic in 

primary UM tumours. 
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Figure 3.6 Examination of the prognostic value of CysLT1 and CysLT2 protein expression in 

primary UM samples by manual pathology.  

(A) Kaplan-Meier survival curve stratified based by high (red) or low (blue) CysLT1 expression 

and death by metastatic melanoma (n = 43; Log Rank; p = 0.122; HR 2.04; 95% CI 0.81 – 5.12). 

(B) High expression of CysLT1 (red) is significantly associated with reduced overall survival in  

patients presenting with primary UM (n = 51; Log Rank; p = 0.034; HR 2.34; 95% CI 1.04 – 5.25) 

(C). Kaplan-Meier survival curve stratified based by high (red) or low (blue) CysLT2 expression 

and death by metastatic melanoma (n = 42; Log Rank; p = 0.341; HR 1.15; 95% CI 0.58 – 2.28). 

(D) Kaplan-Meier survival curve stratified based by high (red) or low (blue) CysLT2 expression 

and death by any cause (n = 50; Log Rank; p = 0.697; HR 1.15; 95% CI 0.58 – 2.28). The median 

was used as the cut-off point for high versus low expression for all Kaplan-Meier survival curves. 

Number of events indicates the number of deaths due to metastatic melanoma (A,C). Number 

of events indicates the number of deaths due to any cause (B,D). 
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Table 3.5 Association between expression of CysLT1 or CysLT2 and clinical and pathological 

risk factors associated with primary UM.  

High expression of CysLT1 is significantly associated with ciliary body involvement. Pearson’s 

Chi-Square Test, p = 0.041. Boldface values indicate statistical significance (* p ≤ 0.05). 
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Figure 3.7 High expression of CysLT1 is significantly associated with ciliary body involvement 

in primary UM. 

Ciliary body involvement has a statistically significant relationship with high CysLT1 expression 

(p = 0.041) as assessed by Pearson’s Chi-Square Test. No other clinical characteristics examined 

had a statistically significant relationship with CysLT1 or CysLT2 expression.  
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Figure 3.8 The expression levels of CysLT1 and CysLT2 combined are not significantly 

associated with overall survival in patients presenting with UM. 

(A) Kaplan-Meier survival curve stratified based on high CysLT1 and low CysLT2 expression (red) 

or high CysLT2 and low CysLT1 expression (blue) and death by any cause (n = 19; Log rank p = 

0.258). (B) Kaplan-Meier survival curve stratified based on high CysLT1 and high CysLT2 

expression (red) or low CysLT1 and low CysLT2 expression (blue) and death by any cause (n = 32; 

Log rank p = 0.076).  The median was used as the cut-off point for high versus low expression 

for both Kaplan-Meier survival curves. Number of events indicates the number of deaths due to 

any cause.  
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3.2.5 High expression of CysLT1, but not CysLT2, is significantly associated with reduced 

overall survival and reduced survival from metastatic disease in primary uveal 

melanoma by digital immunohistochemical analysis. 

Our data demonstrated CysLT1 and CysLT2 to be widely expressed in primary UM with 52/52 

and 51/51 tissue samples staining positive for each respective receptor (at least one replicate 

core per patient was positive). To complement our manual analysis, we implemented digital 

pathology analysis on TMA I. We hypothesised that digital analysis would validate our findings 

and may give a more sensitive separation between cores scoring as low, intermediate, or high 

for CysLT receptor expression. Automated image analysis generates a higher density value 

range (from 0 – 300), compared to manual analysis (Figure 3.9). This provides greater 

resolution to uncover apparent differences, if present. Indeed, a wider scoring range achieved 

by digital pathology analysis of TMA I strengthened the relationship between high CysLT1 

expression and patient survival. With a 3rd quartile segregation, high expression of CysLT1 is 

significantly associated with reduced melanoma-specific survival (p = 0.0012; HR 2.76; 95% CI 

1.21–6.3) and reduced overall survival (p = 0.0011; HR 2.76; 95% CI 1.21–6.3) in this primary 

UM cohort (Figure 3.10 B,C, respectively). Similarly, the significant relationship between high 

expression of CysLT1 and ciliary body involvement is maintained (Pearson’s Chi-Square Test, p = 

0.031). In agreement with manual analysis, there was no significant relationship between 

CysLT2 expression and patient outcomes when assessed by digital pathology analysis (Figure 

3.10 D,E). Core – core correlations were performed to assess the relationship between the 

scoring achieved by manual analysis and the average H-Score assigned by digital analysis for 

both CysLT1 and CysLT2. As per guidelines reported by Akoglu (2018) [177], strong to moderate 

correlations of r = 0.64 and r = 0.61  were observed for CysLT1 and CysLT2 expression, 

respectively (Figure 3.11).  
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Figure 3.9 Representative cores from the UM TMA I designated with a score of Low, 

Intermediate or High expression for CysLT1 staining following digital analysis.  

H-Score was used as the image analysis output, which was calculated using the following 

formula: [1× (% of weakly positive cells) + 2× (% of moderately positive cells) + 3× (% strong 

positive cells)]. A H-Score of 0–100 was generally categorised as low expression, 101–200 as 

intermediate expression, and 201–300 as high expression of CysLT1 and CysLT2. In the mark up 

images, blue cells represent negative staining, yellow cells represent weak staining, orange cells 

represent moderate staining, and red cells represent strong staining.  
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Figure 3.10 Examination of the prognostic value of CysLT1 and CysLT2 protein expression in 

primary UM patient samples by digital pathology analysis.  

(A) High expression of CysLT1 (red) is associated with reduced survival from metastatic 

melanoma in patients presenting with primary UM (n = 42; Log-rank; p = 0.012; HR 2.76; 95% CI 

1.21 - 6.3) (B) High expression of CysLT1 (red) is associated with reduced OS in patients 

presenting with primary UM  (n = 42; Log-rank; p = 0.011; HR 2.76; 95% CI 1.21 – 6.3) (C) 

Kaplan-Meier survival curve stratified based by high (red) or low (blue) CysLT2 expression and 

death by metastatic melanoma (n = 49; Log-rank; p = 0.165; HR 1.8; 95% CI 0.77 – 4.17). (D) 

Kaplan-Meier survival curve stratified based by high (red) or low (blue) CysLT2 expression and 

death by any cause (n = 50; Log-rank; p = 0.332; HR 1.46; 95% CI 0.67 – 3.17). The third quartile 

was used as the cut-off point for high versus low expression for all Kaplan-Meier survival curves. 

Number of events indicates the number of deaths due to metastatic melanoma (A,C). Number 

of events indicates the number of deaths due to any cause (B,D). 
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Figure 3.11 Core-core correlations of manual versus digital pathology analysis of TMA I. 

To assess the relationship between manual and digital analysis, the score assigned to individual 

tumour cores from both analyses were plotted against each other. Graphs show the correlation 

between manual score (ranging from 0 – 12) and the average H-Score (ranging from 0 – 300) 

assigned by digital pathology analysis for (A) CysLT1 (Spearman correlation; r = 0.64, p < 0.0001) 

and (B) CysLT2 (Spearman correlation; r = 0.61, p < 0.0001). A moderate to strong positive 

correlation [177] was observed between both pathology analyses for CysLT1 and CysLT2 

expression. 
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3.2.6 High expression of CysLT1 is significantly associated with reduced overall survival 

and reduced survival from metastatic disease in a second, independent primary 

uveal melanoma patient cohort.  

Although the digital pathology analysis agreed with our manual analysis of TMA I, we sought to 

further validate our findings using a second, independent patient cohort. The most appropriate 

approach to investigating potential prognostic biomarkers includes an initial analysis of a 

training cohort, followed by verification in an independent testing cohort [178]. The training 

cohort allows for the establishment of a hypothesis and cut-off value which is applied to and 

analysed in the validation cohort [178]. We believe this to be of particular importance in UM, 

whereby the numbers of patients included in a study can be small due to the rarity of the 

disease. To validate the clinical relevance of CysLT receptors in UM, we analysed the expression 

of CysLT1 and CysLT2 in a second TMA, herein known as TMA II, generated from primary UM of 

94 consented patients treated at the Hospital Universitari de Bellvitge, Barcelona. TMA I acted 

as our training cohort and TMA II our validation cohort.  

Of the 94 samples, associated survival data was available for 68 patients. 39 patients were male 

and 29 were female, with a median age of 61 years at primary management (range, 32 - 96). At 

the time of study end (13 August 2020), 33/68  patients were alive (48.5%), 31/68 had died 

from metastatic disease (45.6%) and 4/68 had died from other causes (5.9%). The median 

survival time was 5 years (range, 0.5 – 28 years) (Table 3.6).  

Due to poor tissue and staining quality, the number of patients available for analysis of CysLT2 

staining was reduced to 48. Of these 48 patients, 29 were males and 19 females, with a median 

age of 62 years at primary management (range, 36 – 91). At the time of study end (13 August 

2020) 24/48  patients were alive (50%), 21/48 had died from metastatic disease (43.75%) and 

3/48 had died from other causes (6.25%). The median survival time was 5 years (range, 0.8 – 28 

years) (Table 3.7).  

  



80 
 

Table 3.6 Clinical characteristics of the 68 patients presenting with UM analysed for CysLT1 

expression on TMA II. 

 

Table 3.7 Clinical characteristics of the 48 patients presenting with UM analysed for CysLT2 

expression on TMA II. 
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Manual analysis for both CysLT1 and CysLT2 expression was conducted as described in Section 

3.2.4, using the median as a cut off, as established in TMA I. Again, the localisation of both 

CysLT1 and CysLT2 in primary UM was found to be predominantly cytoplasmic (Figure 3.13). As 

previous, colorectal cancer tissues served as a positive control for CysLT1 and CysLT2 staining 

(Figure 3.12). In agreement with our data generated from TMA I (Figure 3.6), manual analysis of 

TMA II using a median cut-off demonstrated a significant relationship between high expression 

of CysLT1 and overall survival in patients presenting with UM (p = 0.015; HR 2.27; 95% CI 1.13 – 

4.58) (Figure 3.14 B). Additionally, analysis of this second, independent cohort revealed a 

significant relationship between high CysLT1 and death from metastatic disease (p = 0.021; HR 

2.28; 95% CI 1.08 – 4.78) (Figure 3.14 A). This is in keeping with the trend towards significance 

observed in analysis of TMA I (Figure 3.6 A). In Kaplan–Meier survival curves generated from 

median scoring of 48 UM cases, immunohistochemical levels of CysLT2 did not demonstrate a 

significant association with overall survival (p = 0.69; HR 1.34; 95% CI 0.31 – 5.75) (Figure 3.14 

D) or survival from metastatic disease (p = 0.64; HR 1.39; 0.32 – 6.01) (Figure 3.14 C). Again, this 

finding is in keeping with our data generated from TMA I.  

Patient sex and age at primary management were the only additional information accessible to 

us for patients in this cohort. Additional clinical, genetic, and histological features were not 

available. Univariate analysis revealed that both sex (p = 0.048; HR 2.09; 95% CI 1.01 – 4.34) and 

age (p = 0.030; HR 1.03; 95% CI) were significantly associated with OS in this patient cohort. 

Multivariate analysis revealed that CysLT1 expression (p = 0.043; HR 2.23; 95% CI 1.07 – 4.65) 

and age (p = 0.018; HR 2.31; 95% CI 1.15 - 4.65) are independently associated with OS in this 

cohort.  

The date of diagnosis of metastatic disease, if applicable, was also available for patients in this 

cohort (n = 32). We assessed if CysLT1 expression was associated with survival after the 

detection of metastatic disease, however, no significant association was detected (Log rank; p = 

0.319)(Figure 3.15 A). Similarly, no association was identified between CysLT1 expression and 

the time from primary management to the detection of metastatic disease (Log rank; p = 

0.332)(Figure 3.15 B).  
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Figure 3.12 Control tissue for TMA II. 

(A) Colorectal cancer tissue positive control for CysLT1 at an antibody dilution of 1:200. Strong 

cytoplasmic staining was detected. (B) Colorectal cancer tissue positive control for CysLT2 at an 

antibody dilution of 1:500. Intermediate cytoplasmic staining was detected. (C) Colorectal 

cancer tissue negative control (omission of primary antibody). 
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 Figure 3.13 Representative cores from the UM tissue microarray (TMA II) stained for 

expression of CysLT1 and CysLT2. 

(A) Representative cores from TMA II designated with a score of 1, 2 or 3 for CysLT1 staining 

intensity. (B) Representative cores from TMA II designated with a score of 1, 2 or 3 for CysLT2 

staining intensity. Expression of both CysLT1 and CysLT2 was predominantly cytoplasmic in 

primary UM tumours. 
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Figure 3.14 Validation of the prognostic value of CysLT1 and CysLT2 protein expression in 

TMA II, an independent cohort of patients presenting with primary UM, by manual 

pathology. 

(A) High expression of CysLT1 (red) is significantly associated with reduced survival from 

metastatic disease in patients presenting with primary UM  (n = 64; Log Rank; p = 0.021; HR 

2.28; 95% CI 1.08 – 4.78). (B) High expression of CysLT1 (red) is significantly associated with 

reduced overall survival in patients presenting with primary UM (n = 68; Log Rank; p = 0.015; HR 

2.27; 95% CI 1.12 – 4.58) (C). Kaplan-Meier survival curve stratified based by high (red) or low 

(blue) CysLT2 expression and death by metastatic melanoma (n = 45; Log Rank; p = 0.643; HR 

1.39; 95% CI 0.32 – 6.01). (D) Kaplan-Meier survival curve stratified based by high (red) or low 

(blue) CysLT2 expression and death by any cause (n = 48; Log Rank; p = 0.685; HR 1.34; 95% CI 

0.31 – 5.75). The median was used as the cut-off point for high versus low expression for all 

Kaplan-Meier survival curves. Number of events indicates the number of deaths due to 

metastatic melanoma (A,C). Number of events indicates the number of deaths due to any cause 

(B,D). 
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Figure 3.15 CysLT1 expression is not significantly associated with survival after the detection 

of metastatic disease or time to detection of metastatic disease.  

(A) Kaplan- Meier survival curve stratified based by high (red) or low (blue) CysLT1 expression 

and time to death by metastatic melanoma following diagnosis of metastatic disease (n = 32; 

Log-rank p = 0.319). (B) Kaplan- Meier survival curve stratified based by high (red) or low (blue) 

CysLT1 expression and time from primary management to detection of metastatic disease (n = 

32; Log-rank p = 0.332).  
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3.3 Summary of main findings of Chapter 3 

 

• The clinical relevance of CysLT1 and CysLT2 expression, in primary UM, at the gene and 

protein level, was examined for the first time.  

 

• Gene expression data from TCGA suggest that high expression of CYSLTR1 or CYSLTR2 is 

significantly linked to disease-free and overall survival in patients presenting with UM 

and that high expression of either receptor is linked to alterations in pathways 

associated with inflammation and angiogenesis.  

 

• Tumour infiltrate may contribute to high CYSLTR1 expression in patients presenting with 

primary UM  

 

• High expression of CysLT1 is significantly associated with reduced melanoma-specific 

survival and reduced overall survival in a primary UM patient cohort by digital and 

manual pathology analysis.  

 

• High expression of CysLT2 and low expression of CysLT1 is not associated with improved 

patient outcomes in UM.  

 

• Our findings were validated in a second, independent patient cohort, whereby high 

expression of CysLT1 is significantly associated with reduced melanoma-specific survival 

and reduced overall survival.  
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3.4 Discussion  

In this chapter, I identified that high expression of CysLT1 in primary UM, at the gene and 

protein level, is associated with reduced patient survival. I also show that high expression of 

CYSLTR2 is associated with poor prognosis in the TCGA-UM cohort. However, high expression of 

CysLT2 was not significantly associated with patient outcomes in the two UM TMAs analysed. To 

our knowledge, this was the first study to examine the link between the expression of CysLT 

receptors in UM patient samples and associated clinical data, and the first to suggest a link 

between CysLT receptor expression and UM patient outcomes. Since publication of our data 

[179], our findings have been supported by Akin-Bali [180]. Using the TCGA-UM dataset, this 

publication confirms that high expression of CYSLTR2 is significantly associated with reduced OS 

in this cohort [180].  

Gene expression data from TCGA suggest that high expression of CYSLTR1 or CYSLTR2 is 

significantly linked to reduced disease-free and overall survival in patients presenting with UM 

(Figure 3.1). This is supported by the known importance of the CysLT2/Gαq/11/PLCβ4 pathway in 

UM oncogenesis and that CYSLTR2 is known to act as an oncogene [31], albeit in a small subset 

of UM. Activation of this receptor, and the associated downstream signalling pathways, are 

identified drivers of disease progression in early UM [181]. Given that activation of CysLT1 results 

in stimulation of similar downstream signalling events, it is not surprising that upregulation of 

CYSLTR1 is also associated with poor patient prognosis. Akin-Bali analysed the association 

between expression of genes known to be involved in Gαq/11 pathway and BSE event mutations 

and OS in the UM-TCGA dataset [180]. Expression of GNAQ, GNA11, SF3B1, EIF1AX, or PLCB4 

was not significantly associated with patient survival [180]. BAP1 and CYSLTR2 were the only 

genes significantly associated with reduced patient survival in the TCGA-UM cohort [180]. BAP1 

expression and BAP1 mutations are well established prognostic indicators in UM [171]. It is 

interesting that of all other identified driver mutations in UM, CYSLTR2 expression is the only 

gene significantly associated with patient outcomes.  

Based on the known biological functions of CysLT receptors it is unsurprising that high 

expression of both CYSLTR1 and CYSLTR2 in TCGA-UM dataset are associated with significant 

alterations in pathways related to inflammation and angiogenesis (Figure 3.2). CysLTs play an 
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established role in both acute and chronic inflammation and their role in tumour-promoting 

inflammation has been widely characterised [127]. More recently, there has been a particular 

focus on the role of CysLTs in vascular permeability and angiogenesis [134] and CysLT1 specific 

antagonists attenuate angiogenesis in in vivo models [134,144]. Indeed, it is likely that the poor 

prognosis associated with high expression of CYSLTR1 and CYSLTR2 is due to their involvement 

with and modulation of these key cancer hallmarks within the TME. As discussed in detail in 

Chapter 1, modulating inflammation and angiogenesis is extremely desirable in the treatment 

UM. The data generated using the TCGA-UM cohort suggests that both CysLT receptors are 

implicated in these processes and endorses the testing of CysLT receptor antagonists in 

preclinical models.  

Alterations in pathways associated with TNF-α and IFN-γ in patients with high CYSLTR1 or 

CYSLTR2 expression from TCGA-UM dataset is of note (Figure 3.2). While the pro-inflammatory 

TNF-α has been described as both a pro- and anti-tumour cytokine, in melanoma, TNF-α has 

been linked to dedifferentiation causing the loss of melanocytic lineage markers, and tumour 

relapse [182,183]. In contrast, TNF-α inhibitors have been linked to UM development [184] and 

reduced Tnfa expression has been linked to increased metastases in a UM mouse model [185]. 

TNF-α upregulates the expression of CYSLTR1 in human endothelial cells [186], which may in 

turn promote both inflammation and angiogenesis. In colorectal cancer cell lines, TNF-α also 

upregulates 5-LOX, LTC4 synthase and CysLT1, but downregulates CysLT2. Similarly, IFN-γ 

upregulates the expression of both CysLT1 and CysLT2 and can enhance CysLT-induced 

inflammatory responses [187,188]. Elevated serum levels of IFN-γ in patients presenting with UM 

correlates with metastatic spread and a poor prognosis [189]. Further analysis of the specific 

roles of CysLT1 and CysLT2 and their effect on cytokine production in the UM TME is required. 

Synthesis of the CysLTs occurs predominantly in immune cells such as neutrophils, eosinophils, 

monocytes, macrophages and mast cells [111]. Both CysLT1 and CysLT2 are expressed by immune 

cells, although CysLT1 is more widely distributed and is expressed by a number of cells of the 

innate immune system including monocytes/macrophages, basophils, mast cells, dendritic cells, 

eosinophils, and neutrophils [190]. Interestingly, CysLT1 and CysLT2 are present in breast cancer 

cells but not in the surrounding stroma [129], whereas in a Lewis lung carcinoma model, CysLT2 
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expression in stromal cells was integral to vascular permeability, angiogenesis, and metastasis 

[134]. Given that the development and spread of UM is dependent on the inflammatory 

microenvironment [107], and that high numbers of tumour infiltrating leukocytes and tumour 

infiltrating macrophages are associated with a poor prognosis in UM [18], we sought to 

determine the extent to which infiltrating immune and stromal cells play a role in the data 

generated from TCGA-UM dataset. Our data suggest that high expression of CYSLTR1, and its 

correlation with patient outcomes, is associated with expression in the tumour infiltrate (Figure 

3.3). This suggests that tumour-associated immune and stromal cells expressing high levels of 

CYSLTR1 may interact with the UM tumour cells to further promote tumour growth and alter 

patient outcomes. In contrast to this, our data suggest that high expression of CYSLTR2, and its 

relationship with patient outcomes is related to cells endogenous to the in-situ tumour mass. In 

agreement with our data, Nell et al. (2021) report that in patients from the TCGA-UM cohort 

lacking the CYSLTR2 mutation, high expression of CYSLTR2 correlates to tumour inflammation, 

as assessed by immune gene expression signatures [162]. However, the CYSLTR2 expression 

originates from the melanoma cells specifically, rather than infiltrating immune cells [162]. In 

addition, CYSLTR2 expression was found in melanoma cells that also presented with high 

expression of marker genes of MAPK pathway activation and MITF expression [162], confirming 

the relevance and link between this pathway and CysLT receptor signalling in UM.  

At the protein level, we detected expression of CysLT1 and CysLT2 in 100% of patient samples 

analysed (at least one core per patient had positive staining). However, both receptors are not 

highly expressed in the normal uveal tract [191]. This further highlights their involvement in the 

disease. Our data indicate that high expression of CysLT1 in primary UM is significantly 

associated with reduced overall survival and reduced survival from metastatic disease (Figure 

3.6, 3.10, 3.14). In contrast, expression of CysLT2 is not significantly associated with patient 

outcomes (Figure 3.6, 3.10, 3.14). These results were confirmed in the TMA I cohort using both 

manual and digital pathology scoring. The results obtained from our validation cohort, TMA II, 

were also in agreement. It is interesting that high expression of CYSLTR2, at the mRNA level, but 

not CysLT2, at the protein level, is associated with patient outcomes. It has been previously 

shown that increased expression of CYSLTR1 or CYSLTR2 does not correlate with increased 
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expression of CysLT1 or CysLT2, respectively, at the protein level [192]. mRNA expression of both 

CYSLTR1 and CYSLTR2 can be upregulated by LTD4, and it has been suggested that there may be 

an interaction between CYSLTR1 and CYSLTR2 transcription [192]. LTD4 upregulation of CYSLTR1 

and CYSLTR2 may act as a feedback mechanism for maintaining CysLT receptor function 

following stimulation by endogenous ligands. Indeed, CysLT2 interacts with CysLT1 and 

knockdown of CysLT2 can increase the surface expression of CysLT1 [159]. Lack of CysLT2 

receptors may facilitate the formation of CysLT1 homodimers, leading to heightened LTD4 

signalling which may promote a pro-tumourigenic phenotype [114]. CysLT2 receptors may also 

limit the formation of CysLT1 receptor homodimers and/or control their cell surface expression, 

attenuating LTD4 signalling through this receptor [159].  

This led us to speculate whether high levels of CysLT1 and low levels of CysLT2 are indicative of a 

poor prognosis, and high levels of CysLT2 and low levels of CysLT1 are linked to a better 

prognosis in UM, as has been described in colorectal and breast cancer [139,140]. Our data show 

that combining expression of CysLT1 and CysLT2 is not significantly associated with patient 

outcomes in our UM cohort (Figure 3.8). When patients are split into those with high 

expression of both CysLT1 and  CysLT2, and low expression of both CysLT1 and CysLT2, there is a 

trend towards significance (p = 0.076) (Figure 3.8 B). The number of patients included in this 

analysis (n = 32) is admittedly small. It is possible that with an increased number of samples, a 

significant difference could be exposed. However, this is also likely to be skewed by the 

established association between high CysLT1 expression and patient survival (Figure 3.6). 

Not surprisingly, our data does not suggest a significant association between CysLT1 expression 

and survival after the detection of metastases or time to metastatic disease following primary 

management (Figure 3.15). Once metastatic disease is detected, the median survival for 

patients presenting with UM ranges from less than 6 to 13.4 months irrespective of patient 

characteristics [19], therefore it is unlikely that any one factor would be associated with altered 

survival outcomes in a metastatic cohort.  

Our data indicate that high expression of CysLT1 is significantly associated with ciliary body 

involvement, a clinical feature that is associated with poor patient outcomes (Table 3.5, Figure 
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3.7)[18]. The 2 UM cases identified as CYSLTR2 mutant by Nell et al. (2021) from Leiden 

University Medical Center were ciliary and iridociliary in nature [162]. Similarly, the 3 UM cases 

identified as CYSLTR2 mutant in the TCGA UM cohort (cases V4-A9ED, VD-AA8O and YZ-A982), 

are all reported as choroidociliary [15]. Given that only approximately 6% of UM arises in the 

ciliary body, this raises an interesting question as to whether UM harbouring altered expression 

of either CysLT receptor is more likely to occur in the ciliary body.  

In conclusion, using a combination of data mining and immunohistochemical approaches, I 

show that high expression of CYSLTR1/CYSLTR2 and CysLT1 in primary UM are associated with 

poor patient outcomes. We validated our IHC data in an independent patient cohort, 

demonstrating that these findings are robust and can be replicated. Our data highlights the 

involvement of the cysteinyl leukotriene signalling pathway in UM and reinforces the link 

between CysLTs and inflammatory and angiogenic pathways. Our data suggest that high 

expression of CysLT1 could be used as a biomarker, to identify patients that are likely to 

experience a poor outcome. It would also be interesting to assess if CysLT1 expression is a 

predictor of treatment response, to either targeted or immunotherapy, in patients presenting 

with UM. The interplay between CysLT1 and CysLT2 in UM and antagonism of CysLT receptors 

for therapeutic benefit warrants further exploration. The effect of CysLT receptor antagonists 

on in vitro, ex vivo, and in vivo models of UM will be analysed and discussed in detail in 

subsequent chapters.  
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Chapter 4:  The effect of cysteinyl leukotriene receptor antagonists on hallmarks of cancer 

in uveal melanoma cell lines 
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Objective of Chapter 4: 

To determine if drugs that antagonise CysLT1 or CysLT2 can alter cell growth and proliferation, 

metabolism, and the secretion of inflammatory and angiogenic factors in primary and 

metastatic UM cell lines in vitro.  

*Note: Some of the content in this chapter belongs to a research publication which I authored 

during my PhD programme.  

The complete reference for this article is: Kayleigh Slater, Aisling B. Heeran, Rebeca Sanz-

Pamplona, Helen Kalirai, Arman Rahman, Mays Helmi, Sandra Garcia-Mulero, Fiona O’Connell, 

Rosa Bosch, Anna Portela, Alberto Villanueva, Josep Maria Piulats, William M. Gallagher, Lasse 

D. Jensen, Sarah E. Coupland, Jacintha O’Sullivan and Breandán N. Kennedy. High Cysteinyl 

Leukotriene Receptor 1 Expression Correlates with Poor Survival of Uveal Melanoma Patients 

and Cognate Antagonist Drugs Modulate the Growth, Cancer Secretome, and Metabolism of 

Uveal Melanoma Cells. Cancers (Basel). 2020 Oct 13;12(10):2950 

 

Aims:  

• To examine to expression of CysLT1 and CysLT2 in uveal melanoma cell lines and validate 

their targeting in CysLT antagonist drug treatment studies. 

 

• To analyse the effect of CysLT antagonists on UM cell line viability using MTT assays. 

 

• To assess in UM cell lines, the effect of CysLT antagonists on long-term proliferation and 

clone formation.  

 

• To determine whether CysLT receptor antagonists alter the secretion of angiogenic and 

inflammatory factors from UM cell lines. 

 

• To analyse the effect of CysLT1 antagonism on metabolism in UM cells. 
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4.1 Introduction  

In Chapter 3, I found that high expression of CysLT1 in primary UM, at both the mRNA and 

protein level, is associated with poor patient prognosis. This finding, coupled with the 

knowledge that CYSLTR2 acts as an oncogene in a subset of UM [31], led to the hypothesis that 

CysLT signalling is an important feature of UM oncogenesis, and that inhibition of signalling 

through these receptors may be therapeutically beneficial. As CysLT receptors are druggable G-

protein coupled receptors, I hypothesised that pharmacological antagonists of these receptors 

may attenuate cancer phenotypes of UM cells in culture.  

CysLT receptor antagonism is not a new concept in pharmacology and CysLT1 antagonists are 

approved for clinical use. Leukotriene receptor antagonists (LTRAs), such as montelukast, 

zafirlukast and pranlukast (all of which antagonise CysLT1), are commonly prescribed for the 

treatment of asthma and allergic rhinitis [193]. LTRAs used in current clinical practice are orally 

available, generally well tolerated, and are commonly prescribed to both adult and paediatric 

asthma patients [193].  

Similarly, CysLT receptor antagonism as an anti-cancer strategy is not a new concept, and 

CysLT1 antagonists have previously been reported to have anti-cancer properties. In vitro, 

CysLT1 antagonists induce cell death in lung cancer cells [141], reduce prostate cancer, testicular 

cancer and breast cancer cell viability through apoptosis [136,142,143], and significantly reduce 

proliferation, adhesion and colony formation in colorectal cancer cells [130]. The anti-cancer 

potential of LTRAs is also clinically relevant. A large, population-based study conducted by Tsai 

et al. (2016) to investigate the effect of LTRAs on the risk of cancer development in newly 

diagnosed asthmatic patients found that LTRAs decreased the risk of 14 different cancers by 

60–78% in a dose-dependent manner (Figure 4.1) [194]. The chemopreventive effect of LTRAs 

appeared greater with a higher cumulative dose [194]. This retrospective analysis suggests that 

CysLT receptor antagonism provides a secondary, cancer-protective effect. Interestingly, the 

significant effect of LTRAs on cancer risk reduction was observed mainly in lung, colorectal, liver 

and breast cancers (Figure 4.1 B) [194]. As discussed in Chapter 3, high expression of CysLT1 is 

associated with reduced patient survival in both colorectal and breast cancer which suggests 

that the chemopreventive effect of CysLT1 antagonists may be more beneficial in cancers 
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exhibiting altered expression of the receptor. Additionally, this may provide evidence as to why 

montelukast can effectively modulate cancer cell proliferation in lung, colorectal and breast 

cancer cell lines as described above. Based on our findings from Chapter 3, this led us to believe 

that a similar outcome may be achieved in UM cells. In addition to what is currently reported 

about the anti-cancer properties of LTRAs, there is a prospective clinical trial ongoing to 

examine the chemopreventive effect of LTRAs on the formation of colonic aberrant crypt foci (a 

surrogate biomarker of CRC), with results anticipated in 2022 [195]. To our knowledge, our study 

published in 2020 was the first to describe the use of CysLT1 receptor targeting drugs in UM cell 

lines [179].  
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Figure 4.1 Leukotriene receptor antagonists (LTRAs) significantly reduce the incidence of 

cancer in asthma patients prescribed LTRAs versus matched non-users.   

(A) Graph illustrates the cumulative cancer incidence of 14 different cancer types across the 

entire study population. Red dashed lines show the cumulative cancer incidence of leukotriene 

receptor antagonist (LTRA) non-users (n = 20,925). Blue continuous lines show the cumulative 

cancer incidence of LTRA users (n = 4,185). LTRA users had a significantly lower cumulative 

cancer incidence than LTRA non-users (p < 0.0001). (B) The effect of LTRAs on cancer risk 

reduction was most significant in lung, colorectal, liver, and breast cancer. Adapted from Tsai et 

al. (2016) [194].  
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4.1.1 Cysteinyl leukotriene receptor antagonists  

Pharmacological inhibition of signalling through CysLT1 or CysLT2 can be achieved via two main 

approaches. The metabolism of leukotrienes can be blocked through inhibition of the 5-

lipoxygenase enzyme (e.g., zileuton [196]) or inhibition of 5-lipoxygenase activating protein 

(FLAP) (e.g., MK-886 [197]), which is required for enzyme activation. These leukotriene 

biosynthesis inhibitors result in inhibition of both LTB4 and CysLT synthesis, and therefore 

mediate their effects upstream of the CysLT receptors. Antagonists of CysLT1 or CysLT2 inhibit 

CysLTs binding to their cognate receptors. Several CysLT1 antagonists are currently in clinical 

practice for the long-term treatment of asthma. Montelukast (Singulair), zafirlukast (Accolate), 

and pranlukast (Onon/Azlaire) are among the most commonly prescribed, orally available 

CysLT1 receptor antagonists [198,199]. More recently, novel CysLT1 antagonists, quininib (Q1) 

[144] and 1,4-dihydroxy quininib (Q7/Q8) [145], have been described (Table 4.1).  

In 2016, Reynolds et al. described the identification of quininib as a regulator of ocular 

angiogenesis through the use of a phenotype-based screen in zebrafish [144]. Quininib was 

found to significantly inhibit developmental angiogenesis in a zebrafish model, prevent 

angiogenic tubule formation in HMEC-1 endothelial cells, and inhibit angiogenic sprouting in 

aortic ring explants [144]. Butler et al. (2017) identified 1,4-dihydroxy quininib, a more potent 

anti-angiogenic quininib analogue [145]. 1,4-dihydroxy quininib more effectively inhibited 

developmental angiogenesis in an in vivo zebrafish model and was found to have an additive 

anti-angiogenic effect in combination with bevacizumab in HMEC-1 cells. Based on these 

findings, the anti-angiogenic and anti-tumourigenic efficacy of quininib and 1,4-dihydroxy 

quininib were assessed in in vitro, ex vivo, and in vivo models of CRC [132,133,200]. Both quininib 

and 1,4-dihydroxy quininib significantly reduce long-term proliferation of CRC cell lines, 

significantly alter the secretion of inflammatory and angiogenic factors from human CRC 

explant cultures and reduce the growth of cell line-derived xenograft models of CRC 

[132,133,200].  

Bay u9773 is a non-selective dual CysLT1/2 antagonist [201]. In 2010, Wunder et al. described the 

first selective CysLT2 antagonist, HAMI 3379 [202]. Prior to the discovery of this specific 

antagonist, it was difficult to characterise the specific (patho)physiological roles of CysLT2.  



98 
 

Based on the recently reported anti-angiogenic and anti-cancer potential of quininib and 1,4-

dihydroxy quininib in models of CRC [132,133,200], and the chemopreventive and anti-

proliferative effects of montelukast [130,141,194], we decided to test these antagonist drugs, as 

well as HAMI 3379, the only selective CysLT2 antagonist currently available, in UM cell lines 

(Figure 4.2). Of interest, all three CysLT1 antagonists used in this study are quinolines, and the 

structure of both quininib and 1,4-dihydroxy quininib extensively overlaps with a portion of the 

much larger montelukast (Table 4.1) [203].  
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Table 4.1 The chemical name, mechanism of action, molecular weight, and two-dimensional 

structures of the LTRAs utilised in this study. 

 

The chemical structures of quininib and 1,4-dihydroxy quininib extensively overlap with a 

portion of the much larger, clinically approved CysLT1 antagonist, montelukast. 1,4-dihydroxy 

quininib is an analogue of quininib. Both quininib drugs are significantly smaller than 

montelukast, which may enhance their pharmacokinetic profile [144]. The structure of both 

quininib drugs is extremely similar, with 1,4-dihydroxy quininib containing two hydroxy groups 

in the phenyl ring at positions R1 and R4 [145]. The IC50 values reported are the concentration at 

which each respective drug blocked LTD4 binding, and the associated intracellular calcium 

release, in cell-based assays [144,145,202,204].   
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Figure 4.2 The mechanism of action of the leukotriene receptor antagonists and anti-cancer 

drugs utilised in this study.  

The most frequently mutated genes associated with UM are indicated with a red star. Quininib, 

1,4-dihydroxy quininib, and montelukast act as CysLT1 antagonists. HAMI 3379 acts as a CysLT2 

specific antagonist. Dacarbazine is an alkylating agent that is administered as a 

chemotherapeutic for patients presenting with metastatic UM. Created with BioRender.com. 

  



101 
 

4.1.2 Uveal melanoma cell lines  

In this chapter, I use primary and metastatic UM cell lines to test the hypothesis that CysLT 

receptor targeting drugs attenuate cancer hallmarks in vitro. The evaluation of drug efficacy in 

vitro is quicker, and less costly than conducting similar experiments in an animal model. 

Beginning with cell line models allowed us to test a number of candidates before selecting the 

most promising candidate(s) for testing in animal models and UM patient samples, as described 

in Chapter 5. 

Generating UM cell lines is difficult [205], and there are a limited number of UM cell lines 

available.  The Mel270, Mel285, and Mel290 cell lines are derived from primary choroidal or 

ciliochoroidal (Mel285) melanomas from enucleated eyes, and the OMM2.5 cell line is derived 

from a liver metastasis of the same patient as Mel270 [152]. Both Mel270 and OMM2.5 are 

GNAQ Q209P positive cell lines, while Mel285 and Mel290 are negative for both GNAQ and 

GNA11 mutations (Table 4.2) [152]. However, the tumour from which the Mel285 cell line is 

derived carried a GNA11 mutation which suggests some divergence of this cell line from the 

original tumour [152]. At present, there are no cell lines available which harbour the identified 

CYSLTR2 mutation. Therefore, such cell lines could not be included in this study. Importantly, 

none of the cell lines used in this study contain BRAF mutations, which are indicative of 

tumours derived from cutaneous melanoma [152,205]. For initial drug treatment studies, Mel270 

and OMM2.5 were chosen as they are matched cell lines derived from the same patient. 

Mel285 was also chosen as it harbours alternative mutations to those found in Mel270 and 

OMM2.5 cells. 

Table 4.2 Characteristics of uveal melanoma cell lines utilised in this study.  
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4.1.3 Functional in vitro assays to assess cancer hallmarks 

Unlimited proliferation is a predominant feature of all cancer cells [206]. In this chapter, I 

demonstrate the effects of CysLT receptor antagonists on UM cell proliferation and viability 

using the MTT assay and the clonogenic (colony formation) assay. The MTT assay was used as 

an efficient throughput analysis of different CysLT receptor antagonists, at different 

concentrations. This colorimetric assay assesses mitochondrial function in cells following drug 

treatment, which acts as a readout for cell viability. In viable cells, MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) is enzymatically converted to water insoluble purple 

formazan crystals. The percentage of viable cells following treatment can then be calculated. 

Based on the results obtained using the MTT assay, we chose drug concentrations to test in the 

clonogenic assay as a means of validating and solidifying our results. This is a long-term 

proliferation assay that assesses the ability of a single cell to grow into a viable colony, 

essentially testing every cell in the population for its ability to undergo “unlimited” division 

[207]. Long-term cytostatic changes in cells can be accurately measured using the clonogenic 

assay and it has been suggested to be one of the most reliable in vitro cell-based assays for 

measuring a drugs cytotoxic potential [208]. The concentration of drug found to be effective in 

clonogenic assays was then used for the additional in vitro studies.  

In this chapter we also use the Seahorse Bioanalyzer to assess the bioenergetic state of UM 

cells following treatment with LTRAs in vitro. In the last number of years, Seahorse technology 

has emerged as a standard technique in cellular metabolism studies [209]. This technology 

allows for the measurement of various components of cellular metabolism in real-time through 

sensing changes in the levels of dissolved oxygen and free protons, giving a read-out of Oxygen 

Consumption Rate (OCR) and Extracellular Acidification rate (ECAR); measures of oxidative 

phosphorylation and glycolysis, respectively [209].   
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4.2 Results  

 

4.2.1 CysLT1 and CysLT2 are expressed in uveal melanoma cell lines. 

To use UM cell lines as in vitro models to investigate the anti-cancer potential of drugs 

modulating CysLT signalling, we analysed the endogenous expression levels of CysLT1 and 

CysLT2 receptors between primary versus metastatic UM cell lines (Figure 4.3). Mel285 and 

Mel270 are derived from primary choroidal melanomas and OMM2.5 is derived from a liver 

metastasis of the same patient as Mel270 [152] (Table 4.2). Both Mel270 and OMM2.5 are 

GNAQ Q209P positive cell lines, while Mel285 is negative for both GNAQ and GNA11 mutations 

[152] (Table 4.2) . Real-time PCR confirmed that transcripts for CysLT1 and CysLT2 are abundantly 

expressed in all three cell lines with no significant differences in expression levels detected 

(Figure 4.3 A,B). By Western blotting, prominent 38.5 and 39.6 kDa bands were detected for 

CysLT1 and CysLT2, respectively, in each cell line analysed (Figure 4.3 C). Although detected, the 

protein expression of CysLT1 appears lower in the Mel270 and OMM2.5 UM cell lines. We also 

analysed expression in ARPE-19 cells, an ocular, non-UM cell line. These data confirmed that 

Mel270, Mel285, and OMM2.5 cell lines were appropriate to analyse the effects of CysLT 

receptor antagonists on UM cancer hallmarks in vitro. 

Due to the lack of GNAQ or GNA11 mutations in the Mel285 and Mel290 cell lines (Table 4.2), 

we performed DNA sequencing to ensure that no BRAF mutations, characteristic of some 

cutaneous melanoma cell lines, were present before proceeding with their use in this study 

(Figure 4.4).  
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Figure 4.3 CysLT1 and CysLT2 are expressed in primary (Mel285, Mel270) and metastatic 

(OMM2.5) uveal melanoma cell lines.  

qPCR analysis confirmed the expression of CysLT1 (A) and CysLT2 (B) mRNA in UM cell lines, 

Mel285, Mel270, and OMM2.5 (n = 3). (C) Western blot analysis confirmed the expression of 

CysLT1 and CysLT2 in Mel285, OMM2.5, ARPE-19 and Mel270 cells (n = 2). Statistical analysis 

was carried out using an unpaired t-test. Data are expressed as the mean ± SEM. 
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Figure 4.4 Primary uveal melanoma cell lines (Mel285 and Mel290) lacking GNA11/GNAQ 

mutations do not harbour BRAF V600E mutations. 

To confirm the absence of BRAF mutations, DNA extracted from UM cell lines Mel285 and 

Mel290, both of which lack GNA11/GNAQ mutations, were sent for sequencing, and compared 

to sequencing results from (A) BRAF wild type HEK293 cells and (B) BRAF V600E mutant M229 

cutaneous melanoma cells. (A) Sequence chromatogram shows the wild-type BRAF sequence in 

HEK293 cells. (B) Sequence chromatogram indicates that M229 cells contain a T>A substitution 

that results in an amino acid change from valine [V] to glutamic acid [E], indicating the presence 

of a BRAF c.1799T > A (p.V600E) mutation. Sequencing chromatograms illustrate that Mel285 

(C) and Mel290 (D) maintain the wild-type allele at this position, indicating the absence of a 

BRAF c.1799T > A (p.V600E) mutation and further confirming their relevance as appropriate UM 

models. Reference chromatograms for (A) HEK293 cells and (B) M229 cells were kindly 

provided by Dr. Jens Rauch, Systems Biology Ireland.   
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4.2.2 CysLT1 receptor antagonists alter uveal melanoma cell viability in a time- and dose-

dependent manner.  

Signalling through CysLT receptors activates downstream pathways linked to UM development 

and associated with cell survival and proliferation [210]. Thus, we investigated if CysLT receptor 

antagonists altered the proliferation of human UM cell lines in vitro. Mel270, Mel285, and 

OMM2.5 UM cell lines were treated with the CysLT1 antagonists montelukast [211], quininib 

[144], 1,4-dihydroxy quininib [132]; the CysLT2-selective antagonist, HAMI 3379 [202]; or 

dacarbazine, a chemotherapeutic commonly used in the treatment of metastatic UM [43]. 

Based on MTT assays conducted using quininib analogues in HMEC-1 [144] and HT-29 cells [132], 

24 and 96 hours were chosen as the timepoints of interest for cell viability analysis.  

In Mel285 cells, after 24 hours of drug treatment, dacarbazine, montelukast, and HAMI 3379 

did not significantly reduce UM cell number (Figure 4.5 A). In contrast, quininib and 1,4-

dihydroxy quininib resulted in a dose-dependent reduction in Mel285 cell number with 50 µM 

quininib resulting in a 70.8% reduction in cell viability (p = 0.029) and 20 µM 1,4-dihydroxy 

quininib reducing viability by 61.8% (p = 0.027) after 24 hours (Figure 4.5 A). The reduction in 

viability produced by 20 µM 1,4-dihydroxy quininib following 24-hour treatment was not 

observed in the Mel270 or OMM2.5 cell lines.  The significant effect observed in the Mel285 cell 

line may be owing to the higher level of expression of CysLT1 detected in this cell line (Figure 

4.3 C). In Mel285 cells, after 96 hours of drug treatment, dacarbazine and HAMI 3379 still did 

not significantly reduce UM viability (Figure 4.5 D). In contrast to 24-hour treatment, 50 µM 

montelukast significantly (p = 0.0001) reduced (84% reduction) UM cell viability (Figure 4.5 D). 

Quininib and 1,4-dihydroxy quininib reproduced a dose-dependent reduction in Mel285 cell 

viability with 50 µM quininib now resulting in 95.1% reduced cell viability (p = 0.0001) and 20 

µM 1,4-dihydroxy quininib now reducing cell viability by 55.9% (p = 0.0016) after 96 hours 

(Figure 4.5 D). 

In Mel270 cells, after 24 hours of drug treatment, montelukast and HAMI 3379 did not 

significantly reduce cell number (Figure 4.5 B). Treatment with quininib and 1,4-dihydroxy 

quininib resulted in a reduction in Mel270 cell viability with 50 µM quininib reducing cell 

viability by 66.4% (p = 0.05) and 50 µM 1,4-dihydroxy quininib reducing cell viability by 69.5% (p 
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= 0.0399) (Figure 4.5 B). In Mel270 cells, following 96 hours of drug treatment, HAMI 3379 still 

failed to significantly reduce cell viability (Figure 4.5 E). Treatment with 50 µM montelukast, 50 

µM quininib, and 50 µM 1,4-dihydroxy quininib all reduced cell viability by 100% (p < 0.0001, 

for each of the respective treatments) (Figure 4.5 E). 

In OMM2.5 cells, a similar trend was observed (Figure 4.5 C,F). Following 24 hours of drug 

treatment, dacarbazine, montelukast and HAMI 3379 did not significantly reduce cell viability 

(Figure 4.5 C). 50 µM of both quininib and 1,4-dihydroxy quininib significantly (p = 0.0068, p = 

0.0043, respectively) reduced (73.5% and 77.1% reductions, respectively) cell viability after 24 

hours of treatment (Figure 4.5 C). In OMM2.5 cells, after 96 hours of drug treatment, 

dacarbazine and HAMI 3379 did not significantly reduce cell viability. Treatment with 50 µM 

montelukast reduced cell viability by 66% (p = 0.0024). Quininib and 1,4-dihydroxy quininib 

reproduced a dose-dependent reduction in cell viability with 50 µM quininib resulting in an 

88.8% reduction (p = 0.0002) and 50 µM 1,4-dihydroxy quininib resulting in a 70.4% reduction 

(p = 0.0006) (Figure 4.5 F). 
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Figure 4.5 CysLT1 antagonists reduce cell viability in primary (Mel285, Mel270) and metastatic 

(OMM2.5) uveal melanoma cell lines. 

Graphs represent the effects of treatment with varying concentrations of dacarbazine (DAC), 

quininib (Q1), 1,4-dihydroxy quininib (Q7), montelukast (Mon), and HAMI 3379 (HAMI) for 24 

and 96 hours in Mel285 (A,D) (n = 3/n = 6), Mel270 (B,E)  (n = 3) and OMM2.5 (C,F), (n = 3/n = 

4) cell lines. Treatment with 50 μM of quininib, 1,4-dihydroxy quininib or montelukast for 96 

hours significantly reduced cell viability in Mel285 (D), Mel270 (E) and OMM2.5 (F) cells. 

Viability of cells was determined using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay. In total, 5000 cells were seeded and treated in triplicate 

for each individual experiment. Statistical analysis was performed by ANOVA with Dunnett’s 

post hoc multiple comparison test. Error bars are mean ± S.D. *p < 0.05; **p < 0.01; ***p < 

0.001; **** p < 0.0001. 
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4.2.3 CysLT1 antagonists do not affect ARPE-19 cell viability.  

To determine whether the effect of CysLT1 antagonists was specific to UM cells, ARPE-19 cells, a 

non-cancerous human retinal pigment epithelium cell line, was treated as a comparator ocular 

cell line. Following 24 hours of treatment, in contrast to all three UM cell lines where viability 

was reduced by 60–70%, 50 µM quininib or 1,4-dihydroxy quininib did not significantly reduce 

(28% and 27.5%, respectively) ARPE-19 cell viability (Figure 4.6 A). Following 96-hour 

treatment, 20 µM quininib or 1,4-dihydroxy quininib did not significantly reduce (17% and 3.7%, 

respectively) ARPE-19 cell viability, contrasting with robust effects on viability in UM cells lines 

(Figure 4.6 B). After 96 hours, 50 µM quininib reduced ARPE-19 cell viability by 46.6% (p = 

0.0121) (Figure 4.6 B), compared to a 95.1% reduced viability observed in Mel285 cells (Figure 

4.5 D), 100% reduced viability in Mel270 cells (Figure 4.5 E), and 88.8% reduced viability in 

OMM2.5 cells (Figure 4.5 F). The effect of 50 µM quininib on all three UM cell lines was 

significantly greater than that observed in ARPE-19 cells following 96-hour treatment (Figure 

4.6 C). 50 µM 1,4-dihydroxy quininib or montelukast had no significant effect on ARPE-19 cell 

number at 96 hours (Figure 4.6 B). 

Our results suggest that drugs targeting CysLT1, but not CysLT2, selectively alter primary and 

metastatic UM cell number in a time- and dose-dependent manner. The same effects were not 

observed in ARPE-19 cells. 
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Figure 4.6  CysLT1 antagonists do not reduce cell viability in ARPE-19 cells.  

Graphs represent the effects of treatment with varying concentrations of quininib (Q1), 1,4-

dihydroxy quininib (Q7) and montelukast (Mon) for 24 and 96 hours in ARPE-19 cells (A,B)  (n = 

4/n = 6). (A) Quininib analogues, or montelukast, had no effect on ARPE-19 cells at 20 or 50 μM 

following 24-hour treatment. (B) 50 μM of quininib significantly reduced ARPE-19 viability at 96 

hours. (C) The effect of 96-hour treatment with 50 μM quininib is significantly greater in all 

three UM cell lines; Mel270, Mel285, and OMM2.5, than in ARPE-19 cells. Viability of cells was 

determined using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. In 

total, 5000 cells were seeded and treated in triplicate for each individual experiment. Statistical 

analysis was performed by ANOVA with Dunnett’s (A,B) or Tukey’s (C) post hoc multiple 

comparison test. Error bars are mean ± S.D. * p < 0.05; ** p < 0.01; *** p < 0.001.   
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4.2.4 Quininib drugs inhibit long-term uveal melanoma cell proliferation.  

Clonogenic colony formation assays were conducted in Mel285 and OMM2.5 cell lines to 

determine if CysLT receptor drugs could also attenuate long-term UM cell proliferation. Mel270 

cells failed to grow when seeded at the low cell density required for this assay and as a result, 

were excluded. Based on the results obtained from MTT assays, whereby 20 µM of the quininib 

analogues were shown to have specific and non-toxic effects, this concentration was chosen for 

all subsequent cell-based assays. UM cells were treated for 24–96 hours and grown for 10 

additional days prior to analysis of clone survival.  

In Mel285 cells, UM clone survival after 24-hour treatment was not significantly reduced by 

treatment with 20 µM montelukast, HAMI 3379, or dacarbazine. 24-hour treatment with 

quininib significantly reduced clone survival by 58.1% (p = 0.0002) (Figure 4.7 A, Figure 4.8 A). 

Likewise, 20 µM 1,4-dihroxy quininib significantly reduced Mel285 clone survival by 84.3% (p = 

0.0001) after 24-hour treatment. 20 µM montelukast, HAMI 3379, or dacarbazine failed to 

significantly reduce clone survival following treatment for 96 hours (Figure 4.7 C, Figure 4.8 B). 

The trend observed with 20 µM quininib and 1,4-dihydroxy quininib was reproduced following 

96-hour treatment. 20 µM quininib reduced clone survival by 93.7% (p = 0.0001) and 20 µM 

1,4-dihydroxy quininib reduced clone survival by 94% (p = 0.0001) (Figure 4.7 C, Figure 4.8 B).  

In the metastatic UM cell line OMM2.5, 20 µM 1,4-dihydroxy quininib was the only drug to 

significantly reduce clone survival following 24 hours of treatment (98.2% reduction, p = 

0.0001) (Figure 4.7 B, Figure 4.8 C). Treatment with 20 µM quininib, montelukast, HAMI 3379, 

or dacarbazine for 24 hours did not significantly alter clone survival. In contrast, following 96-

hour treatment with quininib a 78.2% reduction (p = 0.0004) was observed (Figure 4.7 C, Figure 

4.8 D). The 96-hour treatment with 1,4-dihydroxy quininib produced a 91% reduction (p = 

0.0001). Treatment with 20 µM montelukast, HAMI 3379, or dacarbazine did not significantly 

alter clone survival in OMM2.5 cells (Figure 4.7 C, Figure 4.8 D).  

  



112 
 

Figure 4.7 CysLT1 receptor antagonists, quininib and 1,4–dihydroxy quininib, reduce colony 

formation in primary (Mel285) and metastatic (OMM2.5) UM cells. 

Graphs show the percentage survival fraction of clones following 24- (A,B) and 96-hour (C,D) 

treatment with quininib (Q1), 1,4-dihydroxy quininib (Q7), montelukast (Mon), HAMI 3379 

(HAMI), or dacarbazine (DAC). Clones were stained with 0.5% crystal violet before counting. 

1,500 cells (Mel285) or 9,000 cells (OMM2.5) were seeded and treated in duplicate in 6-well 

plates for each individual experiment and individual experiments were conducted three times 

(n = 3). Statistical analysis was performed by ANOVA with Dunnett’s post hoc multiple 

comparison test. Error bars are the mean ± S.D.*** p < 0.001; **** p < 0.0001. 

  



113 
 

Figure 4.8 Representative clonogenic plate images of primary (Mel285) and  metastatic 

(OMM2.5)   cells treated with quininib and 1,4-dihydroxy quininib.  

Images of clones captured by GelCount™ system (Oxford Optronix) after 10 days of culture 

following treatment with DMSO control or 20 μM quininib (Q1) or 20 μM 1,4-dihydroxy quininib 

(Q7) for 24 or 96 hours. Plate images show Mel285 cells treated for 24 (A) and 96 hours (B), and 

OMM2.5 cells treated for 24 (C) and 96 hours (D).   
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Given the time- and cell line-dependent effects observed following treatment with the quininib 

drugs in the clonogenic assay, we analysed inter and intra-cell differences (Figure 4.9). There 

was a statistically significant reduction in clone survival in Mel285 cells treated with quininib for 

96 hours compared to those treated for 24 hours (p = 0.0064) (Figure 4.9 A). Consistent with 

the Mel285 data, there was a statistically significant decrease in clone survival in OMM2.5 cells 

treated with quininib for 96 hours when compared to those treated for 24 h (p = 0.0164) 

(Figure 4.9 B). There was no significant difference in clone survival following treatment with 

1,4-dihydroxy quininib for 24- or 96-hours in either cell line. 

Interestingly, there were also some significant differences between cell lines. Following 24-hour 

treatment, 20 µM quininib reduced clone survival of Mel285 cells by 58.1% compared to a non-

significant reduction in OMM2.5 cells (p = 0.0167) (Figure 4.9 C). In contrast, treatment with 20 

µM 1,4-dihydroxy quininib for 24 hours reduced clone growth by 98.2% in OMM2.5 cells 

compared to 84.3% in Mel285 cells (p = 0.0180) (Figure 4.9 C). There were no significant 

differences between cell lines following 96-hour treatment (Figure 4.9 D). 
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Figure 4.9 Clonogenic assay time and cell line comparison. 

(A) Differences in the percentage survival fraction of Mel285 clones when treated for 24 versus 

96 hours. Treatment with 20 μM quininib (Q1) is significantly more effective at 96 hours. (B) 

Differences in the percentage survival fraction of OMM2.5 clones when treated for 24 versus 96 

hours. Treatment with 20 μM quininib is significantly more effective at 96 hours. (C) Differences 

in the percentage survival fraction of Mel285 versus OMM2.5 clones when treated for 24 hours. 

20 μM quininib is significantly more effective in Mel285 cells following 24-hour treatment. 

While 20 μM 1,4–dihydroxy quininib (Q7) is significantly more effective in OMM2.5 cells 

following 24-hour treatment. (D) Differences in the percentage survival fraction of Mel285 

versus OMM2.5 clones when treated for 96 hours. There were no statistically significant 

differences between cell lines following 96-hour treatment. Statistical analysis was performed 

using a paired t-test to compare within the same cell lines. An unpaired t-test was used to 

compare between different cell lines. Error bars are the mean ± S.D. * p < 0.05; ** p < 0.01. 
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4.2.5 ELISA of cell conditioned media demonstrates that quininib analogues differentially 

affect the secretion of inflammatory and angiogenic factors in uveal melanoma cell 

lines. 

As described in detail in Chapter 1, CysLTs play an established role in the inflammatory 

response. More recently, the anti-angiogenic properties of CysLT1 antagonists quininib and 1,4-

dihydroxy quininib were described [145,203]. We hypothesised that the effects of CysLT1 

antagonists on UM cell survival and proliferation may be mediated via modulating angiogenic 

or inflammatory pathways. Multiplex ELISA quantified whether the secretion of a panel of 

inflammatory (IFN-γ, IL-10, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-8, TNF-α) and angiogenic 

markers (bFGF, Flt-1, PlGF, Tie-2, VEGF-C, VEGF-D and VEGF-A) was altered in conditioned 

media from Mel285 and OMM2.5 cells treated at a concentration of 20 μM for 24 hours or 96 

hours, to correspond with the parameters  analysed in MTT (Figure 4.5) and clonogenic (Figure 

4.7) assays. The Mel285 and OMM2.5 cell lines were chosen for all additional analyses due to 

the significant effects observed in the clonogenic assay (Figure 4.7). For both cell lines, at both 

timepoints examined, secreted TIE-2, and VEGF-D were under the level of detection and were 

removed from analysis. PlGF was detectable in Mel285 cells treated for 96 hours only.  
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Figure 4.10 Treatment with 20 μM quininib analogues decreases the secretion of 

inflammatory factors IL-12p70, IL-2, and IL-6 in primary Mel285 cells.  

In Mel285 cells, 24-hour treatment with 20 μM quininib (Q1) significantly reduced the levels of 

IL-2 (B) and IL-6 (C). 24-hour treatment with 20 μM 1,4–dihydroxy quininib (Q7) significantly 

reduced the levels of IL-6 (C). 96-hour treatment with 20 μM 1,4–dihydroxy quininib 

significantly reduced the secretion of IL-12p70 (A) and IL-2 (B). Treatment with 20 μM 

montelukast, HAMI 3379 or dacarbazine had no effect on the secretion of inflammatory 

markers in Mel285 cells at either time-point analysed. Conditioned media were collected from 

three separate experiments and analysed by ELISA (n = 3). All secretions were normalised to 

total protein content. Statistical analysis was performed by ANOVA with Dunnett’s post hoc 

multiple comparison test. Error bars are the mean ± S.D. * p < 0.05; ** p < 0.01.  
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Figure 4.11 Inflammatory factors unchanged in cell conditioned media by ELISA analysis 

following treatment in primary Mel285 cells.  

Treatment with all CysLT targeting drugs tested [quininib (Q1), 1,4–dihydroxy quininib (Q7), 

montelukast and HAMI 3379 (HAMI)], or dacarbazine (DAC), had no effect on the secretion of 

IL-10 (A), IL-13 (B), IL-1β (C), IL-8 (D), IFN-γ (E), IL-4 (F), or TNF-α (G) in Mel285 cells following 

24- or 96-hour treatment. All drugs were tested at a concentration of 20 μM. Conditioned 

media were collected from three separate experiments and analysed by ELISA (n = 3). All 

secretions were normalised to total protein content. Statistical analysis was performed by 

ANOVA with Dunnett’s post hoc multiple comparison test. Error bars are the mean ± S.D.   



119 
 

Figure 4.12 Treatment with 20 μM quininib analogues increases the secretion of angiogenic 

factors VEGF-C, bFGF, PlGF, Flt-1 and VEGF-A in primary Mel285 cells.  

In Mel285 cells, 24-hour treatment with 20 μM quininib (Q1) significantly increased the 

secretion of VEGF-C (A), bFGF (B), PlGF (C), Flt-1 (D) and VEGF-A (E). 24-hour treatment with 20 

μM 1,4-dihydroxy quininib (Q7) significantly increased the secretion of Flt-1 (D). 96-hour 

treatment with 20 μM quininib significantly increased the secretion of PlGF (C), Flt-1 (D) and 

VEGF-A (E). Treatment with 20 μM montelukast, HAMI 3379 or dacarbazine had no effect on 

the secretion of inflammatory markers in Mel285 cells at either time-point analysed. 

Conditioned media were collected from three separate experiments and analysed by ELISA (n = 

3). All secretions were normalised to total protein content. Statistical analysis was performed 

by ANOVA with Dunnett’s post hoc multiple comparison test. Error bars are the mean ± S.D. * p 

< 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 4.13 Treatment with 20 μM quininib increases the secretion of inflammatory factors 

IL-10, IL-13, IL-1β, IL-8, IL-12p70, IL-2, IL-6, and TNF-α in metastatic OMM2.5 cells. 

In OMM2.5 cells, treatment with 20 μM quininib (Q1) for 24 hours significantly increased the 

secretion of IL-10 (A), IL-13 (B), IL-1β (C), IL-8 (D), IL-12p70 (E), IL-2 (F), IL-6 (G), and TNF-α (H). 

Treatment with 20 μM quininib for 96 hours significantly increased the secretion of IL-13 (B), IL-

1β (C), IL-8 (D), IL-12p70 (E), and TNF-α (H). Treatment with 20 μM 1,4-dihydroxy quininib (Q7), 

montelukast, HAMI 3379 or dacarbazine had no effect on the secretion of inflammatory 

markers in OMM2.5 cells at either time-point analysed. Conditioned media were collected from 

three separate experiments and analysed by ELISA (n = 3). All secretions were normalised to 

total protein content. Statistical analysis was performed by ANOVA with Dunnett’s post hoc 

multiple comparison test. Error bars are the mean ± S.D. * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001. 
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Figure 4.14 Inflammatory factors unchanged in cell conditioned media by ELISA analysis 

following treatment in metastatic OMM2.5 cells.  

Treatment with all CysLT targeting drugs tested, (quininib (Q1), 1,4–dihydroxy quininib (Q7), 

montelukast and HAMI 3379 (HAMI)), or dacarbazine (DAC) had no effect on the secretion of 

either IFN-γ (A) or IL-4 (B) in OMM2.5 cells following 24-hour or 96-hour treatment. 

Conditioned media were collected from three separate experiments and analysed by ELISA (n = 

3). All secretions were normalised to total protein content. Statistical analysis was performed 

by ANOVA with Dunnett’s post hoc multiple comparison test. Error bars are the mean ± S.D.   
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Figure 4.15 Treatment with 20 μM quininib analogues increases the secretion of angiogenic 

factors VEGF-A and Flt-1 in metastatic OMM2.5 cells.  

In OMM2.5 cells, treatment with 20 μM 1,4-dihydroxy quininib (Q7) for 24 hours significantly 

increased the secretion of VEGF-A (A). Treatment with 20 μM quininib (Q1) for 24 hours 

significantly increased the secretion of Flt-1 (B). Treatment with 20 μM quininib for 96 hours 

significantly increased the secretion of VEGF-A (A) and Flt-1 (B). (C) Treatment with 20 μM 

quininib or 1,4-dihydroxy quininib had no effect on the secretion of VEGF-C at either time-point 

analysed. Treatment with 20 μM montelukast, HAMI 3379 or dacarbazine (DAC) had no effect 

on the secretion of angiogenic markers in OMM2.5 cells at either time-point analysed. 

Conditioned media were collected from three separate experiments and analysed by ELISA (n = 

3). All secretions were normalised to total protein content. Statistical analysis was performed 

by ANOVA with Dunnett’s post hoc multiple comparison test. Error bars are the mean ± S.D. * p 

< 0.05; *** p < 0.001. 
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Table 4.3 The effect of treatment with quininib (Q1) or 1,4-dihydroxy quininib (Q7) in 

primary Mel285 and metastatic OMM2.5 cells on the secretion of all inflammatory factors 

examined (IL-13, IL-10, IL-6, IL-1β, IL-8, IL-12p70, IL-2, and TNF-α) versus DMSO control.  

(↑) arrows represent a significant increase in secretion versus DMSO control. (↓) arrows 

represent a significant decrease in secretion versus DMSO control. Corresponding p-values are 

displayed. Differences were considered statistically significant at p < 0.05. 
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Table 4.4 The effect of treatment with quininib (Q1) or 1,4-dihydroxy quininib (Q7) in 

primary Mel285 and metastatic OMM2.5 cells on the secretion of all angiogenic factors 

examined (Flt-1, bFGF, PlGF, VEGF-A, VEGF-C) versus DMSO control. 

 

 (↑) arrows represent a significant increase in secretion versus DMSO control. Corresponding p-

values are displayed. Differences were considered statistically significant at p < 0.05. 
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4.2.6 The basal secretion of inflammatory factors is significantly different in Mel285 and 

OMM2.5 uveal melanoma cell lines. 

As evidenced in Section 4.2.5, treatment with quininib drugs resulted in very different inter-cell 

line effects on the secretion of inflammatory and angiogenic factors (Table 4.3, Table 4.4). We 

hypothesised there may also be differences in the basal level of secretion of these factors in 

primary versus metastatic UM cells. A number of reports in the literature have analysed large 

panels of angiogenic and inflammatory factors in eyes with UM [212,213]. However, there are 

few studies that analysed large panels of markers in UM cells in vitro. One such study by Ijland 

et al. from 1999, confirmed the expression of VEGF-A, TGF-β2, IL-6, IL-8 and IL-10 in a number 

of UM cell lines by RT-PCR [214]. However, cytokine production was not necessarily confirmed 

by ELISA [214]. Using the conditioned media from cells treated with 0.5% DMSO as vehicle 

control, we compared the secretion of factors in Mel285 and OMM2.5 cells at both 24 (Figure 

4.16, Figure 4.17) and 96 hours (Figure 4.18, Figure 4.19) and found significant inter-cell line 

differences, particularly in the secretion of inflammatory factors.  
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Figure 4.16 The secretion of inflammatory factors following 24-hour treatment with vehicle 

control in primary Mel285 UM cells versus metastatic OMM2.5 UM cells. 

OMM2.5 cells grown for 24 hours in the presence of vehicle control, 0.5% DMSO, secrete 

significantly higher levels of IL-10 (B), IL-13 (D), IL-1β (E), IL-8 (I), and TNF-α (J) compared to 

Mel285 cells. Mel285 cells grown for 24 hours in the presence of vehicle control, 0.5% DMSO, 

secrete significantly higher levels of IL-6 (H) than OMM2.5 cells grown under the same 

conditions. There were no significant differences in the secretion of IFN-γ (A), IL-12p70 (C), IL-2 

(F), and IL-4 (G) between Mel285 and OMM2.5 cells treated with vehicle control for 24 hours. 

Conditioned media were collected from three separate experiments and analysed by ELISA (n = 

3). All secretions were normalised to total protein content. Statistical analysis was performed 

using an unpaired t-test. Error bars are the mean ± S.D. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 4.17 The secretion of angiogenic factors following 24-hour treatment with vehicle 

control in primary Mel285 UM cells versus metastatic OMM2.5 UM cells. 

There were no significant differences in the secretion of Flt-1 (A), VEGF-C (B), or VEGF-A (C) 

between Mel285 and OMM2.5 cells treated with vehicle control, 0.5% DMSO, for 24 hours. 

Conditioned media were collected from three separate experiments and analysed by ELISA (n = 

3). All secretions were normalised to total protein content. Statistical analysis was performed 

using an unpaired t-test. Error bars are the mean ± S.D. 
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Figure 4.18 The secretion of inflammatory factors following 96-hour treatment with vehicle 

control in primary Mel285 UM cells versus metastatic OMM2.5 UM cells. 

OMM2.5 cells grown for 96 hours in the presence of vehicle control, 0.5% DMSO, secrete 

significantly higher levels of IL-1β (E), IL-8 (I), and TNF-α (J) compared to Mel285 cells. Mel285 

cells grown for 96 hours in the presence of vehicle control, 0.5% DMSO, secrete significantly 

higher levels of IL-6 (H) than OMM2.5 cells grown under the same conditions. There were no 

significant differences in the secretion of IFN-γ (A), IL-10 (B), IL-12p70 (C), IL-13 (D), IL-2 (F), and 

IL-4 (G) between Mel285 and OMM2.5 cells treated with vehicle control for 96 hours. 

Conditioned media were collected from three separate experiments and analysed by ELISA (n = 

3). All secretions were normalised to total protein content. Statistical analysis was performed 

using an unpaired t-test. Error bars are the mean ± S.D. * p < 0.05; ** p < 0.01. 
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Figure 4.19 The secretion of angiogenic factors following 96-hour treatment with vehicle 

control in primary Mel285 UM cells versus metastatic OMM2.5 UM cells. 

Mel285 cells grown for 96 hours in the presence of vehicle control, 0.5% DMSO, secrete 

significantly higher levels of VEGF-C (B) than OMM2.5 cells grown under the same conditions. 

There were no significant differences in the secretion of Flt-1 (A) or VEGF-A (C) in Mel285 and 

OMM2.5 cells treated with vehicle control for 96 hours. Conditioned media were collected from 

three separate experiments and analysed by ELISA (n = 3). All secretions were normalised to 

total protein content. Statistical analysis was performed using an unpaired t-test. Error bars are 

the mean ± S.D. *** p < 0.001.  
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4.2.7 Quininib analogues inhibit oxidative phosphorylation, but not glycolysis, following 

24-hour treatment in uveal melanoma cell lines. 

In Chapter 3, we identified that high expression of CYSLTR1 and CYSLTR2 is significantly 

associated with alterations in gene sets associated with inflammation and angiogenesis (Figure 

3.2). Somewhat surprisingly, we also identified that altered expression was associated with 

glycolysis. In addition to the effects on the secretion of inflammatory and angiogenic factors, 

we next sought to assess if CysLT1 antagonists could alter cellular metabolism, another cancer 

hallmark, and if this could be attributed to their effects on cell viability and proliferation. To 

determine if the effects of CysLT1 antagonists were due to altered metabolism in UM cells, the 

Seahorse Assay was performed assessing two key metabolic pathways: oxidative 

phosphorylation and glycolysis. In keeping with the parameters assessed by MTT, clonogenic, 

and ELISA assays, Mel285 and OMM2.5 cell lines were treated for 24 hours with 20 µM of 

quininib, 1,4-dihyroxy quininib or montelukast prior to quantification of live metabolic readout. 

Quininib and 1,4-dihydroxy quininib significantly inhibit oxidative phosphorylation (OXPHOS) in 

Mel285 cells (p = 0.001 and p = 0.05, respectively) (Figure 4.20 A). In OMM2.5 cells, quininib, 

1,4-dihyroxy quininib and montelukast exert significant inhibitory effects on oxidative 

phosphorylation (p = 0.01, p = 0.05 and p = 0.05, respectively) (Figure 4.21 A). None of the 

drugs tested alter the extracellular acidification rate, a measure of glycolysis, in either Mel285 

(Figure 4.20 B) or OMM2.5 cells (Figure 4.21 B).  

As quininib and 1,4-dihydroxy quininib significantly reduce OXPHOS, we examined ATP5B 

expression in the TCGA-UM cohort. ATP5B is the functional subunit of mitochondrial ATP 

synthase which is involved in OXPHOS and is commonly used as a marker of OXPHOS [215]. 

Expression of ATP5B was significantly higher in tumours from patients presenting with primary 

UM whose disease had progressed, versus those whose cancer had not progressed (p < 0.001 ) 

(Figure 4.23), highlighting the potential importance of targeting this process in UM.  
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Figure 4.20 Quininib analogues inhibit oxidative phosphorylation, but not glycolysis, 

following 24-hour treatment in primary Mel285 cells.  

Analysis of cellular metabolism in Mel285 (A – H) cells. (A) Oxygen consumption rate (OCR), a 

measure of oxidative phosphorylation, was evaluated in Mel285 (n = 5) cells using the Seahorse 

Biosciences XFe24 analyser following 24-hour treatment with 20 μM of test compound or 

DMSO control. (A) 20 μM quininib (Q1) and 20 μM 1,4-dihydroxy quininib (Q7) significantly 

reduced OCR in Mel285 cells versus DMSO control. (B) Extracellular acidification rate (ECAR), a 

measure of glycolysis was evaluated in Mel285 cells following 24-hour treatment. (C) OCR:ECAR 

ratio was measured in Mel285 cells following 24-hour treatment. (D) Basal respiration was 
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significantly reduced in Mel285 cells following 24-hour treatment with quininib analogues at 20 

μM. (E) ATP production was significantly reduced in Mel285 cells following 24-hour treatment 

with quininib. (F) Maximal respiration was significantly reduced in Mel285 cells following 24-

hour treatment with quininib. (G) Mitochondrial respiration and (H) H+ leak were not 

significantly altered in Mel285 cells following treatment with any of the CysLT1 antagonists 

tested. Data are expressed as mean + SEM. Statistical analysis was carried out using a paired t-

test to compare within the same cell line. Data was normalised to cell number, as assessed by 

crystal violet assay. * p < 0.05; ** p < 0.01; *** p < 0.001.  
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Figure 4.21 CysLT1 antagonists inhibit oxidative phosphorylation, but not glycolysis, 

following 24-hour treatment in metastatic OMM2.5 cells.  

Analysis of cellular metabolism in OMM2.5 cells (A - H). Oxygen consumption rate (OCR), a 

measure of oxidative phosphorylation, was evaluated in OMM2.5 (n = 4) (A) cells using the 

Seahorse Biosciences XFe24 analyser following 24-hour treatment with 20 μM of test 

compound or DMSO control. (A) 20 μM quininib (Q1), 1,4-dihydroxy quininib (Q7), and 

montelukast significantly reduced OCR in OMM2.5 cells versus DMSO control. (B) Extracellular 

acidification rate (ECAR), a measure of glycolysis was evaluated in OMM2.5 cells following 24-

hour treatment. (C) OCR:ECAR ratio was measured in OMM2.5 cells following 24-hour 
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treatment. (D) Basal respiration was significantly reduced in OMM2.5 cells following 24-hour 

treatment with quininib analogues at 20 μM. (E) ATP production was significantly decreased in 

OMM2.5 cells following 24-hour treatment with quininib and 1,4-dihydroxy quininib. (F) 

Maximal respiration was significantly reduced in OMM2.5 cells following 24-hour treatment 

with quininib, 1,4-dihydroxy quininib, and montelukast. Mitochondrial respiration and (H) H+ 

leak were not significantly altered in OMM2.5 cells following treatment with any of the CysLT1 

antagonists tested. Data are expressed as mean + SEM. Statistical analysis was carried out using 

a paired t-test to compare within the same cell line. Data was normalised to cell number, as 

assessed by crystal violet assay. * p < 0.05; ** p < 0.01.   
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Figure 4.22 Comparison of the effect of CysLT1 antagonists on cellular metabolism in primary 

Mel285 and metastatic OMM2.5 cells.  

There were no significant differences in (A) OCR, (B) ECAR, (C) OCR:ECAR ratio (D) Basal 

respiration (E) ATP production (G) H+ leak, or (H) Non-mitochondrial respiration between 

Mel285 and OMM2.5 cells with any of the CysLT1 antagonist drugs tested. (F) Treatment with 

20 μM quininib (Q1) had a significantly greater effect on maximal respiration in OMM2.5 cells 

than in Mel285 cells. Data are expressed as mean + SEM. Statistical analysis was carried out 

using an unpaired t-test to compare between different cell lines. * p < 0.05.  
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Figure 4.23 Expression of ATP5B, a marker of OXPHOS, is significantly higher in patients 

presenting with UM with relapsed disease.  

Patients from TCGA-UM dataset were categorised into those that had received a diagnosis of 

primary UM, but their disease had not progressed (non-relapsed) versus those who had 

developed recurrent disease (relapsed). ATP5B expression in primary UM is significantly higher 

in patients presenting with UM with relapsed disease, versus those whose cancer had not 

relapsed (p < 0.001). Statistical analysis was carried out using a Wilcoxon signed-rank test.  
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4.3 Summary of main findings of Chapter 4  

 

Table 4.5 Summary of all drug treatment assays examined in Chapter 4. 

 

• CysLT1 and CysLT2 are expressed in UM cell lines, confirming the relevance of UM cells as 

models in which to screen LTRAs for anti-cancer activity. 

 

• CysLT1 antagonists significantly reduce primary and metastatic UM cell viability. CysLT2 

antagonist, HAMI 3379, and dacarbazine, a chemotherapeutic agent, have no effect on 

cell viability in any cell line examined.  

 

• CysLT1 antagonists do not have the same effect on cell viability in ARPE-19 cells, a 

comparator non-cancerous, ocular cell line, suggesting that the observed effect is 

specific to UM cells. 

 

• CysLT1 antagonists, quininib and 1,4-dihydroxy quininib significantly reduce long-term 

proliferation in primary and metastatic UM cells.  
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• Treatment of UM cell lines with quininib or 1,4-dihydroxy quininib significantly alters the 

secretion of inflammatory mediators in a cell line- and drug-specific manner. In Mel285 

cells, quininib drugs significantly decrease the secretion of inflammatory factors. In 

OMM2.5 cells, quininib significantly increases the secretion of inflammatory factors. 

 

• Quininib drugs significantly increase the secretion of angiogenic factors in primary and 

metastatic UM cell lines.  

 

• CysLT1 antagonists significantly inhibit OXPHOS, but do not affect glycolysis, in primary 

and metastatic UM cells. ATP5B expression, a marker of OXPHOS, is significantly higher 

in patients presenting with UM with recurrent disease.  
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4.4 Discussion 

In this chapter, I have shown for the first time that antagonists of CysLT1 can alter key hallmarks 

of cancer, including cell viability, proliferation, inflammation, angiogenesis, and metabolism in 

primary and metastatic UM cells in vitro. To our knowledge, our study was the first to 

investigate the anti-cancer potential of CysLT1 antagonists in UM. However, as described in 

Section 4.1, it is known that montelukast exerts anti-cancer activity in a number of different 

cancers [130,136,141-143], and has chemopreventive effects across 14 different cancer types [194]. 

Likewise, quininib and 1,4-dihydroxy quininib have significant anti-cancer properties in 

colorectal cancer models [132,133]. In contrast, our data shows that the CysLT2 antagonist, HAMI 

3379, had no effect on any cancer hallmarks examined in either primary or metastatic UM cells. 

This finding was somewhat surprising, given that CYSLTR2 acts as an oncogene in UM. There are 

currently no UM cell lines available which harbour the Leu129Gln mutation in CYSLTR2, 

therefore, we were unable to test the effect of LTRAs in these cells. It is possible that CysLT2 

specific antagonists, or inverse agonists,  may be more effective in cells, or indeed patients, 

harbouring this specific mutation. Indeed, CysLT1 antagonists may have an effect in CYSLTR2 

mutant cells also, given the extensive interaction between CysLT1 and CysLT2, as described in 

Chapter 3. Of interest, HAMI 3379 was previously tested in HEK293T cells transiently 

transfected with CYSLTR2 L129G, but showed limited activity as an inverse agonist in this 

models of constitutive CysLT2 activation [216]. Our finding that CysLT1 antagonists promote anti-

cancer phenotypes in UM cells without the CYSLTR2 mutation (Table 4.2) supports the data 

described in Chapter 3, whereby high expression of CysLT1, but not CysLT2, is consistently 

associated with a poor prognosis in patients presenting with UM. This suggests that targeting of 

CysLT1 may be more disease relevant, irrespective of mutation type. Given that the CYSLTR2 

mutation is found in a small subset (approximately 4%) of UM [31], it is likely that the majority 

of the patients included in our studies from Chapter 3 did not harbour this mutation. This 

suggests that CysLT1 antagonism may be effective in patients presenting with UM harbouring 

the more common GNAQ and GNA11 mutations, in which CysLT1 expression may also be 

altered. 
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In this chapter, we demonstrate that CysLT1 antagonists, but not CysLT2 antagonists, produce 

significant anti-cancer effects in primary and metastatic UM cell lines through the inhibition of 

cell viability and cell proliferation. 96 hours of drug treatment in short-term cell viability and 

long-term cell proliferation assays revealed the most significant results. Following 24 hours of 

treatment, 50 μM of quininib and 1,4-dihydroxy quininib significantly reduced viability in all 

three cell lines analysed (Figure 4.5). 50 μM of montelukast had no effect in any of the cell lines 

following 24 hours of treatment, hinting at the increased potency of the quininib analogues 

versus the traditional CysLT1 antagonist (Figure 4.5). After 96 hours of treatment, all three 

CysLT1 antagonists significantly reduced viability of the primary and metastatic UM cells, with 

no intra-drug differences across the cell lines, but with quininib being the most potent in all cell 

lines (Figure 4.5). This result highlights the efficacy of CysLT1 antagonism in the inhibition of UM 

cell viability. Dacarbazine, a chemotherapeutic clinically used in treatment of metastatic UM, 

did not reduce the viability of either UM cell line at any concentration examined (Figure 4.5). It 

may seem surprising that a chemotherapeutic that is used clinically to treat patients presenting 

with UM shows no effect in functional in vitro assays, however, this is consistent with clinical 

findings wherein dacarbazine did not offer any survival advantage in treating metastatic disease 

[217] or in the adjuvant setting after primary tumour resection [60]. This further highlights the 

need for more effective treatment options for patients presenting with UM. Of note, here, all 

CysLT1 drugs tested performed significantly better than dacarbazine. Similarly, HAMI 3379, had 

no effect on cell viability in any of the UM cell lines tested. The same effects of CysLT1 

antagonists are not observed in ARPE-19 cells, suggesting that this is a specific effect in UM 

cells. 96-hour treatment with 50 μM of quininib was found to be the only drug treatment that 

significantly reduced viability in ARPE-19 cells (Figure 4.6). Despite this, the decrease observed 

in all three UM cell lines at 96 hours following treatment with 50 μM quininib was significantly 

greater when compared to the decrease in viability observed in ARPE-19 cells following the 

same treatment (Figure 4.6 C). This suggests that quininib is more efficacious in UM cells than 

in ARPE-19 cells. Our data supports previously published findings which indicate that 25 μM 

quininib is well tolerated for 96 hours in ARPE-19 cells and 24 hours in human microvascular 

endothelial cells (HMEC-1)[144].  
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Using the knowledge generated from viability assays, 20 μM was found to be the concentration 

of drug that elicited specific, non-toxic effects in UM cells and was chosen as the therapeutic 

concentration to utilise in additional in vitro assays. It has been reported that non-clonogenic 

cytotoxicity assays, such as the MTT assay, can overestimate cytotoxicity by not accounting for 

reversible damage or regrowth of cells resistant to the drug administered [208]. Therefore, it 

was important for us to recapitulate our findings in a more robust assay. In long-term 

proliferation assays, HAMI 3379, and dacarbazine, again exerted negligible effect on the 

primary or metastatic UM cell lines (Figure 4.7), confirming the data generated in short-term 

viability assays. CysLT1 antagonists, quininib and 1,4-dihydroxy quininib, significantly attenuated 

long-term proliferation of both cell lines following 96 hours of treatment. This is consistent with 

what is reported in HT-29 CRC cells [132]. Quininib did not significantly reduce proliferation 

following 24-hour treatment in the metastatic UM cell line but did significantly reduce 

proliferation in the primary UM cell line following the same treatment period (Figure 4.7 B,C). 

This suggests that quininib is more potent in the primary cell line, whereas 1,4-dihydroxy 

quininib is more potent in the metastatic cell line. This may also be owing to the lower level of 

expression of CysLT1 detected in the OMM2.5 cell line versus the Mel285 cell line (Figure 4.3 C). 

Interestingly, montelukast did not significantly alter long-term proliferation in either cell line at 

any timepoint examined (Figure 4.7). This again indicates that quininib and 1,4-dihydroxy 

quininib are more potent than montelukast and is in keeping with the data generated by the 

MTT assay whereby 20 μM montelukast did not have a significant effect on viability in UM cells 

(Figure 4.5). 

As outlined in Chapter 1, angiogenesis and inflammation are hallmarks of cancer and are 

processes that are critical to UM growth and spread. Our analysis of TCGA-UM dataset in 

Chapter 3 (Figure 3.2) suggests that high expression of both CysLT receptors is significantly 

associated with alterations in angiogenic and inflammatory pathways. This, coupled with the 

known anti-inflammatory and anti-angiogenic properties of CysLT1 antagonists, led us to 

hypothesise that the effects observed on cell viability and proliferation may be mediated 

through alterations in inflammation and/or angiogenesis. Indeed, in this chapter, we identify 
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quininib and 1,4-dihydroxy quininib to significantly alter the secretion of cancer-associated 

inflammatory and angiogenic factors from UM cell lines. 

CysLTs modulate vascular permeability through upregulation of VEGF expression [218] and 

CysLT1 antagonists decrease vascular permeability through reduction of VEGF expression in 

mice [219] and in human asthmatic patients [220]. A number of studies have reported 

significantly higher levels of VEGF-A in eyes with UM [212,213,221], with the highest VEGF-A 

levels correlating with previous radiation therapy prior to enucleation [213,221]. Common to 

both cell lines was the significant upregulation of both VEGF-A and Flt-1 following treatment 

with quininib and/or 1,4-dihydroxy quininib (Figure 4.12, 4.15, Table 4.4). It is surprising that 

drugs with anti-angiogenic properties would significantly increase the secretion of VEGF-A, the 

most potent pro-angiogenic factor [222]. However, quininib and 1,4-dihydroxy quininib mediate 

their anti-angiogenic effects independent of VEGF [203], and have been found to be more 

effective at inhibiting VEGF-independent angiogenesis in vitro [145]. Therefore, inhibition of 

CysLT1 could lead to compensatory upregulation of angiogenic factors via a positive feed-

forward loop, as described in other malignancies [223]. Indeed, the expression of VEGFR1 and 

VEGFR2 has been confirmed in UM cells, including OMM2.5 cells [224,225]. In contrast to our 

data, in HMEC-1 cells 1,4- dihydroxy quininib, but not quininib, has been shown to significantly 

decrease VEGF-A secretion [145]. While in ex vivo colorectal cancer explant models, quininib but 

not 1,4- dihydroxy quininib, significantly decreases VEGF-A secretion, albeit to a much lesser 

extent than bevacizumab [132,133]. These conflicting results suggest cell line-specific effects of 

these agonists, as further evidenced by our data generated in UM cells. The simultaneous 

upregulation of Flt-1 (VEGFR1) in both cell lines is of interest. Flt-1 binds VEGF-A with tenfold 

higher affinity than VEGFR2 (KDR/Flk1) [226] and negatively modulates angiogenesis via its 

actions as a decoy receptor by trapping VEGF and preventing its binding to VEGFR2 [227].This 

hints towards potential anti-angiogenic properties of the quininib analogues in UM cells as the 

upregulation of Flt-1 could potentially be in response to elevated VEGF-A levels. In Mel285 cells, 

but not OMM2.5 cells, treatment with quininib also significantly upregulated the secretion of 

VEGF-C, bFGF, and PlGF. Of note, PlGF is also a ligand for Flt-1. The levels of bFGF and PlGF are 

significantly elevated in the aqueous of patients presenting with UM [212]. Basic fibroblast 
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growth factor (also known as FGF-2) has been reported to have both pro- and anti-cancer 

properties [228]. In breast cancer cells, bFGF inhibits cell growth while concomitantly activating 

ERK1 and ERK2 [229]. In primary and metastatic UM cell lines, FGF trapping approaches 

decrease survival and proliferation [230]. In agreement with our data, treatment with 1,4-

dihydroxy quininib has been reported to increase levels of bFGF in HMEC-1 cells [145]. The role 

of PlGF in angiogenesis remains controversial, with studies showing both pro-tumourigenic [231] 

and anti-tumourigenic properties of PlGF [232,233] through the regulation of angiogenesis. It is 

possible that the parallel upregulation of VEGF-A, VEGF-C, Flt-1, bFGF and PlGF following 

treatment with quininib or 1,4-dihydroxy quininib and CysLT1 antagonism in UM cells may be 

compensatory and secreted as a result of a form of “pseudohypoxia” as previously described in 

UM, as well as other tumour types [103]. Pseudohypoxia describes the paradox of VEGF 

upregulation upon anti-VEGF treatment. Indeed, in UM cells treated with bevacizumab, VEGF 

mRNA expression was induced [103] and in in vivo mouse models of UM, bevacizumab 

treatment has both reduced [104] and accelerated [102] the growth of primary UM. It would be 

interesting to examine the effect of CysLT1 antagonist treatment on HIF-1α expression to 

further examine this theory. Further investigation is required to determine if the quininib drug-

induced changes in angiogenic factor expression are cause-or-effect for the corresponding 

reduction in UM cell viability and proliferation. None of the other drugs tested (montelukast, 

HAMI 3379, or dacarbazine) had any effect on the secretion of angiogenic factors (Figure 4.12, 

4.15), in keeping with the negligible effects of these drugs in viability and proliferation assays.  

Profound differences in the secretion of inflammatory markers were also observed following 

treatment with the quininib drugs. As detailed in Chapter 1, in contrast to what is found in 

other cancers, increased abundancy of tumour-infiltrating cells, particularly macrophages and T 

cells, is associated with a poor prognosis and increased metastatic potential in UM [101]. The 

eyes of patients presenting with UM contain increased levels of inflammation-related cytokines 

in the aqueous humour and vitreous fluid [91,212,234] and several in vitro studies show the 

expression of soluble inflammatory factors in UM. However, the relationship between UM 

development and elevated cytokines, or their link to clinicopathological features of the disease, 

remains unclear [212].  
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Of particular note, is the significantly increased secretion of eight inflammatory factors (IL-13, 

IL-10, IL-6, IL-1β, IL-8, IL-12p70, IL-2 and TNF-α) in OMM2.5, but not Mel285, after 24-hour 

treatment with quininib (Figure 4.10, 4.13, Table 4.3). The upregulation of inflammatory factors 

was surprising given the known anti-inflammatory properties of CysLT1 antagonists. Similarly, 

quininib treatment has been shown to significantly decrease the secretion of IL-6 and IL-8 in ex 

vivo colorectal cancer explant model [133]. However, it is important to consider the unique 

immune microenvironment in UM when analysing the effect of drugs on cytokine secretion. As 

UM is exposed to an immunosuppressive environment, in both the eye and the liver, the 

enhanced secretion of inflammatory cytokines may actually prove beneficial. The upregulation 

of five of these factors in OMM2.5 cells (IL-13, IL-1β, IL-8, IL-12p70, and TNF-α) is maintained 

following 96-hour treatment with quininib (Figure 4.13, Table 4.3). Despite more pronounced 

effects in OMM2.5 cells in the clonogenic assay (Figure 4.7), 1,4-dihydroxy quininib did not 

have any effect on the secretion of inflammatory factors in this cell line at either time point 

investigated. This finding is in keeping with previously published data whereby 1,4-dihydroxy 

quininib did not significantly alter the secretion of IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-

13, IFN-γ or TNF-α in a colorectal cancer explant model [132].The lack of effectiveness of 

quininib at inhibition of long-term proliferation in OMM2.5 cells could potentially be due to an 

up-regulation of inflammatory factors, the effect of which is lessened at 96 hours. The 

upregulation of IL-10, IL-6, and IL-2 in OMM2.5 cells following quininib treatment is not 

maintained at 96 hours. Of note, high concentrations of IL-13, which is significantly upregulated 

in OMM2.5 cells following quininib treatment (Figure 4.13, Table 4.3), in the vitreous fluid of 

patients presenting with UM is associated with greater survival [234]. No other diagnostic or 

prognostic value of individual cytokines has been reported in eyes harbouring UM tumours. 

In contrast to the effects observed in OMM2.5 cells, quininib drugs significantly decreased the 

secretion of inflammatory factors IL-6, IL-2 and IL-12p70 in Mel285 cells (Figure 4.10, Table 

4.3). This effect of quininib and 1,4-dihydroxy quininib on IL-6 secretion is in keeping with 

results previously reported in colorectal cancer models [133,200]. There is an overlap in the 

factors that are significantly downregulated in Mel285 cells and those that do not maintain 

significant upregulation in OMM2.5 cells at 96 hours (IL-6 and IL-2). It is possible that the 
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upregulation of factors observed in OMM2.5 cells is a compensatory process in response to the 

quininib treatment. Indeed, this has been documented in colorectal cancer cells and ex vivo 

tumours following treatment with bevacizumab [235,236], albeit after more prolonged periods of 

treatment.  

IL-6 is perhaps the most thoroughly investigated cytokine in UM and it appears to play a 

significant role in the disease [234,237]. IL-6 is believed to play a critical role in the crosstalk 

between UM cells and macrophages and promotes growth, survival, and proliferation [238]. IL-6 

and IL-10 production in UM cells is known to favour macrophage differentiation to the M2 

subtype and promote tumour growth instead of an effective immune response [239]. IL-6 is 

significantly downregulated in Mel285 cells following treatment with quininib and 1,4-

dihydroxy quininib, suggesting an anti-tumourigenic effect. Similarly, the significant 

upregulation of IL-6 seen in OMM2.5 cells is lost at 96 hours. Interference with IL-6R signalling 

leads to decreased UM cell viability [240], which may explain the effects observed following 

treatment with quininib and 1,4-dihydroxy quininib in the MTT assay.  

IL-2 is a known player in immune system activation and is FDA approved for the treatment for 

metastatic cutaneous melanoma [241]. IL-2 therapy has shown some clinical benefits in UM 

when administered in combination with chemotherapy [242,243]. In contrast, IL-2 induces 

significant proliferation in UM cells and reduces susceptibility to cytolysis [244]. IL-2 is 

significantly downregulated in Mel285 cells following treatment with quininib and 1,4-

dihydroxy quininib, suggesting an anti-proliferative effect as observed in MTT and clonogenic 

assays. Similarly, the significant upregulation of IL-2 seen in OMM2.5 cells is lost at 96 hours. 

Using the cells treated as controls, we also analysed the basal level of expression of angiogenic 

and inflammatory markers in Mel285 and OMM2.5 cells. The basal levels of IL-10, IL-13, IL-1β, 

IL-8 and TNF-α were significantly higher in OMM2.5 cells after 24 hours (Figure 4.16). At 96 

hours, IL-1β, IL-8, and TNF-α remained significantly upregulated in OMM2.5 cells (Figure 4.18). 

These factors were all further upregulated in OMM2.5 cells following quininib treatment 

(Figure 4.13). IL-6 secretion was significantly higher in Mel285 cells at both 24 and 96 hours 
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(Figure 4.16, 4.18). This secretion was significantly reduced by both quininib and 1,4-dihydroxy 

quininib at 24 hours (Figure 4.10). 

None of the other drugs tested (montelukast, HAMI 3379, or dacarbazine) had a significant 

effect on the secretion of inflammatory factors in either cell line. Again, this is in keeping with 

the negligible effects of these drugs in viability and proliferation assays. 

The importance of dysregulated metabolism in the initiation and progression of cancer is well 

understood. Although much is known about metabolic rewiring in cutaneous melanoma, few 

studies focus solely on the metabolic underpinnings of UM. However, this is an area of active 

and ongoing research. Oxidative phosphorylation (OXPHOS) is upregulated in invasive 

melanoma [245] and the metabolic switch of some melanomas to oxidative phosphorylation has 

been linked to resistance to inhibitors of the MAPK pathway [246], a pathway that is commonly 

involved in UM progression [247]. Similarly, targeting of MEK and CDK4/6 in UM leads to 

adaptive upregulation of OXPHOS [248]. This suggest that drugs inhibiting OXPHOS may improve 

the efficacy of currently available drug combinations. Comparing 31 tumour types, UM ranked 

amongst the tumours with the highest OXPHOS signature [249]. Indeed, it has been recently 

suggested that targeting OXPHOS may be a promising therapeutic option for the treatment of 

UM [248,250].  

While CysLTs are predominantly known for their role in inflammation and angiogenesis, they 

have been linked to alterations in respiratory activity. LTD4 increases mitochondrial metabolic 

activity in human intestinal epithelial cells and colorectal cancer cells by enhancing NADPH 

activity and the ATP/ADP ratio, and increasing mitochondrial gene transcription [251]. In Chapter 

3, we examined the link between high CYSLTR1 and CYSLTR2 expression and correlation to both 

glycolysis and oxidative phosphorylation pathways (Figure 3.2). Expression of CYSLTR1 was not 

significantly associated oxidative phosphorylation or glycolysis. High expression of CYSLTR2 was 

significantly associated with glycolysis, but not oxidative phosphorylation. To our knowledge, 

this study was the first to report the effect of CysLT1 antagonists on cancer cell metabolism. We 

observed significantly decreased oxidative phosphorylation in Mel285 and OMM2.5 cells 

treated with quininib or 1,4-dihydroxy quininib and OMM2.5 cells treated with montelukast for 
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24 hours (Figure 4.20, 4.21). Montelukast showed a significant effect in OMM2.5 cells only, 

which is in keeping with the lesser potency of this drug observed by us in other in vitro assays. 

Interestingly, both quininib and 1,4-dihydroxy quininib had extremely similar and consistent 

effects in both cell lines, the only significant difference observed was in maximal respiration 

following quininib treatment (Figure 4.22). This is in contrast to the differing effects of the 

drugs on the secretion of inflammatory and angiogenic factors in the different cell lines 

examined (Table 4.3, 4.4). Modulation of oxidative phosphorylation can control the 

proliferation of tumour cells [252] which may explain the effect of CysLT1 antagonists on UM cell 

survival and proliferation. Inhibition of OXPHOS can enhance the efficacy of UM treatment in 

vitro and in vivo [248], and we have shown that expression of ATP5B, a marker of OXPHOS, is 

significantly higher in relapsed versus non-relapsed patients presenting with UM (Figure 4.23). 

Our data further highlights that targeting this process in UM may enhance treatment efficacy 

and indicates the potential use of CysLT1 antagonists in a combinatorial treatment approach. 

The expression of ATP5B at the protein level, and its link to UM patient prognosis, has not been 

reported. However, increased mRNA and protein expression of ATP5B is reported in breast 

cancer and a high expression of ATP5B is associated with a worse prognosis [253]. It would be 

interesting to further examine the expression of ATP5B, and its association with patient 

outcomes in UM.  

Recently, Han et al. (2021) described metabolic heterogeneity in BAP1 mutant versus BAP1 

wild-type UM based on OXPHOS gene expression profiles [250]. Future studies using ex vivo 

patient samples and in vivo PDX models should focus on identifying patients and patient 

cohorts that are most likely to benefit from drugs, such as CysLT1 antagonists, that can 

effectively inhibit OXPHOS in UM.  

In conclusion, I have shown that CysLT1, but not CysLT2 antagonists or the chemotherapeutic, 

dacarbazine, can significantly alter cancer hallmarks in primary and metastatic UM cells in vitro. 

CysLT1 antagonists, quininib and 1,4-dihydroxy quininib robustly reduce survival and 

proliferation in UM cells. We have shown significant, but highly different, effects of CysLT1 

antagonists in primary and metastatic UM cell lines on the secretion of angiogenic and 

inflammatory factors post-treatment. Further studies in additional cell lines and models of UM 
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are necessary to clarify the role of cytokines and drug-induced alterations in the pathogenesis 

of UM. Lastly, we have shown that CysLT1 antagonists have a consistent and significant effect 

on OXPHOS in UM cells. This data warrants the investigation into the mechanism of action of 

CysLT1 antagonists in UM and further exploration of their potential in in vivo and ex vivo models 

of UM, both of which are examined in Chapter 5.  

  



149 
 

 

 

 

 

 

 

 

 

Chapter 5:  Evaluating the efficacy and mechanism of action of lead cysteinyl leukotriene 

receptor antagonists in in vivo and ex vivo models of primary and metastatic uveal 

melanoma 
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Objective of Chapter 5: To develop effective in vivo and ex vivo models in which novel 

therapeutics for the treatment of UM can be evaluated. To determine the effects of the most 

effective cysteinyl leukotriene receptors antagonists in the established in vivo and ex vivo 

models of primary and metastatic UM. To determine the pathways through which antagonist 

drugs may mediate these effects in UM models. 

Aims:  

• To develop cell line-derived heterotopic and orthotopic xenograft models of primary 

and metastatic UM in zebrafish. 

• To determine the efficacy of cysteinyl leukotriene receptor antagonists in cell line-

derived heterotopic and orthotopic zebrafish xenograft models of primary and 

metastatic UM. 

• To establish the pathways through which LTRAs mediate their effects in UM cell lines.  

 

• To establish a cell line-derived orthotopic xenograft model of primary and metastatic 

UM in mice. 

• To assess the anti-tumour activity of 1,4-dihydroxy quininib in a mouse cell line-derived 

orthotopic xenograft model of metastatic uveal melanoma. 

• To determine whether treatment with 1,4-dihydroxy quininib alters the expression of 

markers of apoptosis, proliferation, and metabolism in xenograft tumour tissue by IHC.  

• To examine the effects of cysteinyl leukotriene receptor antagonists on the secretion of 

inflammatory and angiogenic factors in an ex vivo patient-derived xenograft model of 

metastatic UM. 

• To examine the effects of cysteinyl leukotriene receptor antagonists on the secretion of 

inflammatory and angiogenic factors in ex vivo primary UM tumours. 
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5.1 Introduction  

 

UM metastases result in high mortality [18], and there are extremely limited treatment options 

available to patients once they present with metastatic disease. Novel therapeutic agents 

should seek to halt the spread of the primary tumour from the eye to this secondary metastatic 

site (predominantly the liver) and/or cause regression of metastatic tumours in the liver. For 

this reason, it is critical that research is conducted using pre-clinical models that accurately 

reflect the disease in patients. To this end, this chapter explores the development and use of 

four relevant UM models in which to test our candidate drugs - i) orthotopic and heterotopic 

cell line-derived zebrafish xenograft models of UM, ii) orthotopic cell line-derived rodent 

xenograft models of metastatic UM, iii) ex vivo explant culture models of patient-derived 

orthotopic, metastatic xenograft tumours, and iv) ex vivo explant culture models of primary UM 

tumours. In addition, we continue to use primary and metastatic UM cell lines to investigate 

the pathways through which our CysLT1 antagonists mediate their effects on cancer hallmarks, 

as described in Chapter 4.  

In vitro drug screening is an undeniably important tool for cancer research. However, in vivo 

and ex vivo models are preferable models in which to test candidate cancer drugs as they can 

more accurately reflect the appropriate physiological conditions and the complexity of the 

tumour microenvironment [254]. The evaluation of drug efficacy, as described in Chapter 4, and 

analysis of mechanism of action, as described later in this Chapter, is less costly and less time 

consuming using in vitro models. This allows for larger numbers of drugs across various 

concentrations to be screened, relatively quickly, and in multiple assays, ensuring that the most 

promising drug candidate(s) can be brought forward for testing using valuable patient samples 

and in vivo models. While in vitro cell based assays can be invaluable for preliminary drug 

screening and determination of mechanistic effects, there are inherent limitations and 

ultimately, they cannot reflect the 3-dimensional structure of a tumour and the interacting 

stromal cells of the tumour microenvironment (TME). Cancer cells do not exist and grow in 

isolation. The cells of the TME are critical players in the growth and survival of a tumour and 

represent one of the key differences between cell grown as a monolayer in culture and those 
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grown as tumour explants or in an in vivo setting [255]. Recapitulating the TME is extremely 

important in the development of cancer research models [255].  

In Chapter 4, we demonstrated the significant effect of CysLT1 antagonists on cancer hallmarks 

in primary and metastatic UM cell lines in vitro. In this chapter, we aim to recapitulate those 

findings using models that better reflect the TME in UM. Indeed, the anti-proliferative and 

apoptosis-inducing effects of montelukast translate from in vitro to in vivo models across other 

cancer types. In subcutaneous, cell line-derived xenograft models of colorectal cancer, 

montelukast significantly reduced tumour size owing to decreased proliferation and enhanced 

apoptosis [130]. In Lewis lung carcinoma-bearing mice, montelukast significantly delayed 

tumour growth [141], confirming the reported chemopreventive effect of LTRAs. 

5.1.1 Xenograft models  

Xenograft models are a well-established and powerful tool in cancer research. In the last 

number of years, the zebrafish has also emerged as a promising model for cancer research. 

Practically, their small size, low cost, high fecundity, amenability to in vivo imaging, and ease of 

use in comparison to other in vivo models cannot be overlooked. The transplantation of cancer 

cell lines or human tumours very much play to the strength of this model system [256]. It is 

feasible to inject hundreds of embryos in a single day, a large proportion of which are likely to 

survive and develop tumours [256]. These tumours can be tracked using in vivo imaging, and the 

effect of test compounds on the growth and dissemination of tumours can be easily analysed. 

Importantly, the adaptive immune system does not develop in zebrafish until 4 weeks post-

fertilisation [257], meaning that no graft rejection occurs when cells are implanted between 48-

72 hours [258]. Screening drugs in zebrafish models can serve as an in vivo method for pre-

screening drug candidates, prior to testing in more expensive and time-consuming rodent 

models. Zebrafish cell line-derived xenograft models of UM have been successfully developed 

using both primary and metastatic UM cell lines, and drugs have been screened in these models 

[259], validating the usefulness of our approach.  

While useful for pharmacological studies, subcutaneous or heterotopic xenograft models come 

with limitations. They often present a low engraftment rate, slow tumour growth, and the vast 

majority of human solid tumours that grow subcutaneously in mice do not metastasise [260]. In 
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contrast, orthotopic xenograft models are generated when the tumour is implanted into the 

organ of its origin, creating a more physiologically relevant model. In the case of UM, this is an 

ocular (Figure 5.1) or liver tumour xenograft. Orthotopic models better recall molecular 

features, histology, metastasis and drug response patterns, making them more suitable for 

translational research [260]. Given the immune-privileged environment in which UM tumours 

develop, orthotopic models are particularly relevant when assessing the efficacy of potential 

therapeutics for this cancer.  
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Figure 5.1 Histology of an ocular, orthotopic patient-derived xenograft model of uveal 

melanoma. 

H&E staining of an orthotopic PDX model derived from an ocular tumour of a patient with UM. 

The same section is shown at 40x, 100x, 200x and 400x magnification. Ocular features are 

indicated by black arrows. This model shows evidence of tumour growth (circled in black) in the 

ciliary body. Tumour cells within the ciliary body are spindle-shaped (white arrows), heavily 

pigmented (red arrows) with uniform nuclei, and are arranged in a spiral pattern. To our 

knowledge, this model generated by our industry collaborators, Xenopat, is the first report of 

successful orthotopic transplantation into the eye. Image adapted from Slater et al. (2018) [13].  



155 
 

5.1.2 Ex vivo culture models 

Often, cell lines fail to accurately represent the molecular heterogeneity of patient tumours due 

to changes incurred from long-term passaging in vitro. In addition, xenograft models can be 

technically challenging, time consuming, and expensive to establish. Freeman and Hoffmann 

(1986), were the first to demonstrate that ex vivo tumour tissue could be cultured successfully 

in vitro while recapitulating the tumour microenvironment [261]. This study provided proof that 

over 70% of surgically resected patient tumours could be cultured in vitro, while retaining their 

structural organisation, tumour heterogeneity and proliferative properties [261]. Explant culture 

more accurately reflects the complex tumour environment in vivo as cultures contain all cell 

types within the same 3D architecture as they were present in a patient’s tumour [262]. Explant 

culture can also provide insights into variability in drug responsiveness between patients and 

can indicate which patients may respond better in the clinical setting.  
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5.2 Results   

 

5.2.1 CysLT1 antagonists inhibit the growth of uveal melanoma zebrafish xenografts in 

vivo. 

To determine if the in vitro attenuation of UM cell survival and proliferation with CysLT1 

antagonists (as described in Chapter 4) could be reproduced in vivo, we sought to generate 

mouse and zebrafish UM cell line xenograft models of both primary and metastatic UM. The 

zebrafish xenograft models proved to be more time- and cost-effective and thus allowed 

investigation of the effects of several CysLT1 antagonists on multiple UM cell lines in vivo. DiI 

labelled Mel285, Mel290, and OMM2.5 UM cell lines were injected into the perivitelline space, 

the confined space between the periderm of the fish and the yolk sac [263], or eye of 2 days 

post-fertilisation (dpf) zebrafish larvae. Following injection, the larvae were treated with the 

maximum tolerated dose of quininib (3 µM), 1,4-dihyroxy quininib (10 µM) or montelukast (20 

µM) until 5 dpf. Cell fluorescence was detected and quantified pre- and post-treatment.  

In the heterotopic xenograft models, whereby cells were implanted into the perivitelline space, 

CysLT1 antagonists proved to be more effective in the primary UM cell line xenograft models 

(Figure 5.2). In the Mel290 xenograft model, all CysLT1 antagonists significantly reduced 

xenograft growth. Quininib resulted in an average reduction of 41.6%, 1,4-dihydroxy quininib a 

reduction of 36% and montelukast a reduction of 49.6%. Similarly, in the Mel285 xenograft 

model, both quininib and montelukast significantly reduced xenograft growth (47.8% and 37.5% 

average reduction, respectively). Although not statistically significant, 1,4-dihydroxy quininib 

produced a notable average reduction of 22.8% in the Mel285 model. In contrast, none of the 

CysLT1 antagonists tested appeared to be effective at inhibiting cell growth in the OMM2.5 

perivitelline space xenograft model. However, a non-statistically significant average reduction 

in growth of 19.5% was observed following montelukast treatment.  

CysLT1 antagonists appeared to be even more effective in the orthotopic xenograft models, in 

which cells are implanted into the eye (Figure 5.3). In both Mel285 and Mel290 models, all 

three CysLT1 antagonists significantly reduced xenograft size. In the Mel285 model, quininib 

resulted in a 40.8% reduction, 1,4-dihydroxy quininib a 37.6% reduction, and montelukast a 
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45.6% reduction in xenograft size. In the Mel290 cell model a 37% average reduction was 

achieved with quininib, a 31.9% average reduction achieved with 1,4-dihydroxy quininib, and a 

44.8% average reduction in growth was achieved with montelukast. All CysLT1 antagonists 

tested, proved to be more effective in the metastatic OMM2.5 ocular xenograft model. 

Quininib and montelukast significantly reduced xenograft growth (18.4% and 25.6% average 

reduction, respectively). While 1,4-dihydroxy quininib did not significantly reduce xenograft size 

in the OMM2.5 ocular model, a 12% average reduction in growth was achieved, in comparison 

to a 5.2% reduction observed in the OMM2.5 heterotopic model. We found that in OMM2.5 

cell line-derived zebrafish xenografts implanted in both the eye and the perivitelline space, the 

relative xenograft size was significantly smaller (Figure 5.4). This may explain why smaller 

reductions in xenograft size were achieved in this model, versus the Mel285 and Mel290 

models.  

In summary, CysLT1 antagonists can inhibit the in vivo growth of UM cancer cells. However, the 

effects are more pronounced in the primary Mel285 and Mel290 xenograft models compared 

to those generated from the metastatic OMM2.5 cell line. Similarly, the drugs seem to have a 

more pronounced effect on cells implanted directly into the eye, the physiologically relevant 

organ for the primary cell lines, rather than those implanted into the perivitelline space. 
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Figure 5.2 CysLT1 antagonists inhibit the growth of UM cell lines in the perivitelline space of 

zebrafish larvae. 

 (A,D) Treatment with quininib (Q1) and montelukast significantly reduced the growth of 

Mel285 xenografts in the perivitelline space. (B,E) Treatment with quininib, 1,4-dihydroxy 

quininib (Q7) and montelukast significantly reduced the growth of Mel285 xenografts in the 

perivitelline space. (C,F) Treatment with all CysLT1 antagonists tested, did not significantly 

reduce the growth of OMM2.5 xenografts in the perivitelline space of zebrafish larvae. Relative 

xenograft fluorescence was evaluated as fluorescence emitted at three days post implantation 

(3 dpi/5 dpf) relative to the fluorescence  immediately after implantation (at 0 dpi/2 dpf). 

Statistical analysis was performed using an unpaired t-test. Error bars are mean ± S.D. * p < 

0.05; **** p < 0.0001. 

 

  



159 
 

Figure 5.3 CysLT1 antagonists inhibit the growth of UM cell lines in the eye of zebrafish larvae. 

 (A,D) Treatment with quininib (Q1), 1,4-dihydroxy quininib (Q7) and montelukast significantly 

reduced the growth of Mel285 xenografts in the eye. (B,E) Treatment with quininib, 1,4-

dihydroxy quininib, and montelukast significantly reduced the growth of Mel290 xenografts in 

the eye. (C,F) Treatment with quininib and montelukast significantly reduced the growth of 

OMM2.5 xenografts in the eye of zebrafish larvae. Relative xenograft fluorescence was 

evaluated as fluorescence emitted at three days post implantation (3 dpi/5 dpf) relative to the 

fluorescence  immediately after implantation (at 0 dpi/2 dpf). Statistical analysis was performed 

using an unpaired t-test. Error bars are mean  ± S.D. * p < 0.05; **** p < 0.0001 
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Figure 5.4 The relative fluorescence of OMM2.5-derived zebrafish xenografts is significantly 

less than those derived from primary cell lines. 

(A) The relative fluorescence of OMM2.5 cells implanted into the zebrafish perivitelline space is 

significantly lower than the relative fluorescence of Mel285 and Mel290 cells implanted in the 

same location. (B) The relative fluorescence of OMM2.5 cells implanted into the zebrafish eye is 

significantly lower than the relative fluorescence of Mel285 and Mel290 cells implanted in the 

same location. Statistical analysis was performed using an unpaired t-test. Error bars are the 

mean ± S.D. * p < 0.05; ** p < 0.01. Tables show the minimum, maximum and range of relative 

xenograft fluorescence in control treated groups implanted into the perivitelline space or the 

eye. Relative tumour fluorescence is calculated as fluorescence emitted at treatment end; three 

days post implantation (3 dpi/5 dpf) relative to the fluorescence immediately after implantation 

(at 0 dpi/2 dpf). 
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5.2.2 Altered expression of downstream targets is cell line, and CysLT1 antagonist specific 

in uveal melanoma cells. 

Having established that CysLT1 antagonists can significantly alter cancer hallmarks of UM cells in 

vitro and can prevent cell growth in an in vivo cell line-derived xenograft model, we sought to 

determine the mechanism through which this occurs. Activation of the MAPK pathway is a 

common event in UM [247] and CysLTs enhance proliferation through ERK signalling in a number 

of cell lines [264,265]. Given that >90% of uveal melanomas possess mutations that drive 

constitutive activation of the MAPK/ERK pathway via alterations in Gαq/11 signalling, and that 

MAPK signalling is a target for many cancer therapeutics [266], we hypothesised that CysLT1 

antagonists may alter the expression of proteins related to this pathway in UM cells. Indeed, 

quininib pre-treatment significantly reduces LTD4-induced up-regulation of phospho-ERK in 

HMEC-1 cells [203] and montelukast significantly reduces phospho-ERK expression in lung cancer 

cells [141,267]. We examined the expression levels of phospho-ERK in Mel285 and OMM2.5 cells 

following treatment with CysLT1 antagonists, 1,4-dihydroxy quininib and montelukast for 1, 2, 5 

and 8 hours. In Mel285 cells, treatment with 1,4-dihydroxy quininib or montelukast for 1 hour 

significantly reduced phospho-ERK expression (Figure 5.5 A). Treatment with montelukast for 8 

hours significantly upregulated the expression of phospho-ERK (Figure 5.5 A). In OMM2.5 cells, 

treatment with 1,4-dihydroxy quininib for 2 hours significantly upregulated the expression of 

phospho-ERK (Figure 5.5 B). 

MITF, the microphthalmia-associated transcription factor which is a target of ERK 

phosphorylation [268], is dramatically upregulated in UM cell lines compared to normal uveal 

melanocytes, and downregulation of MITF significantly inhibits proliferation and induces cell 

cycle arrest and apoptosis in UM cells [269,270]. MITF is a “master regulator” of melanoma 

growth, pigmentation, and apoptosis [271]. Inhibition of MITF coincides with downregulation of 

phospho-ERK in uveal melanoma cell lines [270]. We hypothesised that the downregulation of 

phospho-ERK in Mel285 cells may accompany alterations in MITF expression. In Mel285 and 

OMM2.5 cells treated with CysLT1 antagonists, 1,4-dihydroxy quininib or montelukast for 1,2,5, 

or 8 hours, MITF expression was not significantly altered (Figure 5.6 A and Figure 5.6 B, 

respectively). Of note, the antibody used to detect MITF recognises a 59 kDa protein. This 

should detect the MITF-M isoform, which is expressed almost exclusively in melanocytes [272]. 
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However, we cannot rule out that the observed detection is of alternative MITF isoforms, or 

that expression of the undetected MITF isoforms is altered.  

The role of CysLTs in cell survival and proliferation has been extensively linked to COX-2 and Bcl-

2 expression, both of which are linked to the MAPK pathway [273]. Therefore, we sought to 

determine if the effects of CysLT1 antagonists on UM cell survival and proliferation were 

mediated via altered expression of either factor. COX-2 is characteristically linked with 

inflammation and is highly upregulated in cancer [274,275]. We hypothesised that the significant 

effects on the secretion of inflammatory factors following LTRA treatment described in Chapter 

4 may be due to upregulation of COX-2. LTD4 significantly upregulates COX-2 expression and 

activation via ERK1/2 activation [264,274]. However, montelukast upregulates expression of COX-

2 in lung cancer cells, potentially as an escape mechanism to counter-act apoptosis [141]. In 

Mel285 and OMM2.5 cells treated with LTRAs for 24 hours, the expression of COX-2 (Figure 5.7 

A,B) was not significantly altered. 

In primary UM, expression of Bcl-2 is significantly higher than in surrounding ocular tissue [276], 

and inhibition of Bcl-2 supresses in vitro and in vivo growth of UM cells [277]. Both montelukast 

and zafirlukast induced apoptosis and inhibit cell proliferation through downregulation of Bcl-2 

and decreased phosphorylation of ERK in glioblastoma cells [278]. In lung cancer cells, Bcl-2 is 

also significantly downregulated following montelukast treatment [141]. In Mel285 and 

OMM2.5 cells treated with LTRAs for 24 hours, the expression of Bcl-2 was not significantly 

altered (Figure 5.7 C,D). This suggests that the effects observed in Chapter 4 are not mediated 

via Bcl-2 at this time point.  

1,4-dihydroxy quininib, but not quininib or montelukast, reduces Calpain-2 expression in HMEC-

1 cells and in an in vivo xenograft model of colorectal cancer [132,145]. Calpain-2 is a regulator of 

VEGF-mediated angiogenesis [279] and the anti-angiogenic effects of 1,4-dihydroxy quininib in 

colorectal cancer have been linked to its effect on Calpain-2 expression and the TIE-2 – 

Angiopoietin signalling pathway [280]. We examined the expression of Calpain-2 in Mel285 and 

OMM2.5 cells following 24-hour treatment with LTRAs. However, none of the LTRAs tested 

significantly altered the expression of Calpain-2 in UM cells (Figure 5.8 A,B).   
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Figure 5.5 Treatment with 20 µM of CysLT1 antagonists alters the expression of phospho-ERK 

in Mel285 and OMM2.5 cells.  

(A) Densitometry analysis of phospho-ERK expression normalised to ERK expression shows that 

treatment with 20 µM 1,4-dihydroxy quininib or 20 µM montelukast for 1 hour significantly 

reduced phospho-ERK expression in Mel285 cells. Treatment with 20 µM montelukast for 8 

hours significantly upregulated the expression of phospho-ERK expression in Mel285 cells. A 

representative western blot is displayed. (B) Densitometry analysis of phospho-ERK expression 

normalised to ERK expression shows that treatment with 20 µM 1,4-dihydroxy quininib for 2 

hours significantly upregulated the expression of phospho-ERK in OMM2.5 cells. A 

representative western blot is displayed. Immunoblotting was conducted three separate times 

using protein lysates from three individual experiments. Differences in protein expression were 

assessed between drug treatments carried out for the same length of time. Statistical analysis 

was performed by ANOVA with Dunnett’s post hoc multiple comparison test. Error bars are the 

mean ± S.E. * p < 0.05; ** p < 0.01; *** p < 0.001.  
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Figure 5.6 Treatment with CysLT1 antagonists does not significantly alter the expression of 

MITF in Mel285 and OMM2.5 cells.  

(A) Densitometry analysis of MITF expression normalised to α-tubulin expression shows that 

treatment with 20 µM 1,4-dihydroxy quininib or montelukast does not significantly alter a 59 

kDa isoform of MITF expression at any time point analysed in Mel285 cells. A representative 

western blot is displayed. (B) Densitometry analysis of MITF expression normalised to α-tubulin 

expression shows that treatment with 20µM 1,4-dihydroxy quininib or 20 µM montelukast does 

not significantly alter MITF expression at any time point analysed in OMM2.5 cells. 

Immunoblotting was conducted three separate times using protein lysates from three 

individual experiments. Differences in protein expression were assessed between drug 

treatments carried out for the same length of time. Statistical analysis was performed by 

ANOVA with Dunnett’s post hoc multiple comparison test. Error bars are the mean ± S.E.  

  



165 
 

Figure 5.7 Treatment with CysLT1 antagonists does not significantly alter the expression of 

COX-2 or Bcl-2 in Mel285 and OMM2.5 cells.  

Densitometry analysis of COX-2 expression normalised to β-actin expression shows that 

treatment with LTRAs at a concentration of  20 µM for 24 hours does not significantly alter 

COX-2 expression in Mel285 (A) or OMM2.5 (B) cells. Densitometry analysis of Bcl-2 expression 

normalised to β-actin expression shows that treatment with LTRAs for 24 hours does not 

significantly alter Bcl-2 expression in Mel285 (C) or OMM2.5 (D) cells. Representative western 

blots are displayed. Immunoblotting was conducted three separate times using protein lysates 

from three individual experiments. Statistical analysis was performed by ANOVA with Dunnett’s 

post hoc multiple comparison test. Error bars are the mean ± S.E.  
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Figure 5.8 Treatment with CysLT1 antagonists does not significantly alter the expression of 

Calpain-2 in Mel285 and OMM2.5 cells.  

(A) Densitometry analysis of Calpain-2 expression normalised to α-tubulin expression shows 

that treatment with LTRAs at a concentration of 20 µM for 24 hours does not significantly alter 

Calpain-2 expression in Mel285 cells. (B) Densitometry analysis of Calpain-2 expression 

normalised to α-tubulin expression shows that treatment with LTRAs for 24 hours does not 

significantly alter Calpain-2 expression in OMM2.5 cells. Representative western blots are 

displayed. Immunoblotting was conducted three separate times using protein lysates from 

three individual experiments. Statistical analysis was performed by ANOVA with Dunnett’s post 

hoc multiple comparison test. Error bars are the mean ± S.E.  
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5.2.3 OMM2.5 cells, but not Mel285 or Mel290 cells, successfully generated orthotopic 

cell line-derived rodent xenograft models of uveal melanoma. 

Given the success of the zebrafish xenograft models, we next sought to develop rodent 

xenograft models using UM cell lines to further validate our findings using a more complex 

model system and drug treatment protocol. Several engraftment methods were tested with the 

aim of generating suitable research models. 

Table 5.1 Cell lines and engraftment methods employed to generate cell line-derived 

xenograft models of primary and metastatic UM.  

 

In our experience, Mel285 and Mel290 cell lines were not amenable to generate murine 

xenograft models following subcutaneous, intraocular, intrahepatic, or intravenous 

implantation. Injection of either cell line failed to give rise to palpable tumours and therefore, 

they could not be used for in vivo drug treatment experiments. In agreement with this, the 

failure of UM cells to give rise to subcutaneous xenograft models has previously been reported 

[281]. In contrast, the metastatic OMM2.5 cell line produced tumours following subcutaneous, 

intraocular, or intrahepatic implantation. However, this required lengthy growth times of 7–8 

months for the initial subcutaneous cell suspension injection, and 3–4 months for propagation 

from corresponding subcutaneous fragment implants (Figure 5.9). OMM2.5 cells implanted 

intraocularly give rise to ocular tumours 3–4 months post cell suspension injection (Figure 5.9 

A,B). Similarly, OMM2.5 cells implanted intrahepatically allow tumour growth 3–4 months after 

cell suspension injection (Figure 5.9 C,D), and 1–2 months after the re-implantation of tumour 
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fragments arising from the initial implantation (Figure 5.9 E). Histological examination of the 

tumours arising from OMM2.5 engraftment confirmed the presence of a UM cell phenotype 

(Figure 5.9 F – H). This model was chosen as an appropriate cell line – derived xenograft model 

in which to progress our study of cysteinyl leukotriene receptor antagonists. Importantly, this 

model represents an orthotopic cell line-derived xenograft model of metastatic uveal 

melanoma,  as the OMM2.5 cells, which are derived from a UM liver metastasis, are implanted 

directly into the liver of the mice. 
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Figure 5.9 Successful generation of OMM2.5 cell line-derived orthotopic xenograft models of 

UM.  

Macroscopic appearance of an ocular tumour (A) 104 days after intraocular injection of 1 

million OMM2.5 cells, or (B) 102 days after intraocular injection of disaggregated cells from 

ocular tumour (A). Macroscopic appearance and liver gross pathology of two representative 

mice injected with 1 million OMM2.5 cells in the liver, 98 days post-injection (C), 112 days post-

injection (D), and of one representative mouse directly implanted with an OMM2.5 cell line-

derived tumour fragment in the liver, 61 days post-implantation (E). H&E staining in 

representative sections of an ocular tumour from an OMM2.5 cell line-derived xenograft model. 

Original magnification x50 (F), x100 (G), x200 (H).  
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5.2.4 1,4-dihydroxy quininib is well tolerated in athymic Nude-Foxn1nu mice at 25 mg/kg. 

1,4-dihydroxy quininib was chosen as the CysLT1 antagonist to be tested in the orthotopic 

OMM2.5 metastatic UM xenograft model. In Chapter 4, we showed that 1,4-dihydroxy quininib 

significantly reduces survival and proliferation, significantly reduces oxidative phosphorylation, 

and significantly reduces the secretion of inflammatory mediators without upregulating 

angiogenic factors in UM cell lines. 1,4-dihydroxy quininib appeared to be more effective at 

inhibiting long-term proliferation in the OMM2.5 cell line, than in the Mel285 cell line, and had 

no effect on ARPE-19 cell survival, suggesting a more specific effect in UM cells. In addition, 1,4-

dihydroxy quininib was found to alter expression of phospho-ERK in UM cells (Figure 5.5), 

suggesting that it mediates effects on key pathways associated with UM oncogenesis [247]. 

Although treatment with 1,4-dihydroxy quininib did not significantly alter the growth of 

OMM2.5 cells in the in vivo zebrafish xenograft model, we hypothesise that this may be due to 

reduced growth of the OMM2.5 cells (Figure 5.4), and because the cells were not implanted 

orthotopically in this model. All three CysLT1 antagonists performed poorer in the OMM2.5 

zebrafish xenograft model. However, significant effects were reported with 1,4-dihydroxy 

quininib treatment in both the Mel285 and Mel290 zebrafish xenograft models. In a HT29-Luc2 

subcutaneous xenograft model of colorectal cancer, 1,4-dihydroxy quininib significantly 

reduced tumour volume and significantly reduced tumour bioluminescence [132]. In that study, 

1,4-dihydroxy quininib treatment was significantly more effective than treatment with quininib 

[132]. These findings further solidified our choice of 1,4-dihydroxy quininib as the drug selected 

for this study.  

The maximum tolerated dose of 1,4-dihydroxy quininib was previously established [132]. Based 

on these studies, we selected 25 mg/kg as our treatment dose. OMM2.5 cell line-derived liver 

tumour fragments were implanted into the liver of 25 mice to create a metastatic UM xenograft 

model. Five weeks after implantation, mice with palpable, homogenous, metastatic UM 

tumours were randomised and assigned to treatment with vehicle control, 1,4-dihydroxy 

quininib or dacarbazine (Table 5.2). Each treatment was administered by intraperitoneal 

injection, every three days for a period of three weeks, with each animal receiving 7 doses in 

total.  
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Table 5.2 Treatment protocol to examine the effect of 1,4-dihydroxy quininib in an 

orthotopic OMM2.5 cell line-derived xenograft model of metastatic UM.  

 

OMM2.5 cell line-derived liver tumour fragments were implanted intrahepatically and allowed 

to grow for 5 weeks. Mice were randomised to treatment with vehicle, 1,4-dihydroxy quininib 

(Q7), or dacarbazine. All animals received 7 doses intraperitoneally, over a three-week period.  
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Figure 5.10 There were no significant differences in mouse body weight between treatment 

groups prior to or during the study. 

(A) Prior to study commencement, all mice with palpable tumours were randomised to vehicle 

(n=9), 1,4-dihydroxy quininib (Q7) (n=8), or dacarbazine (n=8) treatment groups. There were no 

significant differences in the weight of animals across the different treatment groups before the 

study began. Body weight mean ± S.D was 23.2 ± 2.4 for vehicle, 23.9 ± 1.9 for Q7, and 23.1 ± 

1.9 for dacarbazine. Statistical analysis was performed by a Kruskal-Wallis test. (B) Body weights 

were monitored every three days during the study period. No statistically significant differences 

in body weight were observed between treatment groups throughout the study.  Statistical 

analysis was performed by a two-way repeated measures ANOVA. Error bars are the mean  ± 

S.D. 
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Figure 5.11 Representative images of the peritoneal cavity of mice treated with vehicle, 1,4-

dihydroxy quininib, or dacarbazine.  

There were no adverse side effects or signs of suffering detected in any of the treatment groups 

for the duration of the study. Upon sacrifice, there were no observable alterations within the 

main peritoneal cavity in animals treated with vehicle (A), 1,4-dihydroxy quininib (Q7) (B), or 

dacarbazine (C). (B) In 1,4-dihydroxy quininib-treated mice brown/black deposits (the colour of 

1,4-dihydroxy quininib) were observed inside the abdominal cavity (indicated by white arrows). 

However, no adherences within organs were observed.  

  



174 
 

Figure 5.12 Tumours grew and were observed in the liver of all mice included in this study 

treated with vehicle, 1,4-dihydroxy quininib, or dacarbazine.  

Representative tumours and corresponding H&E sections are shown for mice treated with 

vehicle (A), 1,4-dihydroxy quininib (Q7) (B), or dacarbazine (C). In general, a single big tumour 

mass was observed. However, in some cases, many small cancer nodules were observed 

throughout the liver. Red arrows indicate the primary liver tumour. White arrows indicate small 

cancer nodules throughout the liver. H&E analysis of liver tumours confirmed the presence of a 

UM cell phenotype. (B) Brown/black deposits of 1,4-dihydroxy quininib can be observed.   
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5.2.5 1,4-dihydroxy quininib does not significantly reduce tumour weight versus vehicle 

control in a cell line-derived xenograft model of metastatic uveal melanoma. 1,4-

dihydroxyquininib significantly reduces tumour weight versus dacarbazine in a cell 

line-derived xenograft model of metastatic uveal melanoma. 

Following sacrifice, all primary liver tumours were weighed to determine differences between 

treatment groups. Based on our previous data generated using 1,4-dihydroxy quininib, we 

hypothesised that tumours would grow less, and therefore weigh less, in mice treated with 1,4-

dihydroxy quininib group versus those treated with vehicle or dacarbazine. There was no 

significant difference in tumour weight between mice treated with 1,4-dihydroxy quininib 

versus vehicle control (Figure 5.13). Similarly, there was no significant difference in tumour 

weight between mice treated with dacarbazine versus vehicle control. However, the weight of 

tumours in mice treated with 1,4-dihydroxy quininib was significantly smaller than those 

treated with dacarbazine (p = 0.023), a chemotherapeutic drug administered to patients 

presenting with UM (Figure 5.13).  

Within all three treatment groups, metastases to the peritoneal wall, mesentery or the 

diaphragm were observed. Indeed, cases of peritoneal metastases have been reported in 

patients presenting with UM, secondary to their liver metastases [282,283]. We analysed 

whether there were differences in the number of animals presenting with metastases outside 

the liver between all three treatment groups. In the vehicle group, the number of animals with 

metastases to the peritoneal wall was significantly higher than in the 1,4-dihydroxy quininib or 

dacarbazine groups (p < 0.0001) (Figure 5.14 A). The number of animals with metastases to the 

mesentery was significantly lower in the dacarbazine treated group compared to both the 

vehicle and 1,4-dihydroxy quininib treated groups (p < 0.0001) (Figure 5.14 B). There were no 

significant differences in the number of animals found to have metastases in the diaphragm 

across all three treatment groups (Figure 5.14 C). As metastases to the peritoneal wall, 

mesentery, and diaphragm can all be grouped as peritoneal metastases, we assessed whether 

there were significant differences between metastases at all sites between the three treatment  

groups (Figure 5.15). The percentage of animals presenting with metastases at all sites was 

significantly lower in the dacarbazine treated group versus both the vehicle and 1,4-dihydroxy 

quininib treated groups (p < 0.0001) (Figure 5.15 A). The percentage of animals presenting with 
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metastases in more than one site within the peritoneum was significantly higher in the vehicle 

treated group compared to both the 1,4-dihydroxy quininib and dacarbazine treated groups (p 

< 0.0001) (Figure 5.15 B). 

In summary, 1,4-dihydroxy quininib did not significantly reduce tumour weight versus vehicle in 

an OMM2.5 cell line-derived xenograft model. However, 1,4-dihydroxy quininib did significantly 

reduce tumour weight versus dacarbazine in this model. The number of animals with peritoneal 

metastases at all sites identified was significantly lower in the dacarbazine treated group. The 

number of animals with peritoneal metastases at more than one site within the peritoneum 

was significantly lower in both the 1,4-dihydroxy quininib and dacarbazine treated groups 

compared to vehicle.    
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Figure 5.13 Treatment with 1,4-dihydroxy quininib or dacarbazine did not significantly 

reduce tumour weight versus vehicle control in an OMM2.5 cell line-derived xenograft model 

of metastatic UM. 

Following necropsy, liver tumours were resected and arranged by treatment group (B). All 

individual tumours were weighed. The weight of tumours from each group was compared to 

determine the effect of each of the treatments on tumour weight. (A) Treatment with 1,4-

dihydroxy quininib (Q7) or dacarbazine did not result in significant changes in tumour weight 

versus vehicle control (p = 0.81 and p = 0.14, respectively). (A) In animals treated with 1,4-

dihydroxy quininib, tumour weight was significantly less than those treated with dacarbazine (p 

= 0.023). Tumour weight mean ± SD was 1.59 g ± 0.76 for vehicle treated mice, 1.52 g ± 0.69 for 

1,4-dihydroxy quininib treated mice, and 2.14 g ± 0.59 for dacarbazine treated mice. Statistical 

analysis was performed using a Mann-Whitney U test to compare differences between two 

groups. Error bars are the mean ± S.D. * p < 0.05.  
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Figure 5.14 The percentage of animals in which metastases to the peritoneal wall or 

mesentery was detected was significantly lower in 1,4-dihydroxy quininib and dacarbazine 

treatment groups versus vehicle.  

All animals were assessed for metastases within the peritoneal cavity. (A) The number of 

animals with metastases to the peritoneal wall was significantly lower in the 1,4-dihydroxy 

quininib and dacarbazine treated groups versus vehicle. (B) The number of animals with 

metastases to the mesentery was significantly lower in the dacarbazine treated group 

compared to both the vehicle and 1,4-dihydroxy quininib treated groups. (C) There were no 

significant differences across treatment groups in the number of animals with metastases to 

the diaphragm. Representative images show metastatic tumours present in the peritoneal wall 

(D), mesentery (E), and diaphragm (F). Tumours are indicated with a white arrow. Statistical 

analysis was performed using a Fisher’s exact to assess differences between two groups. **** p 

< 0.0001.   
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Figure 5.15 The number of animals with metastases at all sites was significantly lower in the 

dacarbazine treatment group compared to vehicle and 1,4-dihydroxy quininib treatment 

groups. 

Given that the peritoneal wall, mesentery, and diaphragm can all be considered peritoneal 

metastasis, we analysed the data based on whether metastases were present at all sites (A) and 

at 1 or greater than 1 site (B).(A) The number of animals with metastases at all sites was 

significantly lower in the dacarbazine treated group compared to both the vehicle and 1,4-

dihysroxy quininib treated groups. (B) The number of animals with metastases at greater than 1 

site was significantly higher in the vehicle group compared to both the 1,4-dihydroxy quininib 

and dacarbazine treated groups. Statistical analysis was performed using a Fisher’s exact to 

assess differences between two groups. *** p < 0.001, **** p < 0.0001. 
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5.2.6 1,4-dihydroxy quininib significantly reduces the expression of ATP5B and alters the 

expression of Ki-67, but not cleaved caspase-3, in a cell line-derived xenograft model 

of metastatic uveal melanoma. 

Although 1,4-dihydroxy quininib did not significantly reduce final tumour weight versus vehicle 

control, it appeared that tumours from animals treated with 1,4-dihydroxy quininib were 

smaller overall (Figure 5.13 B). A limitation of intrahepatic xenograft models is the difficulty in 

measuring tumour growth [284], in particular in comparison to subcutaneous models, which can 

be easily monitored by regular calliper measurements. As the tumour measurements were 

taken upon necropsy only, and not throughout the course of the experiment, we hypothesised 

that the measurement of final tumour weight may not accurately reflect the effect of 1,4-

dihydroxy quininib on tumour size or growth throughout the three-week treatment regime. We 

stained all xenograft tumours by IHC and analysed the resulting sections by digital pathology to 

gain a better insight into molecular changes happening within the metastatic tumours during 

the drug treatment study. 

Ki-67 is a marker of cell proliferation that is widely used during routine pathological 

examination. This protein is present during all active phases of the cell cycle but is not detected 

in cells in G0. Expression of Ki-67 is strongly associated with tumour cell proliferation and 

growth and correlates with metastasis and tumour staging [285]. OMM2.5 cells express high 

levels of Ki-67 compared to other UM cells [286]. Given the significant effects of 1,4-dihydroxy 

quininib on cell proliferation across primary and metastatic UM cells described in Chapter 4, 

tumour xenografts from all three treatment groups were analysed for Ki-67 expression using 

IHC and digital pathology analysis. Despite a decrease of 7.5%, the percentage of cells that 

stained positive for Ki-67 was not significantly reduced following treatment with 1,4-dihydroxy 

quininib compared to vehicle control (Figure 5.16 B) (p = 0.08). In keeping with the effect 

observed on final tumour weight (Figure 5.13 A), the percentage of Ki-67 positive cells was 

significantly lower (9.9% decrease) in 1,4-dihydroxy quininib treated mice versus those treated 

with dacarbazine (Figure 5.16 B) (p = 0.02).  

The anti-cancer effects of montelukast in prostate, testicular, and breast cancer cells are 

attributed to the induction of apoptosis [136,142,143]. We analysed tumour tissue sections for 
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expression of cleaved caspase-3, a key executor of apoptosis, to determine if 1,4-dihydroxy 

quininib promoted apoptosis in our orthotopic xenograft model. Using digital pathology 

analysis, all sections were scored by assessing the percentage of positive cells and H-Score (a 

combination of staining intensity and percentage positivity, as described in Chapter 2). There 

was no significant difference between any of the treatment groups, using either scoring 

method (Vehicle average H-Score; 4.96, 1,4-dihydroxy quininib average H-Score; 6.60, 

dacarbazine average H-Score; 6.72) (Figure 5.17 B,C). This suggests that treatment with 1,4-

dihydroxy quininib or dacarbazine does not alter apoptosis in our cell line-derived xenograft 

model of metastatic UM. In addition, there was no significant difference in the percentage of 

necrotic area between treatment groups (Figure 5.18), suggesting that treatment with 1,4-

dihydroxy quininib or dacarbazine does not alter necrosis in our cell line-derived xenograft 

model of metastatic UM. 

In Chapter 4, we found that CysLT1 antagonists significantly reduce oxidative phosphorylation in 

both primary and metastatic UM cells. We examined the expression of ATP5B, a marker of 

oxidative phosphorylation, in our tumour tissue to determine if the same effect is observed in 

vivo. Using both scoring methods computed by digital pathology analysis, there was a 

significant decrease in ATP5B expression in 1,4-dihydroxy quininib treated tumours versus 

vehicle control. When assessed by H-Score, 1,4-dihydroxy quininib significantly reduces ATP5B 

expression versus vehicle (p = 0.03) (Figure 5.19 B). When assessed by percentage positivity 

(PP), a similar outcome is achieved, and a significant decrease in expression is observed 

following 1,4-dihydroxy quininib treatment compared to vehicle (p = 0.039)(Figure 5.19 C). 

Treatment with dacarbazine had no effect on expression levels of ATP5B as analysed by H-Score 

or percentage positivity (p = 0.35 and p = 0.44, respectively)(Figure 5.19 B,C).  

These data indicate that treatment with 1,4-dihydroxy quininib significantly reduces Ki-67 

expression, a marker of proliferation, versus dacarbazine, but not vehicle control in an 

orthotopic xenograft model of metastatic UM. Neither 1,4-dihydroxy quininib or dacarbazine 

altered the expression of cleaved caspase-3, a marker of apoptosis, or necrosis in this model. 

1,4-dihydroxy quininib significantly reduced the expression of ATP5B, a marker of oxidative 

phosphorylation, versus vehicle control.   
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Figure 5.16 1,4-dihydroxy quininib significantly reduces the expression of Ki-67 compared to 

dacarbazine in an orthotopic xenograft model of metastatic UM.  

(A) Representative sections, and associated mark up images, designated with a score of Low (PP 

< 25), Intermediate (PP 25 - 35), or High (PP > 35) expression of Ki-67. Cells positive for Ki-67 

staining are indicated in red and cells negative for Ki-67 staining are indicated in blue in the 

mark up images.  (B) Treatment with 1,4-dihydroxy quininib (Q7) does not significantly alter the 

percentage of cells staining positive for Ki-67 versus vehicle control (p = 0.08). Treatment with 

1,4-dihydroxy quininib significantly alters the percentage of cells staining positive for Ki-67 

versus dacarbazine (p = 0.02). There is no significant difference between vehicle and 

dacarbazine treated groups (p = 0.45). Statistical analysis was performed using an unpaired 

two-tailed t-test. Error bars are the mean  ± S.D. * p < 0.05. PP, percentage positivity.   
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Figure 5.17 Treatment with 1,4-dihydroxy quininib or dacarbazine does not significantly 

alter the expression of cleaved caspase-3 in an orthotopic xenograft model of metastatic UM. 

(A) Representative sections, and associated mark up images, designated with a score of Low (H-

Score < 4), Intermediate (H-Score 4 - 8), or High (H-Score >8) expression of cleaved caspase-3 

following digital pathology analysis. Blue indicates negative staining, yellow indicates H-Score of 

+1, orange indicates H-score of +2, red indicates H-Score of +3. (B) As assessed by H-Score, 1,4-

dihydroxy quininib (Q7) and dacarbazine do not significantly alter cleaved-caspase 3 expression 

versus vehicle (p = 0.31 and p = 0.15, respectively). (C) As assessed by the percentage of 

positive cells, 1,4-dihydroxy quininib and dacarbazine do not significantly alter cleaved-caspase 

3 expression versus vehicle (p = 0.62 and p = 0.34, respectively). Statistical analysis was 

performed using an unpaired two-tailed t-test. Error bars are the mean  ± S.D.  
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Figure 5.18 Treatment with 1,4-dihydroxy quininib does not significantly alter the necrotic 

area in orthotopic cell line-derived tumours of metastatic UM.  

The percentage of necrotic area was quantified using H&E tumour sections from each 

treatment group. There was no significant difference in the necrotic area between any 

treatment groups. Statistical analysis was performed using an unpaired two-tailed t-test. Error 

bars are the mean  ± S.D. 
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Figure 5.19 Treatment with 1,4-dihydroxy quininib significantly reduces the expression of 

ATP5B versus vehicle in an orthotopic xenograft model of metastatic UM.  

(A) Representative sections, and associated mark up images, designated with a score of Low (H-

Score < 40), Intermediate (H-Score 40 - 80), or High (H-Score > 80) expression of ATP5B. Blue 

indicates negative staining, yellow indicates H-Score of +1, orange indicates H-score of +2, red 

indicates H-Score of +3. (B) As assessed by H-Score, 1,4-dihydroxy quininib (Q7) significantly 

reduces ATP5B expression versus vehicle control (p = 0.03). (C) As assessed by the percentage 

of positive cells, 1,4-dihydroxy quininib significantly reduces ATP5B expression versus vehicle 

control (p = 0.039). When assessed by H-Score or percentage positivity, dacarbazine does not 

significantly alter ATP5B expression versus vehicle (p = 0.35 and p = 0.44, respectively). 

Statistical analysis was performed using an unpaired two-tailed t-test. Error bars are the mean  

± S.D. * p < 0.05.  
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5.2.7 CysLT1 antagonists do not significantly alter the secretion of inflammatory factors 

from patient-derived xenograft tumours of metastatic uveal melanoma.  

Given the rarity of UM, patient samples are extremely precious. We were immensely fortunate 

to receive tumour specimens from patients presenting with metastatic UM that had been 

grown and expanded in mice as patient-derived xenograft (PDX) models. Fresh tumour samples 

from 3 individual PDX models (mUM1, mUM4, and mUM7) were shipped fresh from Barcelona 

to Dublin. Due to shipping delays, the samples were stored at room temperature for two days 

before delivery. Upon arrival, tumours were immediately dissected into 16 individual tumour 

fragments, allowing us to treat the specimens with 4 different treatments while also conducting 

4 technical replicates per tumour. The PDX tumour explants were cultured in the presence of 20 

µM quininib, 20 µM 1,-4-dihydroxy quininib, 20 µM dacarbazine or vehicle for 72 hours before 

collection of the tumour conditioned media (TCM) (Figure 5.20). ELISA determined the levels of 

10 different inflammatory factors in the TCM.  

In all three models, quininib or 1,4-dihydroxy quininib did not significantly alter the secretion of 

the 10 inflammatory factors analysed (Figure 5.21 – 5.23). In the mUM1 ex vivo explant model, 

treatment with 20 µM dacarbazine significantly upregulated the secretion of IL-10 versus 

vehicle control (Figure 5.21 B). Treatment with 20 µM dacarbazine did not alter the secretion of 

any other inflammatory mediators in this model (Figure 5.21), or in the mUM4 or mUM7 

models (Figure 5.22 and 5.23, respectively).  

Given the significant differences identified in the basal secretion of inflammatory mediators 

between primary and metastatic UM cell lines described in Chapter 4, we hypothesised that 

there may also be differences in the basal level of secretion of these factors across the three 

different ex vivo PDX explant models. Using the conditioned media from explant tumours 

treated with 0.5% DMSO as vehicle control for 72 hours, we compared the secretion of factors 

across the mUM1, mUM4 and mUM7 models. mUM7 tumour explants secrete significantly 

higher levels of IL-10 than mUM1, but not mUM4, tumour explants grown under the same 

conditions (Figure 5.24 B). mUM4 tumour explants secrete significantly higher levels of IL-6 

than mUM7, but not mUM1, tumour explants grown under the same conditions (Figure 5.24 

H). 
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Figure 5.20 Overview of the explant culture protocol for ex vivo patient-derived xenograft 

tumour specimens of metastatic UM.  

(A) Photographs of the patient-derived xenograft metastatic UM tumours, mUM1, mUM4, and 

mUM7, prior to culture. (B) Schematic of the explant culture protocol. Each tumour was further 

dissected into 16 fragments and grown in complete media with 20 µM quininib (Q1), 20 µM 1,-

4-dihydroxy quininib (Q7), 20 µM dacarbazine (DAC) or vehicle (DMSO) for 72 hours, based on 

previously optimised explant culture experiments [132], before collection of the TCM. TCM was 

analysed by ELISA, to detect the secretion of proinflammatory factors, and LDH assay to assess 

viability. Tumour tissue was snap-frozen for protein isolation. Secretion levels of inflammatory 

mediators were normalised to total protein content prior to statistical analysis. Created with 

BioRender.com 
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Figure 5.21 Treatment with CysLT1 antagonists does not alter the secretion of inflammatory 

mediators from the ex vivo mUM1 PDX explant model.  

Treatment with 20 μM quininib (Q1) or 1,4-dihydroxy quininib (Q7) had no effect on the 

secretion of any inflammatory mediators analysed. (B) Treatment with 20 μM dacarbazine 

(DAC) significantly increased the secretion of IL-10. Treatment with 20 μM dacarbazine had no 

effect on any other inflammatory mediators analysed. Conditioned media were collected from 

four technical replicates and analysed by ELISA (n = 4). All secretions were normalised to total 

protein content. Statistical analysis was performed by ANOVA with Dunnett’s post hoc multiple 

comparison test. Error bars are the mean ± S.D. * p < 0.05. 
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Figure 5.22 Treatment with CysLT1 antagonists does not alter the secretion of inflammatory 

mediators from the ex vivo mUM4 PDX explant model.  

Treatment with 20 μM quininib (Q1), 1,4-dihydroxy quininib (Q7), or dacarbazine (DAC) had no 

effect on the secretion of any inflammatory mediators analysed. Conditioned media were 

collected from four technical replicates and analysed by ELISA (n=4). All secretions were 

normalised to total protein content. Statistical analysis was performed by ANOVA with 

Dunnett’s post hoc multiple comparison test. Error bars are the mean ± S.D. 
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Figure 5.23 Treatment with CysLT1 antagonists does not alter the secretion of inflammatory 

mediators from the ex vivo mUM7 PDX explant model.  

Treatment with 20 μM quininib (Q1), 1,4-dihydroxy quininib (Q7), or dacarbazine (DAC) had no 

effect on the secretion of any inflammatory mediators analysed. Conditioned media  were  

collected from four technical replicates and analysed by ELISA (n=4). All secretions were 

normalised to total protein content. Statistical analysis was performed+ by ANOVA with 

Dunnett’s post hoc multiple comparison test. Error bars are the mean ± S.D.  
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Figure 5.24 The secretion of IL-10 and IL-6 are significantly different across ex vivo PDX 

explant models of metastatic UM.  

(B) mUM7 tumour explants grown in the presence of vehicle control, 0.5% DMSO, for 72 hours 

secrete significantly higher levels of IL-10 than mUM1, but not mUM4, tumour explants grown 

under the same conditions. (H) mUM4 tumour explants grown in the presence of vehicle 

control, 0.5% DMSO, for 72 hours secrete significantly higher levels of IL-6 than mUM7, but not 

mUM1, tumour explants grown under the same conditions. There were no significant 

differences in the secretion of other inflammatory factors analysed between the ex vivo explant 

models of metastatic UM treated with vehicle control for 72 hours. Conditioned media  were  

collected  from  four technical replicates and  analysed  by  ELISA  (n = 4).  All secretions were 

normalised to total protein content. Statistical analysis was performed by ANOVA with 

Dunnett’s post hoc multiple comparison test. Error bars are the mean ± S.D. * p < 0.05.  
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5.2.8 CysLT1 and CysLT2 are expressed in OPDX models of metastatic uveal melanoma. 

In Chapter 4, we described the effect of CysLT1 antagonist treatment in primary and metastatic 

UM cells on the secretion of inflammatory mediators. In the metastatic OMM2.5 cell line, 

CysLT1 antagonists had a particularly significant effect on the increased secretion of several 

inflammatory factors (Table 4.3). The same increase was not observed following treatment in 

any of the PDX ex vivo explant models, this may be owing to issues associated with sample 

storage on delivery. We sought to determine if this lack of effect of CysLT1 antagonists on the 

secretion of inflammatory mediators could be explained by expression of CysLT1 or CysLT2 

receptors in the tumours. Indeed, the expression of CysLT1 or CysLT2 in metastatic UM tumours 

has not yet been reported in the literature. As previous, colorectal cancer tissue served as a 

positive control for CysLT1 and CysLT2 expression (Figure 5.25). All three models showed 

cytoplasmic expression of CysLT1 and CysLT2, however, there were clear differences in the level 

of expression between models (Figure 5.26). Nuclear expression of CysLT1 was also detected in 

the mUM1 model. The lowest expression of both CysLT1 and CysLT2 was observed in mUM4. 

The highest levels of expression of both CysLT1 and CysLT2 was observed in mUM7.  
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Figure 5.25 H&E staining in orthotopic patient-derived xenograft models of metastatic UM. 

Representative H&E-stained sections from the OPDX models (A) mUM1, (B) mUM4, and (C) 

mUM7. Colorectal cancer tissue served as a positive control for CysLT1 and CysLT2 staining. (D) 

Cytoplasmic expression of CysLT1 in colorectal cancer tissue. (E) Cytoplasmic expression of 

CysLT2 in colorectal cancer tissue. 
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Figure 5.26 Immunohistochemical analysis of CysLT1 and CysLT2 in OPDX models of UM liver 

metastases.  

Representative sections from each of the three OPDX models of metastatic UM showing 

staining for CysLT1 and CysLT2.  All three OPDX tumours maintained histological features of UM 

tumours and displayed varying degrees of pigmentation. mUM1 showed high levels of 

cytoplasmic and nuclear expression of CysLT1 (A), but low levels of cytoplasmic CysLT2 

expression (B). mUM4 had the lowest level of cytoplasmic expression of both CysLT1 (C) and 

CysLT2 (D). mUM7 is highly pigmented and shows high levels of cytoplasmic CysLT1 (E) and 

CysLT2 (F) expression.   
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5.2.9 1,4-dihydroxy quininib significantly alters the secretion of inflammatory factors in ex 

vivo explant tumours from primary uveal melanoma patients. 

We hypothesised that the lack of effect of CysLT1 antagonists on the secretion of inflammatory 

factors in ex vivo OPDX explants may have been related to issues with tissue viability, due to the 

tumours being sent fresh from Barcelona. We were extremely fortunate to receive 11 fresh 

primary UM tumour samples from patients immediately post-enucleation at the Royal Victoria 

Eye and Ear Hospital. The primary UM tumours were dissected into four pieces and the explants 

were cultured in the presence of 20 µM quininib, 20 µM 1,-4-dihydroxy quininib, 20 µM 

dacarbazine or vehicle for 72 hours before collection of the TCM. ELISA determined the levels of 

10 different inflammatory factors and 7 different angiogenic factors in the TCM. Data were 

analysed as fold change versus vehicle control for each patient sample. 1,4-dihydroxy quininib 

significantly increased the secretion of IL-13 (Figure 5.27 A), IL-2 (Figure 5.27 B) and TNF-α 

(Figure 5.27 C) in primary UM tumours versus vehicle. Quininib and dacarbazine had no 

significant effect on the secretion of any of the factors analysed.  

As 1,4-dihydroxy quininib significantly increased the secretion of IL-13, IL-2 and TNF-α in ex vivo 

primary UM tumours, we sought correlations of these results to patient clinical characteristics. 

We also sought correlations of the basal secretion of factors from vehicle treated primary UM 

tumours to patient characteristics to assess differences in the secretion of factors from tumours 

assigned to different treatment groups. In vehicle treated tumours, a significant negative 

correlation was observed between IL-6 secretion and patient age, IL-13 secretion and tumour 

thickness, between VEGF-A secretion and largest ultrasound height (LUH), and between PlGF 

secretion and chromosome 8 alterations (Figure 5.30 and 5.31). In 1,4-dihydroxy quininib 

treated tumours, a significant negative correlation was observed between IL-13 secretion and 

tumour thickness, IL-1β secretion and tumour dimensions (LUD and LUH), IL-8 secretion and 

tumour dimensions, and TNF-α secretion and LUH (Figure 5.32). 

Blood samples were collected from 7 patients presenting with primary UM prior to their 

enucleation surgery. 4 patients donated both a blood sample and a tumour specimen. Blood 

samples were processed within 1 hour and plasma was extracted. In a preliminary screen, we 

analysed the secretion of inflammatory mediators from patient plasma samples to determine if 
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plasma cytokines could be detected and if the levels of cytokines varied between patients 

presenting with UM (Figure 5.34). Similarly, we analysed if the levels of cytokines varied 

between patient plasma samples and matched patient tumour samples treated with vehicle 

control (Figure 5.35). The levels of IL-4, IL-8 and IL-13 were significantly different across patient 

plasma samples (Figure 5.34 D,F,G, respectively). IL-2 and IL-1β were at undetectable levels in 

patient plasma samples and were removed from analysis. When comparing matched patient 

plasma and patient tumour samples, the levels of secreted inflammatory factors appear greater 

in patient tumour samples (Figure 5.35). However, given that we could obtain only one 

replicate per patient tumour, statistical analysis could  not  be performed to determine if these 

observed intra-patient differences were statistically significant.   

  



197 
 

Table 5.3 Clinical characteristics of the patients presenting with primary UM who donated 

tumour samples for growth as ex vivo explant cultures. 
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Figure 5.27 1,4-dihydroxy quininib significantly increases the secretion of IL-13, IL-2 and TNF-

α in primary UM tumour explants. 

In ex vivo primary UM tumour explants, 72-hour treatment with 1,4-dihydroxy quininib 

significantly increases the secretion of IL-13 (A), IL-2 (B) and TNF-α (C) versus vehicle control. 

Quininib or dacarbazine had no effect on the secretion of IL-13, IL-2, or TNF-α. Conditioned 

media were collected and analysed by ELISA (n = 11). All secretions were normalised to total 

protein content and results calculated as fold change compared to vehicle control. Statistical 

analysis was performed by ANOVA with Dunnett’s post hoc multiple comparison test. Error bars 

are the mean ± S.D. * p < 0.05. 
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Figure 5.28 Inflammatory factors unchanged in tumour conditioned media of ex vivo 

primary UM explants.  

Treatment with all drugs tested, quininib, 1,4-dihydroxy quininib, or dacarbazine, did not 

significantly alter the secretion of (A) IFN-γ, (B) IL-10, (C) IL-12p70 (D) IL-4, (E) IL-6, (F) IL-8, or 

(G) IL-1β in ex vivo primary UM tumour explants following 72-hour treatment. Conditioned 

media were collected and analysed by ELISA (n = 11). All secretions were normalised to total 

protein content and results calculated as fold change compared to vehicle control. Statistical 

analysis was performed by ANOVA with Dunnett’s post  hoc  multiple  comparison  test.  Error  

bars  are  the mean  ± S.D.  
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Figure 5.29 Angiogenic factors unchanged in tumour conditioned media of ex vivo primary 

UM explants. 

Treatment with all drugs tested, quininib, 1,4-dihydroxy quininib, or dacarbazine, did not 

significantly alter the secretion of (A) bFGF, (B) Flt-1, (C) PlGF (D) VEGF-A, (E) VEGF-C, (F) VEGF-

D, or (G) Tie-2 in ex vivo primary UM tumour explants following 72-hour treatment. 

Conditioned media were collected and analysed by ELISA (n = 11). All secretions were 

normalised to total protein content and results calculated as fold change compared to vehicle 

control. Statistical analysis was performed by ANOVA with Dunnett’s post hoc multiple 

comparison test. Error bars are the mean ± S.D.  
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Figure 5.30 IL-6 and IL-13 secretion negatively correlate with patient characteristics in 

control-treated primary UM tumours ex vivo. 

Raw secretion levels of 10 inflammatory analytes were compared in n = 11 patient tissues  

treated with vehicle control to determine if correlations existed between secretions in TCM and 

patients’ clinical parameters. A significant negative correlation exists between IL-6 secretion 

and patient age, and IL-13 secretion and tumour thickness. Spearman correlation value > 0.6 is 

considered a strong positive correlation. Spearman correlation value < – 0.6 is considered a 

strong negative correlation. The lower left triangle denotes Spearman correlation values for 

each comparison. Correlation analysis was conducted using GraphPad Prism 7 software. 

Correlations are visualised using a correlation plot generated by biokit for Python. * p < 0.05; ** 

p < 0.01; *** p < 0.0001. LUD = largest ultrasound diameter, LUH = largest ultrasound height. 
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Figure 5.31 VEGF-A and PlGF secretion negatively correlate with patient characteristics in 

control-treated primary UM tumours ex vivo. 

Raw secretion levels of 7 angiogenic analytes were compared in n = 11 patient tissues treated 

with vehicle control to determine if correlations existed between secretions in TCM and 

patients’ clinical parameters. A significant negative correlation exists between VEGF-A secretion 

and largest ultrasound height, and PlGF secretion and chromosome 8 alterations. Spearman 

correlation value > 0.6 is considered a strong positive correlation. Spearman correlation value < 

– 0.6 is considered a strong negative correlation. The lower left triangle denotes Spearman 

correlation values for each comparison. Correlation analysis was conducted using GraphPad 

Prism 7 software. Correlations are visualised using a correlation plot generated by biokit for 

Python. * p < 0.05; ** p < 0.01; *** p < 0.0001. LUD = largest ultrasound diameter, LUH = 

largest ultrasound height. 
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Table 5.4 Inflammatory and angiogenic secretions correlate with clinical characteristics in 

primary UM tumours treated with vehicle control. 

 

Table shows all inflammatory and angiogenic secretions with a strong positive (Spearman 

correlation value > 0.6), or strong negative (Spearman correlation value < – 0.6) correlation to a 

patient clinical characteristic (n = 11). Although not statistically significant (p > 0.05), IL-6 

secretion shows a strong negative correlation with chromosome 8 alterations, and VEGF-D 

secretions shows a strong positive correlation with tumour dimensions. Correlation analysis 

was conducted using GraphPad Prism 7 software.  
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Figure 5.32 IL-13, IL-1β, IL-8 and TNF-α secretion negatively correlate with patient 

characteristics in 1,4-dihydroxy quininib-treated primary UM tumours ex vivo. 

Secreted baseline levels of 10 inflammatory analytes were compared in n = 11 patients treated 

with 1,4-dihydroxy quininib to determine if correlations existed between secretions in TCM and 

patients’ clinical parameters. A significant negative correlation exists between IL-13 secretion 

and tumour thickness, IL-1β secretion and tumour dimensions, LUD, and LUH, IL-8 secretion 

and tumour dimensions, and TNF-α secretion and LUH. Spearman correlation value > 0.6 is 

considered a strong positive correlation. Spearman correlation value < – 0.6 is considered a 

strong negative correlation. The lower left triangle denotes Spearman correlation values for 

each comparison. Correlation analysis was conducted using GraphPad Prism 7 software. 

Correlations are visualised using a correlation plot generated by biokit for Python. * p < 0.05; ** 

p < 0.01; *** p < 0.0001. LUD = largest ultrasound diameter, LUH = largest ultrasound height.
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Figure 5.33 The secretion of angiogenic factors does not significantly correlate with patient 

characteristics in 1,4-dihydroxy quininib-treated primary UM tumours ex vivo. 

Secreted baseline levels of 7 angiogenic analytes were compared in n = 11 patients treated with 

1,4-dihydroxy quininib to determine if correlations existed between secretions in TCM and 

patients’ clinical parameters. No significant correlations were detected despite strong negative 

correlations between VEGF-C secretion and monosomy 3, and PlGF and Flt-1 secretion and 

chromosome 8 alterations. Spearman correlation value > 0.6 is considered a strong positive 

correlation. Spearman correlation value < – 0.6 is considered a strong negative correlation. The 

lower left triangle denotes Spearman correlation values for each comparison. Correlation 

analysis was conducted using GraphPad Prism 7 software. Correlations are visualised using a 

correlation plot generated by biokit for Python. * p < 0.05; ** p < 0.01; *** p < 0.0001. LUD = 

largest ultrasound diameter, LUH = largest ultrasound height. 
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Table 5.5 Inflammatory and angiogenic secretions correlate with clinical characteristics in 

primary UM tumours treated with 1,4-dihydroxy quininib.  

 

Table shows all inflammatory and angiogenic secretions with a strong positive (Spearman 

correlation value > 0.6), or strong negative (Spearman correlation value < – 0.6) correlation to a 

patient clinical characteristic (n = 11). Although not statistically significant (p > 0.05), IL-13 

secretion shows a strong negative correlation with largest ultrasound height, VEGF-C secretion 

shows a strong negative correlation with monosomy 3, and PlGF and Flt-1 secretion show a 

strong negative correlation with chromosome 8 alterations. Correlation analysis was conducted 

using GraphPad Prism 7 software.   
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Figure 5.34 The levels of IL-4, IL-8 and IL-13 are significantly different across primary UM 

patient plasma samples.  

Prior to enucleation, primary UM patient blood samples were taken, and plasma was extracted 

immediately. Two/three technical replicates were analysed per patient for the presence of 

cytokines and the levels of cytokines detected were compared between patients. (D) The level 

of IL-4 was significantly higher in patient 10 and 12 compared to patient 15. (F) The level of IL-8 

was significantly higher in patient 13 compared to all other patients. (G) The level of IL-13 was 

significantly higher in patient 9 and 10 compared to patient 15. The levels of (A) IFN-γ, (B) IL-10, 

(C) IL-12p70, (E) IL-6, and (H) TNF-α were not significantly different across patient samples. 

Statistical analysis was performed by was performed by ANOVA with Tukey’s post  hoc  multiple  

comparison  test. Error bars are the mean ± S.D. * p < 0.05. 
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Figure 5.35 Comparison of cytokines levels in patient plasma versus matched tumour 

conditioned media.  

Matched plasma and tumour conditioned media from ex vivo explants treated with vehicle 

control were analysed by ELISA for 4 primary patients presenting with UM. Two/three technical 

replicates were analysed for plasma samples and one technical replicate was analysed for 

tumour conditioned media. The level of cytokines secreted by tumours appears to be greater 

than those detected in plasma across all factors analysed. Secretions in TCM were normalised 

to total protein content.  
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5.3 Summary of main findings of Chapter 5  

 

• CysLT1 antagonists reduce the growth of heterotopic and orthotopic cell line-derived 

zebrafish xenograft models of primary and metastatic UM.  

 

• The effects of CysLT1 antagonists in zebrafish cell models are cell line and location 

specific. All CysLT1 antagonists tested perform better when cell lines are implanted 

orthotopically. 

 

• CysLT1 antagonists alter the expression of phospho-ERK but have no significant effect on 

the expression of MITF, COX-2, Bcl-2, or Calpain-2 in Mel285 and OMM2.5 cells by 

western blot analysis.  

 

• OMM2.5 cells, but not Mel285 or Mel290 cells, are amenable to successful generation 

of an orthotopic cell line-derived rodent xenograft model of UM. 

 

• In an OMM2.5 cell line-derived xenograft model of metastatic UM, 1,4-dihydroxy 

quininib does not significantly reduce tumour weight versus vehicle. 1,4-dihydroxy 

quininib does significantly reduce tumour weight versus standard-of-care, dacarbazine. 

 

• In an OMM2.5 cell line-derived xenograft model of metastatic UM, 1,4-dihydroxy 

quininib significantly reduces Ki-67 expression versus dacarbazine, but not vehicle 

control. 1,4-dihydroxy quininib significantly reduces ATP5B expression versus vehicle.  

 

• In primary UM patient explant cultures, 1,4-dihydroxy quininib significantly increases 

the secretion of IL-13, IL-2 and TNF-α.  
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5.4 Discussion 

In this chapter, I conducted the first in vivo and ex vivo experiments analysing the effect of 

CysLT1 antagonists in physiologically relevant models of UM. In keeping with the in vitro data 

described in Chapter 4, I show that CysLT1 antagonists can alter cell growth, proliferation, 

metabolism, and inflammation in these models. This data validates the use of these models to 

study novel therapeutics for UM and warrants the use of CysLT1 antagonists in future studies.  

Here, I demonstrated that the effects of CysLT1 antagonists on cell growth and proliferation 

translate into in vivo cell line-derived zebrafish xenograft models of UM. In heterotopic 

xenograft models, CysLT1 antagonists were more effective at inhibiting the growth of primary 

cell lines Mel285 and Mel290. When cells were implanted into the perivitelline space, all CysLT1 

antagonists significantly inhibited the growth of Mel290 cells (Figure 5.2 E), and both quininib 

and montelukast inhibited the growth of Mel285 cells (Figure 5.2 D). No drugs tested 

significantly reduced the growth of OMM2.5 cells implanted into the perivitelline space (Figure 

5.2 F). In contrast, all CysLT1 antagonists performed better when cell lines were orthotopically 

implanted into the eye (Figure 5.3). All CysLT1 antagonists reduced the growth of Mel285 and 

Mel290 cells implanted orthotopically (Figure 5.3, D,E). Quininib and montelukast reduced the 

growth of OMM2.5 cells implanted orthotopically (Figure 5.3 C). Ocular implantation more 

closely replicates the clinical origin of UM. There are many similarities between the human and 

zebrafish eye and zebrafish are considered a robust model in which to study human ocular 

disease [287]. Indeed, the enhanced effects observed in the Mel285 and Mel290 models may be 

due to the fact that both cell lines originated from the eye, whereas OMM2.5 cells are derived 

from the liver.  

Previous studies of zebrafish cell line-derived xenograft models of UM (cells were injected into 

the yolk sac), describe that metastatic cell lines show greater proliferation than ocular UM cell 

lines [259]. Our data suggests that the size of tumours developed following OMM2.5 cell line 

implantation is more variable than those developed from Mel285 and Mel290 implantation, 

and that the relative tumour size is significantly smaller in OMM2.5 cell line-derived zebrafish 

xenografts implanted in both the eye and the perivitelline space (Figure 5.4). It may be the case 

that OMM2.5 cells should be allowed to grow and proliferate for longer before commencement 
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of drug treatment, in order to see results equivalent to the primary cell lines. In zebrafish 

xenograft studies of UM performed by van der Ent et al. (2014), OMM2.5 cells were allowed to 

grow for a total of 8 days [259], versus the 5 days evaluated in our experiments. Prolonging 

experiments in embryonic zebrafish is protected by animal experimentation legislation. 

Therefore, these factors are important considerations for use of these models for future drug 

screens.  

In contrast to what was described in Chapter 4 in cell lines in vitro, montelukast appears to have 

an equally, if not more, significant effect on zebrafish xenograft cell growth across all three cell 

lines (Figure 5.2 and Figure 5.3). Importantly, the maximum tolerated dose of montelukast 

determined, and therefore administered to zebrafish embryos, during this study was 20 µM. 

This compares to 10 µM 1,4-dihydroxy quininib and 3 µM quininib. Indeed, the effects of 

montelukast at this higher dose are in keeping with our in vitro findings which suggest that the 

traditional CysLT1 antagonist may be less potent than the novel quininib analogues which exert 

significant effects at considerably lower concentrations.   

In this chapter, I sought to identify the key pathways through which the CysLT1 antagonists 

were mediating their effects in UM cells. I was interested in further understanding how exactly 

antagonism of CysLT1 effects and alters the vital cancer hallmarks examined in Chapter 4. 

Activation of the MAPK pathway is extremely common in UM and CysLT1 antagonists 

downregulate phospho-ERK expression [203,267]. As ERK is the primary downstream effector of 

the MAPK pathway, I hypothesised that phospho-ERK expression would be altered in UM cells 

following treatment with CysLT1 antagonists. In Mel285 cells, treatment with 1,4-dihydroxy 

quininib and montelukast significantly decreases the expression of phospho-ERK following 1 

hour of treatment (Figure 5.5 A). This is in keeping with published findings, whereby CysLT1 

antagonist induced alterations in ERK phosphorylation are observed following treatments of < 1 

hour [203,267]. This effect is lost in Mel285 cells treated for > 1 hour, and montelukast 

paradoxically increases phospho-ERK expression following 8 hours of treatment (Figure 5.5 A). 

In OMM2.5 cells, a similar effect is observed whereby treatment with 1,4-dihydroxy quininib 

significantly up-regulates phospho-ERK expression following 2 hours of treatment (Figure 5.5 

B). These results suggest that CysLT1 antagonism does alter MAPK signalling in UM cells. 
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However, the effect of CysLT1 antagonists on ERK phosphorylation is transient and likely to 

occur rapidly. Treatments of < 1 hour may give better insights into the effects of these drugs on 

MAPK signalling in UM cells. In B-Raf mutated cutaneous melanoma, resistance to Raf inhibition 

is associated with paradoxical activation of MEK/ERK signalling [288]. Further work is required to 

elucidate if CysLT1 antagonism promotes similar effects in UM cells, and if such an effect is cell 

line or mutation specific.  

LTRAs did not significantly alter the expression of MITF, COX-2, Bcl-2, or Calpain-2 in UM cell 

lines (Figure 5.6 – 5.8). In melanocytes, MITF-M plays a hugely important role in proliferation 

and survival [289] and is a target of ERK phosphorylation [268]. Downregulation of phospho-ERK 

accompanies downregulated MITF expression in UM cells [270]. Despite downregulation of 

phospho-ERK in Mel285 cells following 1-hour treatment with CysLT1 antagonists (Figure 5.5 A), 

a corresponding effect was not detected on MITF expression of a specific isoform (Figure 5.6 A). 

In melanocytes, sustained ERK phosphorylation stimulates degradation of MITF [268]. Despite 

upregulation of phospho-ERK in Mel285 following 8 hours of treatment (Figure 5.5 A) and in 

OMM2.5 following 2 hours of treatment (Figure 5.5 B), no effect on MITF expression was 

observed in either cell line (Figure 5.6 A,B). MITF is a marker for innate and acquired resistance 

to MAPK pathway inhibitors in cutaneous melanoma [289]. Surprisingly, both enhanced and 

decreased expression is linked to lack of treatment response [289]. In Mel285 and OMM2.5 

cells, enhanced or reduced expression of phospho-ERK by CysLT1 antagonists could not be 

linked to alterations in MITF expression at the time points examined (Figure 5.6 A,B).  

Despite evidence that CysLTs induce up-regulation of COX-2 and Bcl-2 [290], we found that 

LTRAs had no effect on the expression of either COX-2 or Bcl-2 in Mel285 or OMM2.5 cell lines 

(Figure 5.7). However, the effect of CysLTs and LTRAs on COX-2 and Bcl-2 expression is cell line-

dependent. Tsai et al. (2017) report that montelukast significantly effects the expression of 

COX-2 and Bcl-2 in A549 lung cancer cells, while no significant effect was detected in CL-15 lung 

cancer cells despite montelukast inhibiting proliferation in both cell lines [141]. 

Treatment with LTRAs did not alter the expression of Calpain-2 in Mel285 or OMM2.5 UM cells 

(Figure 5.8). This conflicts with the finding that 1,4-dihydroxy quininib significantly reduces 
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Calpain-2 expression in HMEC-1 cells [145] and in an in vivo cell line-derived xenograft model of 

colorectal cancer by IHC [280]. Calpains are strongly involved in angiogenesis [291], and the 

downregulation of Calpain-2 in HMEC-1 cells by 1,4-dihydroxy quininib corresponds with a 

decrease in VEGF-A secretion [145]. Given that quininib and 1,4-dihydroxy quininib significantly 

upregulate the secretion of VEGF-A in Mel285 and OMM2.5 cells, respectively (Table 4.4), this 

may explain the different effects on Calpain-2 expression observed across different cell lines.  

It is possible that alterations in protein expression due to CysLT1 antagonism may be more 

evident following pre-treatment with an exogenous source of leukotrienes. However, none of 

our drug treatment assays were conducted in the presence of exogenous CysLTs and 

endogenous production of CysLTs by cell lines in vitro has been confirmed [130].  

The zebrafish xenograft model serves as a promising intermediate model in which to test 

candidate drugs from in vitro screens in a high- to medium-throughput setting prior to more 

expensive and time-consuming rodent models [256]. Here, we applied a range of models to 

further enhance our understanding of CysLT1 antagonism in UM and developed an OMM2.5 cell 

line-derived orthotopic xenograft model of metastatic UM (Figure 5.9). Importantly, we show 

that novel CysLT1 antagonist, 1,4-dihydroxy quininib is safe and well tolerated in this model 

(Figure 5.10), with no adverse effects experienced by animals in this treatment group. 

Following three weeks of treatment, 1,4-dihydroxy quininib did not significantly reduce tumour 

weight versus vehicle control (Figure 5.13). However, 1,4-dihydroxy quininib treated mice 

showed a significant reduction in tumour weight versus those treated with dacarbazine (Figure 

5.13). This finding corroborates our in vitro data from Chapter 4, whereby dacarbazine had 

negligible effects on UM cells in all assays tested. Similarly, this data further emphasises the 

ineffectiveness of dacarbazine as a chemotherapeutic agent in UM and provides additional 

evidence against further use of this drug in metastatic patients.  

Despite the many advantages afforded by orthotopic xenograft models, the intrahepatic 

location of the tumours in our model meant that continuous monitoring of tumour 

development over time (e.g., using calliper measurements) was not possible. Therefore, while 

final tumour weight was not significantly decreased by 1,4-dihydroxy quininib versus control, 
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we cannot rule out changes in tumour size throughout the treatment regime. In a subcutaneous 

cell line xenograft model of colorectal cancer, both quininib and 1,4-dihydroxy quininib reduce 

tumour volume, as assessed by calliper measurements every 3 days, versus vehicle [132]. In this 

model, both CysLT1 antagonists were administered for 5 weeks, with significant differences in 

tumour volume evident by approximately day 35 [132]. In contrast, our study ran for 21 days in 

total meaning that the study may have concluded before significant changes in tumour weight 

could be detected. Future studies examining the effect of CysLT1 antagonists in xenograft 

models of UM should expand the treatment protocol to determine if a more prolonged 

treatment regime produces a significant result.  

In agreement with the reduction of tumour weight versus dacarbazine, 1,4-dihydroxy quininib 

significantly reduced expression of Ki-67 versus dacarbazine treated mice (Figure 5.16 B). This 

suggests that the effect on tumour weight was due to reduced proliferation in 1,4-dihydroxy 

quininib treated tumours or by increased proliferation in dacarbazine treated tumours. Despite 

an average reduction of approximately 10%, the effect of 1,4-dihydroxy quininib on Ki-67 

expression versus vehicle control did not reach statistical significance (p = 0.08) (Figure 5.16 B). 

This is in agreement with findings by Butler et al. (2019) whereby 1,4-dihydroxy quininib 

reduced, but did not significantly alter (p = 0.09) Ki-67 expression versus vehicle in a 

subcutaneous xenograft model of colorectal cancer, despite significantly reducing tumour 

volume in this model [132]. Similarly, montelukast decreases Ki-67 expression in a subcutaneous 

cell line xenograft model of lung cancer [141] and a subcutaneous cell line xenograft model of 

colorectal cancer [130], however, these results failed to reach statistical significance. As 

previously described, it is possible that an extended treatment regime could produce a 

significant effect on Ki-67 expression in mice treated with 1,4-dihydroxy quininib versus vehicle.  

There are a number of studies that report the induction of apoptosis by LTRAs in vitro. In vivo, 

1,4-dihydroxy quininib did not significantly alter the expression of cleaved caspase-3 in an 

orthotopic xenograft model of metastatic UM versus vehicle or dacarbazine (Figure 5.17 B,C). 

This result agrees with findings by Butler et al. (2019) whereby 1,4-dihydroxy quininib did not 

significantly alter expression of cleaved caspase-3 in a xenograft model of colorectal cancer, 

despite significantly reducing tumour volume [132]. Similarly, 1,4-dihydroxy quininib did not 
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significantly alter the necrotic area of tumours versus vehicle or dacarbazine (Figure 5.18). Our 

results suggest that the decrease in Ki-67 expression in 1,4-dihydroxy quininib treated tumours 

(Figure 5.16) is not related to increased apoptosis or necrosis.  

1,4-dihydroxy quininib significantly reduced the expression of ATP5B, a marker of oxidative 

phosphorylation versus vehicle in our orthotopic xenograft model (Figure 5.19 B,C). This agrees 

with our in vitro data described in Chapter 4, whereby LTRAs decrease oxidative 

phosphorylation in primary and metastatic UM cells. Our data shows that the effect of 1,4-

dihydroxy quininib on ATP5B expression in vivo is independent of, and not a secondary effect of 

decreased proliferation, suggesting that 1,4-dihydroxy quininib can directly alter oxidative 

phosphorylation in UM cells. In addition to our finding that ATP5B is significantly higher in 

patients presenting with UM with recurrent disease (Figure 4.23), ATP5B participates in 

carcinogenesis and is associated with poor outcomes in a number of malignancies [215,292,293]. 

ATP signals through activation of purinergic P2 receptors (P2R) [294], the closest homologs of 

which are the CysLT receptors [295]. Heterodimerisation of CysLT and purinergic receptors is 

suggested [296] and LTE4 is reported to signal through P2Y12 [297,298]. Montelukast, pranlukast, 

and zafirlukast antagonise P2Y signalling in several cell systems independently of CysLT1 

antagonism [299,300] and inhibitory effects of montelukast on osteoclastogenesis are believed 

to be mediated via antagonism of both CysLT1 and P2Y12 [267]. It would be interesting to 

determine if the effects of CysLT1 antagonists in UM models is attributed to antagonism of P2Y 

signalling, and if this can explain the effects of 1,4-dihydroxy quininib treatment on oxidative 

phosphorylation and ATP5B expression.  

Interestingly, a number of studies have validated the chemopreventive effect of LTRAs in in vivo 

models [130,141,301]. Tsai et al. (2016) investigated the effect of prophylactic montelukast 

administration in a lung cancer xenograft model, with treatment beginning 3 days prior to Lewis 

lung carcinoma cell injection [141]. Similarly, Savari et al. (2013) pre-treated colorectal cells with 

CysLT1 antagonists, ZM198,615 or montelukast for 30 minutes prior to subcutaneous cell 

implantation [130]. In the ZM198,615 pre-treatment group, tumour occurrence was reduced by 

66% and mean tumour weight was significantly decreased [130]. In the montelukast pre-

treatment group, tumour growth was completely inhibited [130]. In future studies, it would be 
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interesting to determine if 1,4-dihydroxy quininib can halt the initiation and growth of liver 

tumours, rather than reducing tumours already present. This would be in keeping with the 

reported chemopreventive effects of LTRAs in human asthmatic patients, as described in 

Chapter 4.  

Pharmacologically, the liver is a difficult organ to target therapeutically. The liver functions to 

metabolically transform and excrete drugs, resulting in many compounds being cleared by first-

pass metabolism before mediating their desired therapeutic effects [302]. The data generated 

using the cell line-derived xenograft model of metastatic UM provides proof-of-concept that 

1,4-dihydroxy quininib can be safely and successfully administered intraperitoneally and 

mediate molecular changes in tumours developing in the liver. This warrants further use of this 

drug in additional metastatic UM studies.  

As with in vitro cell culture, there are also limitations to cell line-derived models. Cell lines likely 

represent a subpopulation of the original tumour and are largely homogenous, due to the 

selective survival pressures present in culture conditions [303]. Indeed, it has been shown that a 

number of UM cell lines are divergent from the original patient tumour [152]. Ex vivo culture of 

tumours better recapitulate the tumour microenvironment by incorporating heterogenous 

tumour cells along with associated stroma and tumour infiltrating leukocytes [304], and they 

offer the opportunity to analyse personalised patient responses to drug treatments. Results 

obtained from tumours grown ex vivo can inform which models and which drug candidates are 

most suitable for testing in future in vivo. 

In ex vivo tumour tissue from three independent OPDX liver tumours, treatment with quininib 

or 1,4-dihydroxy quininib had no effect on the secretion of any inflammatory factors examined 

(Figure 5.21-5.23). Treatment with dacarbazine significantly increased the secretion of IL-10 

versus vehicle in the mUM1 model (Figure 5.21 B). This contrasts massively with the effect of 

LTRAs on the secretion of inflammatory and angiogenic factors in vitro (Table 4.3 and 4.4). 

Similarly, dacarbazine had no effect on the secretion of any factors examined in vitro. Given 

that the tumours were sent fresh from Barcelona to Dublin, we cannot rule out deterioration in 

tissue viability prior to processing and culturing the tumours. This may have contributed to the 
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lack of effect of CysLT1 antagonists on the secretion of factors examined. Future studies should 

work with frozen tumour samples and incorporate a more sophisticated and accurate readout 

of tissue viability into the research protocol to determine if the observed effects accurately 

reflect the effect of CysLT1 antagonists in ex vivo PDX models. When comparing the basal level 

of secretion in tumours from all three models treated with vehicle control, we found that IL-10 

was significantly upregulated in mUM7 versus mUM1 (Figure 5.24 B), and IL-6 was significantly 

upregulated in mUM4 versus mUM7 (Figure 5.24 H).  

Using FFPE tumours arising from the same PDX models, we examined the expression of CysLT1 

and CysLT2. To our knowledge, this is the first report of CysLT1 or CysLT2 expression in 

metastatic UM tumours. We confirmed cytoplasmic expression of both receptors in PDX 

tumours of patients presenting with metastatic UM (Figure 5.26). This confirms that the lack of 

effect of CysLT1 antagonists on the secretion of inflammatory factors was not due to lack of 

receptor expression in metastatic UM tissue. While both receptors were expressed in tumours 

arising from all three patient models, the levels of expression varied quite substantially. 

Cytoplasmic expression of CysLT1 and CysLT2 was highest in the mUM7 model, while expression 

of both receptors was quite low in the mUM4 model (Figure 5.26). In the mUM1 model, the 

level of CysLT1 expression was higher than the level of CysLT2 expression (Figure 5.26). This data 

suggests that certain models may be more response to treatment with LTRAs and should be 

chosen for future in vivo studies. The mUM1 model was derived from a tumour harbouring a 

GNA11 mutation. In agreement with our expression data from Chapter 3, this suggests that 

altered or increased expression of CysLT1 is not restricted to patients harbouring a CYSLTR2 

mutation. The mutation status of the mUM4 and mUM7 models is currently unknown. It will be 

interesting to determine if mutation status or clinical characteristics can account for the 

different levels of expression of CysLT1 and CysLT2 in these PDX tumours of metastatic UM and 

if this effects response to LTRAs in future studies.  

In Chapter 4, we identified quininib and 1,4-dihydroxy quininib to significantly alter the 

secretion of cancer-associated inflammatory and angiogenic factors from UM cell lines. Using 

fresh primary UM tumour samples donated by patients undergoing enucleation surgery, we 

sought to determine if similar effects were observed in ex vivo tumours. 11 fresh primary UM 
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tumours were dissected and cultured for 72 hours in the presence of 20 µM quininib, 1,-4-

dihydroxy quininib, dacarbazine, or vehicle control before collection of TCM for ELISA analysis 

(similar to as described in Figure 5.20). Interestingly, the secretion of factors differed quite 

substantially to those detected using UM cell lines in Chapter 4. This result is not entirely 

surprising given the heterogeneity of cells within the ex vivo tumours. In primary UM tumours, 

treatment with quininib or 1,4-dihydroxy quininib did not significantly alter the secretion of any 

angiogenic factors analysed (Figure 5.29). 1,4-dihydroxy quininib significantly upregulated the 

secretion of IL-12, IL-2 and TNF-α versus vehicle control in primary UM patient tumours (Figure 

5.27). Despite significant effects mediated by quininib on the secretion of inflammatory 

mediators in UM cell lines (Table 4.3), quininib did not significantly alter the secretion of any 

factors analysed in primary UM tumours. The response of primary UM patient tumours to 

LTRAs appears to more closely resemble the response observed in the metastatic OMM2.5 

cells, rather than the primary Mel285 cells. This may be owing to mutational differences 

between the two cell lines. The OMM2.5 cell line possess a GNAQ mutation [152], which is likely 

to be present a number of the patient samples included in this study.  

Immunotherapy has dramatically altered patient outcomes in cutaneous melanoma [305], yet 

the same benefits have not been realised in UM. The low mutational burden, the immune-

privileged environment of the eye, and the immune-modulatory microenvironment of the liver 

are all linked to immune suppression in UM [51,306]. Strategies to enhance the immunogenicity 

of UM, and therefore potential response to immunotherapies are desirable. Therefore, 

enhanced secretion of certain inflammatory cytokines may be beneficial in the treatment of 

UM, particularly in the context of combination therapy approaches. In UM, NK cells have 

emerged as a particularly attractive, non T-cell dependent, treatment approach [96]. Pranlukast 

and montelukast enhance treatment efficacy in hepatocellular carcinoma cells through 

facilitating NK cell-mediated cytotoxicity [307]. Treatment with 1,4-dihydroxy quininib increases 

the secretion of IL-13 in primary UM tumours (Figure 5.27 A) and increased vitreous 

concentrations of IL-13 in eyes with UM correlates with statistically improved overall survival 

[234]. IL-13 is produced by NK cells which are reported to prevent metastases or to kill tumour 

cells in the circulation before reaching the liver in in vivo UM models [96,185]. It is suggested that 
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increased IL-13 may promote NK cell activity which may decrease the metastatic potential of 

UM cells [234]. 1,4-dihydroxy quininib increases the secretion of IL-2 from primary UM tumours 

(Figure 5.27 B). IL-2 is a key player in immune system activation and was one of the first FDA-

approved immunotherapy drugs for metastatic melanoma [241]. IL-2 has been administered to 

patients presenting with UM as a combination therapy with notable clinical benefits [242,243]. 

Similarly, the role of IL-2 in the proliferation and expansion of NK cells is well established [308] 

and in vivo, the anti-tumour activity of activated NK cells depends on the continuous availability 

of IL-2 (or IL-15)[309]. The use of TNF-α inhibitors has been linked to cutaneous [310] and uveal 

melanoma development [184], suggesting that TNF-α acts to suppress melanocytic tumour 

growth. NK cells also produce TNF-α [308] and NK cells exert anti-tumour functions by inducing 

apoptosis through TNF-α [52]. In a NK-depleted orthotopic model of metastatic uveal 

melanoma, gene expression of Tnfa was significantly reduced, which coincided with an 

increased number of hepatic metastases [185].  

Given that treatment with 1,4-dihydroxy quininib significantly increases the expression of 

markers of dendritic cell maturation in ex vivo colorectal cancer patient explants, and these 

markers correlate with increased secretion of inflammatory factors [200], it would be interesting 

to determine if a similar effect is observed in UM patient samples. Of particular interest, would 

be the effect of 1,4-dihydroxy quininib treatment on the expression of HLA and PD-L1, both of 

which are important for the effectiveness of currently available immunotherapies. The 

secretion IL-13 was significantly increased following treatment of DCs with TCM from 1,4-

dihydroxy quininib treated tumour explants [200]. DC cells play a predominant role in NK cell 

activation and similarly, IL-2 activated NK cells induce immature DC activation [311]. TNF-α is 

also involved in bidirectional cross-talk between NK cells and DCs [311]. It would be interesting 

to examine the secretion of MIF (Macrophage Migration Inhibitory Factor) and TGF-β following 

1,4-dihydroxy quininib treatment to determine if upregulation of IL-13, IL-2 and TNF-α coincide 

with changes in secretion of these cytokines. Both MIF and TGF-β have inhibitory effects on NK 

cells [52]. MIF promotes immune privilege by inhibiting NK cell activity in the eye [90] and 

protects against NK cell-mediated killing in UM [312].  
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We analysed the correlation between the secretion of inflammatory and angiogenic factors and 

patient characteristics in primary UM tumour specimens treated with vehicle (Figure 5.30 and 

5.31) and 1,4-dihydroxy quininib (Figure 5.32 and 5.33). Interestingly, all significant correlations 

were found to be negative, whereby high secretion of a particular factor negatively correlated 

with a patient characteristic. Many of the patient characteristics examined are indicators of 

poor prognosis [18]. This indicates that increased secretion of inflammatory cytokines may 

actually be favourable in primary UM tumours. Of note, high secretion of IL-13 negatively 

correlates with tumour thickness, a poor prognostic indicator, in both vehicle and 1,4-dihydroxy 

quininib treated tumours (Figure 5.30 and 5.32), again suggesting that high levels of IL-13 may 

be beneficial in primary UM tumours, as described by Nagarkatti-Gude et al. (2012) [234]. In this 

study, Nagarkatti-Gude et al. (2012) examined the secretion of inflammatory cytokines in the 

vitreous of eyes with UM and correlated these secretions to some prognostic indicators [234]. 

To our knowledge, ours is the first study to examine the secretion of factors from primary UM 

tumours cultured ex vivo, and the first to correlate the secretion of factors to clinical 

characteristics.  

We examined correlations in control treated and 1,4-dihydroxy quininib treated tumours as we 

hypothesised that this may reveal further differences in the secretion of factors from tumour 

specimens assigned to different treatment groups. In control treated tumour specimens, there 

were strong negative correlations between IL-6 secretion and age, IL-6 secretion and 

chromosome 8 alterations, and VEGF-A secretion and largest ultrasound height (Table 5.4). A 

strong positive correlation was detected between VEGF-D secretion and tumour dimensions 

(Table 5.4). None of the above correlations were maintained when examining the secretions 

from 1,4-dihydroxy quininib treated tumours (Table 5.5). Given that the patient characteristics 

remain constant, the level of secretion of IL-6, VEGF-A, and VEGF-D must be altered in tumours 

treated with 1,4-dihydroxy quininib versus those treated with vehicle. The negative correlations 

between IL-13 secretion and tumour thickness, and PlGF secretion and chromosome 8 

alterations were maintained in both control and 1,4-dihydroxy quininib treated tumours (Table 

5.5). In addition, a negative correlation between IL-13 secretion and largest ultrasound height 

was detected in 1,4-dihydroxy quininib treated tumours. This, and the significant negative 
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correlation detected between TNF-α secretion and largest ultrasound height, is not surprising 

given that both IL-13 and TNF-α secretion are significantly upregulated following 1,4-dihydroxy 

quininib treatment (Figure 5.27 A,C). In addition, significant negative correlations were 

detected between IL-1β secretion and tumour dimensions, LUH and LUD, and IL-8 and tumour 

dimensions in 1,4-dihydroxy quininib treated samples (Table 5.5). Again, this suggests that the 

secretion of IL-1β and IL-8 must differ between control and 1,4-dihydroxy quininib treated 

samples. Owing to the small sample size (n = 11), significant differences in the secretion of 

cytokines may be difficult to detect. The inclusion of additional patient samples may reveal 

differences in the secretion of IL-6, VEGF-A, VEGF-D, IL-1β, and IL-8 in control and 1,4-dihydroxy 

quininib treated primary UM tumours.  

Liquid biopsies for the detection and monitoring of UM are extremely desirable [313,314]. In a 

preliminary, exploratory study we analysed the secretion of inflammatory mediators from 

patient plasma samples (n = 7) to determine if plasma cytokines could be detected and if the 

levels of cytokines varied between patients presenting with UM. The levels of IL-4, IL-8 and IL-

13 were significantly different across patient plasma samples (Figure 5.34 D, F, and G, 

respectively). Given the link between high IL-13 secretion and improved patient prognosis in 

UM, and our finding that 1,4-dihydroxy quininib increases IL-13 secretion, this finding is 

particularly interesting. Recently, it was reported that levels of pro-inflammatory and pro-

angiogenic chemokines are significantly higher in the serum of patients presenting with UM 

versus match “healthy” donors [315]. Future studies should include control, non-UM patient 

samples to analyse if cytokines levels are significantly higher in patients presenting with UM 

versus matched donors. In a small patient cohort (n = 4), we observed that the secretion of 

inflammatory factors appeared to be much higher in TCM from ex vivo primary tumours versus 

patient plasma (Figure 5.35). Given that UM dissemination is haematogenous, it would be 

interesting to measure the secretion of factors in the same patients over time to determine if 

alterations can be correlated to disease progression, patient characteristics, or prognosis.  

In conclusion, this chapter focuses on the development and analysis of physiologically relevant 

in vivo xenograft models and ex vivo tumour models of UM. The models generated more closely 

recapitulate the UM tumour microenvironment than traditional cell lines and are aimed at 
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providing a more patient-specific approach. In support of our in vitro data, we have shown that 

CysLT1 antagonists retain their anti-cancer properties and effects on cell growth, metabolism, 

and the secretion of inflammatory mediators using these higher order research models. Further 

work is required to understand the exact mechanism through which CysLT1 antagonism alters 

cell growth, metabolism, and cytokine secretion. Given that 1,4-dihydroxy quininib exerts 

significant immunomodulatory effects, it will be important to test the effect of CysLT1 

antagonism in humanised PDX models. The preclinical data presented in this chapter further 

strengthen the relevance of targeting CysLT1 in UM.  
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Chapter 6: Discussion and future directions 
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6.1 Discussion  

Uveal melanoma is a rare, ocular cancer that threatens patients with visual impairment, ocular 

discomfort, facial disfigurement, and in half of all cases, death from metastatic disease [8,40]. 

Despite major advances and improvements in control of local disease, there is currently no 

approved therapy that can prevent or stop the growth of metastases. Many patients will 

undergo severe, life-altering surgery or radiotherapy without any clear indication that it will 

reduce their risk of metastatic disease or prolong their lives [316]. Uveal melanoma 

metastasises, through haematogenous spread, in approximately 50% of all patients [317]. The 

liver is the predominant site for secondary disease, and once metastases are detected, the 

outlook for patients is extremely sombre. The median overall survival is approximately 13.4 

months, with as few as 8% of patients surviving beyond 2 years [19,54].  

Although considered a rare disease, recent reports suggest that Ireland may have one of the 

highest incidence rates of UM in Europe, and possibly the world, with an incidence of 9.5 per 

million of the population [4]. Indeed, a number of predisposing risk factors including light eye 

colour, fair skin, and the inability to tan are characteristic traits of the native Irish population. 

The dedicated ocular oncology service in Ireland reports an average of 45 new cases of primary 

UM detected annually [4]. Each of these patients will be faced with the 50/50 prospect of a 

potential devastating diagnosis of metastatic disease, with no effective treatment options 

available to them. Despite an increased understanding of the main oncogenic events in UM, 

there is a lack of therapies that can enhance patient survival in the metastatic setting. Some 

novel immunotherapy strategies have demonstrated promising preliminary results, albeit in 

specific patient populations [40]. Therefore, there is an overwhelming, unmet clinical need for 

new and effective treatment approaches in UM. 

The cysteinyl leukotrienes and their receptors have been long associated with inflammation 

and bronchoconstriction and are successfully targeted for the treatment of asthma [318]. More 

recently, accumulating evidence suggests their involvement in a wider range of inflammation-

associated diseases including cardiovascular disease, neurodegenerative disorders, and cancer 

[319]. Altered expression of cysteinyl leukotriene receptors has been reported in several cancer 

types, with prognostic implications in colorectal and breast cancer [139,140]. CysLT1 receptor 
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antagonism has shown anti-tumourigenic and chemopreventive effects across a range of in 

vitro and in vivo cancer models [130,131,141]. Previous research in our lab identified a role for 

novel CysLT1 antagonists, quininib and 1,4-dihydroxy quininib, in the inhibition of ocular 

angiogenesis [203] and suppression of tumourigenic properties in a variety of preclinical 

colorectal cancer models [132,133]. These findings, and the identification of the CYSLTR2 

oncogene in UM [31], led to the hypothesis on which this thesis is based. We hypothesised that 

altered expression of CysLT receptors was a feature of UM, and that targeting CysLT receptors 

would alter cancer hallmarks and represent a potential therapeutic target in the disease.  

We examined the expression of CYSLTR1 and CYSLTR2 in primary UM using the data available 

for 80 patients from TCGA-UM dataset. We found that high expression of both receptors was 

significantly associated with reduced disease-free survival and overall survival. Expression of 

CYSLTR1 and CYSLTR2 proved to be significant independent prognostic parameters when 

evaluated with patient sex and age of diagnosis. Using TCGA-UM dataset and Gene Set 

Variation Analysis, we interrogated the relationship between high CYSLTR1 and CYSLTR2 

expression and expression profiles relating to key hallmarks and pathways of interest. 

Unsurprisingly, high expression of both receptors was significantly linked to high expression in 

gene signatures associated with angiogenesis, inflammation, and GPCR signalling. High 

expression of both receptors was significantly associated with IFN-γ and TNF-α pathways, 

critical regulators of the immune microenvironment. Undoubtedly, the immunosuppressive 

microenvironment of both primary and metastatic UM is a characteristic feature of the disease. 

Cysteinyl leukotrienes are predominantly produced by cells of the innate immune system and 

their receptors are expressed on inflammatory cells [173]. We identified a positive correlation 

between CYSLTR1 and CYSLTR2 and immune cells in TCGA-UM samples. We determined that 

the association between high CYSLTR1 expression and patient outcomes is due to immune and 

stromal cell infiltration of the tumour. In contrast, high expression of CYSLTR2 and its 

association to patient outcomes was not associated with tumour infiltrate, suggesting that the 

expression is derived from the melanoma cells. In Chapter 4 and Chapter 5, we further probed 

this association between CysLT receptors and inflammation by analysing the secretion of 

inflammatory mediators post- antagonist treatment in in vitro and ex vivo UM models.  
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To further investigate the association between CysLT receptor expression and patient 

outcomes, we performed immunohistochemical analysis of CysLT1 and CysLT2 expression in 

two, independent primary UM patient cohorts. In the first patient cohort, we confirmed by 

manual and digital analyses that high expression of CysLT1 in primary UM is significantly 

associated with reduced OS and melanoma-specific survival. In contrast to what was identified 

at the gene expression level, expression of CysLT2 was not significantly associated with patient 

outcomes in this cohort. Of note, we detected cytoplasmic expression of CysLT1 and CysLT2 in 

100% of patient samples analysed. However, both receptors are not highly expressed in the 

uveal tract under normal physiological conditions [191]. This further underpins the involvement 

of both receptors in primary UM. It would be interesting to determine if the same level of 

expression is observed across metastatic UM tumours. In a second, independent primary UM 

patient cohort, we validated our findings and found that high expression of CysLT1 is 

significantly associated with OS and melanoma-specific survival. Again, we identified that 

expression of CysLT2 was not significantly associated with patient outcomes in this cohort. 

Given that high numbers of TILs and TAMs are associated with a poor prognosis in UM [18], and 

our finding that high expression of CYSLTR1 is associated with immune cell infiltration, it would 

be interesting to assess the association between CysLT1 expression and immune cells in primary 

and metastatic UM tumours also. The findings of this chapter solidified the relationship 

between CysLT receptor expression and UM and highlighted the potential benefit of targeting 

them therapeutically.  

The association between CysLT expression and survival in primary UM uncovered in Chapter 3 

provided rationale for the use of CysLT receptor antagonists in preclinical models of UM. In 

Chapter 4, I investigated the therapeutic potential of CysLT receptor antagonists in primary and 

metastatic UM cells in vitro. We found that CysLT1 antagonists significantly altered cell viability, 

long-term proliferation, the secretion of inflammatory and angiogenic factors, and oxidative 

phosphorylation in UM cell lines. In contrast, CysLT2 antagonist HAMI 3379, and 

chemotherapeutic, dacarbazine, had no effects on the hallmarks examined. The lack of 

effectiveness of HAMI 3379 was surprising due to the identified CYSLTR2 oncogene and the 

association between high CYSLTR2 expression and patient survival described in Chapter 3. 
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Ideally, an inverse agonist would be required to halt the effect of constitutively active signalling 

through the mutant CYSLTR2 [13]. Should one become available, it would be interesting to 

determine the effect in CYSLTR2 mutant and wild-type cell lines, as well as in patients 

harbouring the CYSLTR2 mutation. CysLT1 antagonists reduce cell viability in a time- and dose-

dependent manner in primary and metastatic UM cell lines. The same effects were not 

observed in ARPE-19 cells, a non-cancerous, ocular cell line, suggesting that this effect is 

specific to UM cells. In agreement, CysLT1 antagonists, quininib and 1,4-dihydroxy quininib, 

attenuate long-term proliferation in primary and metastatic UM cells. Montelukast did not have 

the same effect on long-term proliferation at 20 μM, suggesting that the clinically available 

CysLT1 antagonist is less potent. 

In Chapter 3, we found that high expression of both receptors was significantly linked to gene 

signatures associated with angiogenesis. In Chapter 4, we found that quininib and 1,4-dihydroxy 

quininib significantly increase the secretion of a number of angiogenic factors, including VEGF-A 

and Flt-1, in UM cell lines. This was surprising, given the reported anti-angiogenic properties of 

these drugs [132,144]. However, previous attempts at anti-angiogenic therapy in UM have 

yielded unsuccessful results [102] and bevacizumab treatment induces VEGFA expression in UM 

cells [103] in a process known as “pseudohypoxia”. In Chapter 3, we determined that high 

CYSLTR1 expression was linked with immune cell infiltration. Given the unique immune 

environment of UM, we sought to determine the effect of LTRAs on the secretion of 

inflammatory mediators. Quininib and 1,4-dihydroxy quininib exert profound differences on the 

secretion of inflammatory factors in primary and metastatic UM cells. The secretion of eight 

inflammatory factors (IL-13, IL-10, IL-6, IL-1β, IL-8, IL-12p70, IL-2 and TNF-α) are significantly 

increased in OMM2.5 metastatic UM cells following 24-hour treatment. The upregulation of 

five of these factors (IL-13, IL-1β, IL-8, IL-12p70 and TNF-α) is maintained in OMM2.5 cells 

following 96-hour treatment. In contrast, quininib drugs significantly decrease the secretion of 

IL-6, IL-2 and IL-12p70 in Mel285 primary UM cells. The role of individual cytokines in primary 

and metastatic UM remains elusive. However, given the unique immunosuppressive 

environment encountered by UM cells, it is possible that an enhanced inflammatory response, 

as measured by increased cytokine release, may prove beneficial.  
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Alterations in cellular metabolism and the potential of targeting cancer metabolism are poorly 

understood in UM. UM has one of the highest OXPHOS signatures across 31 tumour types [249], 

and upregulation of OXPHOS is associated with treatment resistance in vitro [248]. In Chapter 4, 

we have shown that high expression of ATP5B, a marker of OXPHOS, is associated with UM 

recurrence and CysLT1 antagonists significantly reduce OXPHOS in primary and metastatic UM 

cells. In addition to the effects on cell viability and proliferation mediated by CysLT1 antagonists, 

their effects on OXPHOS may improve the efficacy of currently available targeted therapies. 

Future experiments could examine the expression of ATP5B using patient TMAs to determine if 

altered protein expression is associated with patient prognosis and if there is a relationship 

between CysLT1 and ATP5B expression. The data generated in Chapter 4 confirmed our 

hypothesis that targeting of CysLT1 alters cancer hallmarks and may represent a disease 

relevant therapeutic strategy in UM, this provided further rationale for testing of our most 

promising drug candidates in clinically relevant in vivo and ex vivo models of UM.  

The lack of appropriate models in which to analyse and develop novel drugs for the treatment 

of UM is a major disadvantage in this field. There is a lack of models available in which primary 

tumours from the eye metastasise to the liver, meaning drugs that can inhibit this process 

cannot be accurately validated. Given the challenges associated with developing orthotopic 

models of primary UM, (to date, the model reported by us in 2018 is the only successful 

orthotopic PDX model of primary UM in the literature [13]) the lack of appropriate metastatic 

models is unsurprising. Undoubtedly, the most valuable model for future UM research would 

be one which accurately reflects the natural course of the disease and metastasises 

spontaneously from the eye to the liver. In Chapter 5, we sought to develop relevant models in 

which to test our candidate CysLT1 antagonists. In agreement with the effects of CysLT1 

antagonists on UM cell viability and proliferation described in Chapter 4, in zebrafish cell line-

derived xenograft models of primary and metastatic UM, CysLT1 antagonists significantly 

reduced the growth of heterotopic and orthotopic xenografts. The growth of orthotopically 

implanted UM cell lines was more significantly inhibited than those implanted in the 

perivitelline space. This may suggest that CysLT1 antagonists perform better in the eye, the 
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physiological relevant organ. Similarly, CysLT1 antagonists produced more significant effects in 

the two ocular-derived UM cell lines than in the liver-derived metastatic cell line.  

Further analysis of our lead CysLT1 antagonist in a cell line-derived orthotopic xenograft model 

of UM, showed that 1,4-dihydroxy quininib was safe and well tolerated. However, unlike the 

significant effects on viability and proliferation observed in vitro and in in vivo zebrafish models, 

treatment did not significantly reduce tumour weight versus vehicle control. As CysLT1 

antagonists also significantly reduced oxidative phosphorylation in vitro, we assessed whether 

the expression of ATP5B, a marker of oxidative phosphorylation, was altered following 

treatment in our orthotopic xenograft model. 1,4-dihydroxy quininib significantly reduced the 

expression of ATP5B versus vehicle control, validating that the effect of CysLT1 antagonists on 

oxidative phosphorylation is consistent in models of UM. Given that significant effects of CysLT1 

antagonists on viability and proliferation on UM cells in vitro, we also examined the expression 

of Ki-67 in our orthotopic xenograft model. The expression of Ki-67 was reduced following 

treatment with 1,4-dihydroxy quininib, however, this reduction failed to reach statistical 

significance. 1,4–dihydroxy quininib significantly reduced tumour weight versus standard-of-

care, dacarbazine. In keeping with this result, the expression of Ki-67 in 1,4-dihydroxy quininib 

treated tumours was significantly lower versus dacarbazine treated tumours. For future studies, 

it would be important to consider the potential of using bioluminescent or fluorescently 

labelled cells which could be continuously imaged in vivo to monitor the growth of tumours 

throughout the treatment protocol rather than examining the sole endpoint of tumour weight 

[281].  

CysLT1 antagonists had no effect on the secretion of inflammatory factors from OPDX-derived 

ex vivo metastatic tumours. An apparent future direction is to culture fresh-frozen tissue 

samples and to assess tissue viability prior to, and throughout the treatment regime. Treatment 

outcomes from the OPDX-derived ex vivo explants should be used to inform future in vivo 

studies using these models. Particular drug- or patient-specific responses should be analysed to 

determine if particular clinical, histological, or genetic characteristics are associated with 

enhanced response to CysLT receptor antagonists and to stratify potentially responsive patients 

accordingly. 
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Following the significant effect of CysLT1 antagonists on the secretion of inflammatory 

mediators in UM cells in vitro, we examined the secretion of factors in ex vivo human tumours. 

In fresh primary UM tumour tissue, we found that treatment with 1,4-dihydroxy quininib 

significantly increases the secretion of IL-2, IL-13 and TNF-α. Strategies that enhance the 

immunogenicity of UM are desirable, therefore, a better understanding of the effect of CysLT1 

antagonists on the immune microenvironment is vital. It will be important to determine the 

effect of CysLT1 antagonist treatment on immune cell function, particularly dendritic cells, NK 

cells and T cells. Future studies should also consider the use of humanised mice, to further 

investigate the effects of CysLT1 antagonism on the immune response. Similarly, ex vivo 

experiments should be conducted with tumour tissue from metastatic liver biopsies to 

determine if our findings relating to proliferation and the secretion of factors observed in the 

OMM2.5 metastatic cell line are validated in a more representative model. It is likely that a 

combination of targeted therapies or targeted therapy plus immunotherapy may elicit a 

synergistic effect in UM. For this reason, going forward it will be important to test CysLT1 

antagonists in combination with other approved or experimental therapies in in vivo and ex vivo 

models of UM.  

There is a vast unmet need for therapies that can halt the spread of UM. A summary of the 

main findings of this thesis are depicted in Figure 6.1. This figure depicts that high gene 

expression of both CYSLTR1 and CYSLTR2 is associated with reduced survival in patients with 

primary UM. Using two, independent patient cohorts, we have identified that high protein 

expression of CysLT1 in primary UM is significantly associated with poor prognosis. Additionally, 

in primary and metastatic UM cell lines, CysLT1 antagonists alter survival, proliferation, 

metabolism, and the secretion of inflammatory and angiogenic mediators. The same effect is 

not observed with CysLT2 specific antagonist, HAMI 3379, or chemotherapeutic agent, 

dacarbazine. In in vivo xenograft models and ex vivo tumour explant models, similar effects on 

tumour growth, metabolism, and the secretion of inflammatory mediators are observed.  

Further investigation of the effects of CysLT1 antagonism on the immune and metabolic 

microenvironment and the potential of CysLT1 antagonism in uveal melanoma is warranted.  
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Figure 6.1 Concept diagram of main thesis findings.  

High gene expression of CYSLTR1 and CYSLTR2, and high protein expression of CysLT1, are associated with poor patient outcomes in 

primary UM. CysLT1 antagonists alter viability, proliferation, metabolism, and the secretion of inflammatory and angiogenic factors 

in in vitro, in vivo, and ex vivo models of primary and metastatic UM. Created with BioRender.com
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6.2 Future directions 

 

1. Given the significant effect of CysLT1 antagonists on cancer hallmarks of UM cells in 

vitro, an obvious future direction is to extensively study the mechanism by which CysLT1 

receptor antagonism promotes the observed effects on cell proliferation, metabolism, 

and the secretion of inflammatory and angiogenic factors in UM models. We have 

shown that treatment with 1,4-dihydroxy quininib significantly alters the expression of 

phospho-ERK, suggesting that the MAPK signalling pathway is altered by CysLT1 

antagonism. Analysing treated cells by mass spectrometry protein profiling would give a 

more detailed insight into proteins that are up- and downregulated following treatment 

with CysLT1 antagonists.  

 

2. Immunotherapy has revolutionised the treatment of cutaneous melanoma. However, 

the benefits of immunotherapy are yet to be realised in the treatment of UM. This thesis 

has shown that CYSLTR1 expression is significantly associated with immune cell infiltrate 

in primary UM tumours and that CysLT1 antagonists significantly alter the secretion of 

inflammatory mediators in in vitro and ex vivo models. It will be important to determine 

the effect of CysLT1 antagonist treatment on immune cell function, particularly dendritic 

cells, NK cells and T cells. These immune cell populations should be treated with TCM 

from tumour explants treated with CysLT1 antagonists and the expression of markers of 

maturation analysed. Of particular interest, the effect of CysLT1 antagonist treatment on 

HLA and PD-L1 expression should be assessed. Similarly, the secretion of MIF, which 

inhibits NK cell activity and protects against NK cell-mediated killing in UM [90,312], 

should be analysed in explants following treatment. It will be important to determine if 

the observed increased secretion of inflammatory mediators coincides with changes in 

the secretion of this cytokine. 

 

3. While 1,4-dihydroxy quininib failed to significantly reduce the weight of tumours already 

formed in our orthotopic xenograft model, it would be interesting to examine the 

potential chemopreventive effects of CysLT1 antagonism in UM. Indeed, 
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chemopreventive effects of LTRAs have been reported in other cancer types and we 

have shown in Chapter 4 that CysLT1 antagonists significantly inhibit colony formation 

from a single cell in vitro. Treatment with CysLT1 antagonists should begin prior to, or at 

the same time as, tumour engraftment in the xenograft model. There is interest within 

the UM community in treating patients before any liver metastases are identified to 

maintain them as small and dormant, thus treating uveal melanoma as a chronic disease 

[320]. If the chemopreventive effects of CysLT1 antagonists are realised in UM, it would 

be interesting to determine if expression of CysLT1 could act as a biomarker for patient 

responsiveness.   

 

 

4. We have shown that CysLT1 antagonists significantly reduce OXPHOS in vitro, and 1,4-

dihydroxy quininib significantly reduces ATP5B expression in an in vivo orthotopic 

xenograft model. Additionally, we have shown that high expression of ATP5B is 

significantly associated with progressive disease in patients with primary UM. Therefore, 

the influence of CysLT1 antagonists on OXPHOS should be further explored. Seahorse 

technology could be used to analyse the basal metabolic prolife of UM tumour explants 

in real-time and the effect of CysLT1 antagonists on the metabolic rate of these tumours 

[321]. Similarly, the potential of CysLT1 antagonists mediating their effects via dual 

antagonism of P2Y receptors could be investigated as a mechanism through which their 

effects on OXPHOS are produced. 
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Appendix I:Uveal melanoma awareness #OpenYourEyesToUM 
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Uveal melanoma is a rare disease. Despite the high incidence rates here in Ireland, very few 

people are familiar with, or have heard of UM. Indeed, four years ago, I knew very little about 

the disease myself. During my PhD, I have been extremely fortunate to work directly with 

Ocular Melanoma Ireland (OcuMel Ireland), a patient and patient advocate-led support and 

advocacy group that are engaged with national and international researchers, clinicians, and 

charities. We have met with members of the management committee a number of times and 

they have been involved in our grant writing, in guiding research questions, and planning 

dissemination of our research. One of OcuMel Ireland’s goals is to raise awareness of UM, 

particularly of the potential symptoms and the importance of routine eye examinations with 

dilation, to enable early detection of the disease. In addition, they aim to enhance their profile 

to ensure that patients or family members of those diagnosed with UM are aware of their 

existence and can contact them for support and advice.  

In 2020, we collaborated with OcuMel Ireland and Breakthrough Cancer Research to write an 

information piece about UM for the Breakthrough Cancer Research website. However, we 

wanted to expand our reach and to highlight the importance of research in UM. In collaboration 

with ICON plc., OcuMel Ireland, Breakthrough Cancer Research, and clinicians from the Royal 

Victoria Eye and Ear Hospital, Dublin and University Hospital, Waterford, we generated a uveal 

melanoma awareness video (Figure A1). This is an extremely high-quality, 5-minute, animation 

that is freely available for distribution on YouTube. It provides an overview of all key aspects of 

UM from epidemiology and risk factors to symptoms, diagnosis, treatment options, and UM 

research. Importantly, all stakeholders involved had input on the animation storyboard, script, 

and imagery. This was vital in ensuring that the  animation was accessible and easy to 

understand, but also medically and scientifically accurate.  

Link for animation: 

https://www.youtube.com/watch?v=O4EvqKnFuqU&ab_channel=OPGGUCDResearch 

https://www.youtube.com/watch?v=O4EvqKnFuqU&ab_channel=OPGGUCDResearch
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Figure A1. Screengrabs of scenes from the uveal melanoma awareness animation. 

The animation was a culmination of a year of work, and we coincided its release with a month-

long online UM awareness campaign which we called #OpenYourEyesToUM. This virtual 

campaign ran during May 2021, melanoma awareness month. The idea was established by 

OcuMel Ireland, Breakthrough Cancer Research and members of the Ocular Pharmacology and 

Genetics Group in UCD (Kayleigh Slater, Dr. Husvinee Sundaramurthi, Dr. Yolanda Alvarez, and 

Prof. Breandán Kennedy). Prior to the release of the animation video, we released a number of 

question-and-answer polls across various social media platforms and ran a “design your own 

eyepatch” competition. Participants were asked to design an eyepatch using any materials 

available to them and to share it with us on social media for a chance to win a prize. The images 

of the eyepatches were very striking and helped to garner interest in the campaign. In total, we 

received 50 unique entries. These were narrowed down to four winners in the mature category 

and four winners in the children’s category, as assessed by a judge from OcuMel Ireland (Figure 

A2). The overall winners were chosen by public vote across social media platforms.  
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Figure A2. #OpenYourEyesToUM design your own eyepatch competition. 

(Top) Design your own eyepatch competition flyer. (Left) Finalists in the mature category. 

(Right) Finalists in the children’s category.   
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This campaign allowed us to raise awareness of the signs and symptoms of uveal melanoma, to 

strengthen connections within the Irish UM community, and to develop connections with UM 

researchers, clinicians, patients, and advocates around the world. We hope that our animation 

video will be used by researchers and clinicians, and advocacy groups to help to explain UM to 

patients, their families, and the public. Indeed, we received fantastic feedback directly from 

patients, as well as patient organisations and charities. Undoubtedly, there is still a lot of work 

to be done for uveal melanoma patients. However, the benefits of undertaking this campaign 

are evident. As a researcher, working with patient representatives has given me a different 

prospective on my research and on the research process as a whole.  
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