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Abstract 
 

Introduction: Uveal melanoma (UM) is an intraocular tumor that affects 4-6 

people per million in the United States, 40% of which will develop liver 

metastasis within five years. Vascular endothelial growth factor A (VEGF-A) has 

been extensively studied in cancer due to the requirement for additional 

vasculature in tumors. Bevacizumab is a humanized monoclonal antibody that 

binds VEGF-A and is approved for the treatment of various malignancies. Herein, 

we investigated the expression of VEGF-A in three UM cell lines and the effects 

of inhibiting VEGF-A on their functional abilities. We also determined if positive 

VEGF-A expression can predict metastasis in a UM model and in patients.   

Materials and Methods: VEGF-A secretion was evaluated in three UM cell lines 

using sandwich ELISA. Proliferation, migration, and invasion assays were 

performed before and after the administration of bevacizumab and cytokine 

expression was assessed by ELISA. One cytokine that was upregulated following 

bevacizumab treatment (CCL3) was knocked down using siRNA, and the 

functional assays were repeated using CCL3 siRNA and combination treatments.  

Uveal melanoma tumors (n = 27) from an animal model and tumors from 

human patients (n = 29) were immunostained for VEGF-A. Two different custom 

immunostaining quantification algorithms implemented with ImageJ software 

were used to automatically count positive cells and positive staining area. Binary 

logistic regression was performed to determine if positive staining could predict 

metastases. P < 0.05 was considered significant. 
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Results: All three UM cell lines produced and secreted VEGF-A and expressed 

VEGF-R2. Bevacizumab usurped VEGF-A and reduced phosphorylated-VEGF-

R2. Proliferation and migration were reduced following bevacizumab treatment (p 

< 0.05 for one cell line, and p < 0.05 for two cell lines, respectively).  

Both CCL3 and MMP-9 were significantly upregulated after bevacizumab 

treatment in all cell lines (p < 0.05). Proliferation was significantly reduced in all 

three cell lines following CCL3 siRNA and combination treatments (p < 0.05). 

Migration was significantly reduced in all three cell lines after combination 

treatment (p < 0.05) and invasion was significantly reduced in two cell lines 

following siRNA (p < 0.05). In general, combination therapy was more effective 

than bevacizumab monotherapy for inhibiting UM functional abilities. 

In both rabbit and human tissue, VEGF-A positivity could be used to 

significantly predict metastasis (p > 0.05).  

Conclusions: Auto and paracrine VEGF-A signalling is abundant in UM cell 

lines, but inhibiting VEGF-A has only moderate effects on their functional 

abilities. This is attributable to compensatory effects, including the upregulation 

of CCL3. In addition, VEGF-A staining correlated with metastatic development in 

our patient cohort.  

VEGF-A is a powerful cytokine that may play a role in UM development 

and progression. However, compensatory effects induced by bevacizumab suggest 

that dual or multiple therapies may be required to effectively treat this tumor.  
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French Abstract 
 

Introduction: Le mélanome uvéal (MU) est une tumeur intra-oculaire qui affecte 

4 à 6 personnes par million aux États-Unis, dont 40% développeront des 

métastases du foie dans les cinq ans. Le facteur de croissance vasculaire 

endothélial A (VEGF-A) a été largement étudié sur le cancer en raison de 

l'exigence de la vascularisation des tumeurs supplémentaires. Le bevacizumab est 

un anticorps monoclonal humanisé qui se lie au VEGF-A et il est approuvé pour 

le traitement de diverses tumeurs malignes. Ici, nous avons étudié l'expression du 

VEGF-A dans trois lignées cellulaires du MU et les effets de l'inhibition du 

VEGF-A sur leurs capacités fonctionnelles. Nous avons également déterminé si 

VEGF-A positif d'expression ne peut prédire les métastases dans un modèle UM 

et chez les patients. 

Matériaux et méthodes: VEGF-A sécrétion a été évaluée dans trois lignées 

cellulaires du MU en utilisant ELISA en sandwich. Des tests de prolifération, la 

migration et l'invasion ont été réalisés avant et après l'administration de 

l'expression des cytokines et bevacizumab a été évaluée par ELISA. Une cytokine 

qui a été régulée à la hausse après le traitement bevacizumab (CCL3) a été 

renversée à l'aide de siRNA, et les tests fonctionnels ont été répétés en utilisant 

CCL3 siRNA et des traitements combinés. 

 Des tumeurs de MU (n = 27) provenant d'un modèle animal et des tumeurs 

provenant de patients humains énucléés (n = 29) ont été immunocolorées pour le 

VEGF-A. Deux différents algorithmes de quantification immunomarquage mis en 
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œuvre avec le logiciel ImageJ ont été utilisés pour compter automatiquement des 

cellules positives pour la région et une coloration positive. La régression 

logistique binaire a été effectuée pour déterminer si une coloration positive 

pouvait prédire les métastases. P <0,05 était considérée comme significative. 

Résultats: Les trois lignées cellulaires de MU ont produites et sécrétées du 

VEGF-A et ont exprimées du VEGF-R2. Le bevacizumab usurpé VEGF-A et 

réduit phosphorylée-VEGF-R2. La prolifération et la migration ont été réduites à 

la suite du traitement par le bevacizumab (p <0,05 pour une lignée cellulaire, et p 

<0,05 pour les deux lignées cellulaires, respectivement). 

 Les deux CCL3 et MMP-9 étaient significativement augmentés à la hausse 

après le traitement par le bevacizumab dans toutes les lignées cellulaires (p 

<0,05). La prolifération a été réduite de façon significative dans les trois lignées 

cellulaires à la suite CCL3 siRNA et des traitements combinés (p <0,05). La 

migration a été significativement réduite dans les trois lignées cellulaires après le 

traitement combiné (p <0,05) et l'invasion a été considérablement réduite dans les 

deux lignées cellulaires suivantes siRNA (p <0,05). En général, la thérapie 

combinée était plus efficace que la monothérapie bevacizumab pour inhiber les 

capacités fonctionnelles du MU. 

 Dans les deux lapins et les tissus humains, la présence du VEGF-A 

pourrait être utilisée pour prédire de façon significative des métastases (p> 0,05). 

Conclusions: La signalisation autocrine et paracrine du VEGF-A est abondante 

dans les lignées cellulaires du MU, mais l'inhibition du VEGF-A n'a que des effets 

modérés sur ses capacités fonctionnelles. Cette situation est attribuable à des 
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effets compensatoires, y compris la régulation positive du CCL3. En outre, le 

VEGF-A coloration peuvent être utilisées pour identifier les patients prédisposés 

au développement métastatique. 

 Le VEGF-A est une cytokine puissante qui peut jouer un rôle dans le 

développement et la progression du MU. Cependant, les effets compensatoires 

induits par le bevacizumab suggèrent que les thérapies doubles ou multiples 

peuvent être nécessaires pour traiter efficacement ce type de tumeur. 
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Literature Review 

Uveal Melanoma 

General Background 
 

Uveal melanoma (UM) is a malignancy of the uveal tract, which is 

composed of the pigmented portions of the eye: the iris, the ciliary body, and the 

choroid. Of these anatomical structures, the choroid is the most common location 

from which uveal melanomas arise, accounting for roughly 85% of cases1. 

Irrespective of location of origin, all melanomas arise from melanocytes, the 

pigmented cells that produce melanin, which are responsible for the chromaticity 

of the eye, skin, and hair. Unlike its more common counterpart, melanoma of the 

skin, which affects nearly 10,000 per million people in North America, uveal 

melanoma is a rare entity affecting approximately 4.3 people per million in the 

United States, the vast majority of which are Caucasians males2. Despite its 

paucity, UM is the most common primary intraocular tumor in adults. As with 

most malignancies, age is the greatest predisposing factor and incidence estimates 

considering only individuals over 70 years of age are roughly 25 and 18 per 

million in males and females, respectively2.  

Choroidal and ciliary body uveal melanomas are typically diagnosed on 

routine ophthalmological examination. Clinically, the diagnostic accuracy of UM 

by either slit-lamp biomicroscopy or indirect ophthalmoscope and the use of an 

ultrasound B-scan exceeds 99%3-5. Occasionally, rapidly growing tumors and 

those proliferating in close proximity to the macula may affect vision and thus the 

resulting symptoms will expedite prompt evaluation by an ophthalmologist. Iris 
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melanomas, on the other hand, are usually diagnosed earlier owing to their more 

visible, anterior location. 

In contrast to cutaneous melanoma that has a clear causal relationship with 

UV-A and UV-B ray exposure, the pathogenesis of uveal melanoma remains 

unclear. However, exposure to blue light has been proposed as a possible 

contributing factor for disease initiation and progression6,7. An interesting caveat 

to this hypothesis is the impact that the recent ubiquity of cataract surgeries, in 

which the opacified or damaged biological lens is removed from the eye and 

replaced with an artificial intraocular lens (IOL), may contribute to the 

development of uveal melanoma; as we age, the lens naturally yellows and this 

tinting blocks some of the incoming blue light. Furthermore, it has been 

demonstrated that blue light can generate free radicals in the retinal pigment 

epithelium (RPE)8. As well as being a risk factor for the development of age-

related macular degeneration (ARMD), the unimpeded penetrance of blue light 

into eyes with IOLs that lack blue-light filtering properties may contribute to the 

development or initiation of uveal melanoma9. This theory is supported by the fact 

that one of the most prominent risk factors for developing uveal melanoma is fair 

skin color and light colored irises10. In individuals with such features, it is 

hypothesized that the reduced melanin results in unabsorbed photons that can 

generate free-radicals and subsequently damage ocular cells and structures, 

including the uveal tract. Melanocytes in particular are susceptible to UV-A and 

UV-B induced DNA damage, both of which can cause photodimers and, 

eventually, melanoma10. Moreover, welders have a higher incidence of uveal 
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melanoma, likely stemming from the aforementioned relationship of exposure to 

high intensity wavelengths of light11. In addition, melanocytes are more 

susceptible to spontaneous, non-light induced mutations as they lack some of the 

DNA repair mechanisms present in a variety of other cell types12.  

 Pre-existing nevi are also considered a risk factor for uveal melanoma13. 

Nevi are usually present either at birth or are acquired during the first few decades 

of life. These benign, asymptomatic lesions, often referred to as freckles, are the 

result of an accumulation of melanocytes and are diagnosed by fundus 

examination. Support for the theory that nevi can be precursors to uveal 

melanoma include histopathological studies that reveal melanoma-like cells at 

nevi borders14. However, the incidence of nevi in the population is much greater 

than is uveal melanoma, and estimates indicate that only between approximately 

four and eight percent of nevi transform into uveal melanoma15,16. The 

Collaborative Ocular Melanoma Study Group (COMS) has identified additional 

criteria that influence nevi growth, and thus differentiate melanoma from nevi, 

which include: 1) greater apical tumor thickness, 2) larger initial basal diameter, 

3) presence of orange pigment, 4) absence of drusen, and 5) absence of retinal 

pigment epithelial changes adjacent to the tumor17. Advanced imaging techniques 

and methodologies, such as internal quiet zone on B-scan ultrasonography, have 

also proved helpful for identifying growing masses and thus for potentially 

differentiating between nevi and small or intermediate uveal melanomas18. 

Ultimately, the gold standard for distinguishing nevi from melanoma remains 

fine-needle aspiration biopsy; however, due to the location of these lesions within 
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the eye, the low rate of transformation, and the potential for infection and other 

complications, it is not always practical nor prudent to biopsy these entities. 

Typically, most ophthalmologists will take a wait-and-see approach with respect 

to suspicious masses, as usually only melanomas will grow over time; however, in 

very rare cases, nevi will increase in size without undergoing malignant 

changes19. 

 

Treatment and Disease Course 
 

 Approximately 40% of people with uveal melanoma will develop 

metastases within 5 to 10 years of diagnosis20,21. In the unfortunate instances in 

which metastases arise, the majority occur in the liver, and 90% of patients will 

succumb to these sequelae in less than three months22-25. Iris melanomas, which 

are more easily detected and treated due to their location at the front of the eye, 

carry a much lower risk of metastasizing.  

 In the past, enucleation – the removal of the entire globe – was the 

standard treatment for uveal melanoma. It was believed that removing the fully 

contained tumor would lessen the chances of metastasis. However, research has 

shown that there is no correlation between the choice of primary tumor treatment 

and clinical outcome for the patient26. Thus, methodologies for treating choroidal 

tumors have changed dramatically over the past few decades with a new focus on 

retaining visual function and cosmetic appeal in the affected eye as opposed to the 

more barbarous and callow method of enucleation. Currently, tumors that are less 



26 
 

than 16 mm by largest dimension are treated with brachytherapy, which involves 

suturing a plaque with radioactive material, often Iodine-125, to the outside of the 

eye in juxtaposition to the tumor for several days27,28. Other, more advanced 

surgical techniques, including exoresection, such as sclerouvectomy and lamellar 

sclerouvectomy, and endoresection have been used with varying degrees of 

success, primarily for anteriorly located tumors29-31. The former technique 

involves dissecting the tumor after either removing a portion of the sclera and 

replacing it with donor material or suturing it back in place afterwards, while the 

latter involves using a vitreous cutter to remove the tumor during pars plana 

vitrectomy. Depending on tumor location, all of the aforementioned treatment 

modalities can potentially result in sight retention in the affected eye, which is 

clearly not possible with enucleation. Therefore, due to the fact that clinical 

course, in particular the development of metastasis, is unaffected by primary 

tumor treatment, the current goal of an ophthalmologist is to maintain vision when 

possible, reserving enucleation for extremely large tumors in blind, painful eyes. 

Furthermore, a recent study reported a better quality of life for patients that 

receive brachytherapy as opposed to enucleation; thus, current research should 

focus on adjuvant treatments to reduce the size of the primary tumor, rendering 

the aforementioned conservative treatment methods applicable32. 

 Treating iris melanomas is typically uncomplicated and involves local 

resection. However, the aforementioned treatments for choroidal melanomas, 

including enucleation and brachytherapy, are employed for large or diffuse iris 

melanomas33.  
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 Despite technical advances in treating the primary tumor, the incidence of 

metastasis has remained relatively unchanged over the past four decades34. 

Several hypotheses have been proposed to account for this peculiarity, but an 

important attribute of this disease is that the time of tumor onset is usually 

unknown. Unlike melanomas of the skin that appear in conspicuous areas and 

permit a relatively accurate history and time of onset, intraocular tumors are 

usually asymptomatic and usually develop several years before they are noticed 

on routine ophthalmological examination. Further confounding this issue is the 

consideration that these tumors may have begun as nevi, making it difficult to 

determine when malignant transformation occurred. In fact, it has been estimated 

that, on average, uveal melanoma tumors exist for 10 years before clinical 

diagnosis35. Therefore, it is assumed that uveal melanoma cells from choroidal 

and ciliary body tumors in particular, have already extravasated the globe, and 

metastatic seeds have been established at the time of diagnosis36. As the eye lacks 

lymphatic vessels, invading and migrating tumor cells must escape and 

disseminate hematogenously. To study this process, several studies have focussed 

on identifying, quantifying, and classifying uveal melanoma cells circulating in 

the blood (circulating melanoma cells; CMCs)36-38. These studies reveal that that 

almost 90% of uveal melanoma sufferers have detectable CMCs regardless of 

primary tumor treatment modality36.  

Much research has focussed on identifying the microbiological or genetic 

properties of metastatic clusters that facilitate their development into liver 

metastases. For example, researchers have identified monosomy 3 as an indicator 
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of metastatic potential and recent work has identified that mutation of the BAP1 

gene on chromosome 3 is at least partially responsible for the correlation between 

monosomy 3 and metastasis39. Another study successfully categorized uveal 

melanoma tumors as class 1 or class 2 tumors using gene profiling analysis, the 

latter being more likely to metastasize40-42.  

The primary, and often exclusive, affinity for metastatic growth in the 

liver in uveal melanoma patients has drawn considerable interest from cancer 

researchers. Clearly, identifying factors that contribute to this seemingly magnetic 

predilection will provide valuable clues regarding disease pathogenesis in addition 

to elucidating important pharmaceutical targets. For instance, several studies have 

demonstrated that uveal melanoma cells express high levels of the c-Met receptor 

whose ligand, aptly named hepatocyte growth factor (HGF), is produced in large 

quantities in the liver, suggesting a possible role for this receptor-ligand 

interaction in ‘homing’ to the liver43,44. Other molecules, such as IGF-1, have also 

been implicated in the homing process, but based on the understanding that 

malignant cells likely leave the primary tumor on disease inception, the value of 

understanding these proposed ‘homing’ mechanisms is predicated on which cells 

are capable of developing into overt metastases; i.e., if cells that leave the eye 

upon inception populate the liver and remain dormant, as research regarding 

patients that undergo enucleation and develop metastases many years later 

suggests, understanding how cells ‘homed’ to the liver would afford little value or 

opportunity for pharmaceutical or clinical intervention44,45.  
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In a recently reported mouse model of uveal melanoma, in which uveal 

melanoma cells were fluorescently tagged and injected into the circulation of 

mice, the final destination of malignant cells was determined by physical 

restrictions based on the size of the cells relative to the small capillaries46. This 

study also revealed that these cells were capable of remaining dormant in the liver 

of immunocompromised mice with little or no cellular division for up to seven 

weeks46. Although this study was performed on immunocompromised mice, the 

situation in human patients may be analogous: cells leave the primary tumor and 

populate several organs yet are only capable of surviving in the liver, where they 

remain dormant. As a result of this and other studies, researchers are now 

spending considerable efforts to identify the molecular fuses that trigger the 

proliferative explosion of these metastatic seeds.  

Unlike the primary tumor, for which many efficacious and conservative 

treatments are available, limited and markedly less-successful treatments exist for 

overt liver metastases. In fact, there are no guidelines or standard treatments for 

liver metastasis derived from uveal melanoma tumors; typical systemic 

chemotherapy agents were tried and met with limited success47. Although surgical 

resection can increase the life-span of patients suffering from liver metastasis, the 

tendency for multiplicity and diffusivity of uveal melanoma liver metastases 

renders this treatment applicable for only a small percentage of patients25,48-50.  

 

Gross Pathology and Histopathology 
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On gross pathology, choroidal uveal melanoma tumors can be either 

pigmented, amelanotic, or be composed of both pigmented and amelanotic 

fractions. Choroidal melanomas grow from the choroid inward, pushing against 

Bruch’s membrane and, should the tumor grow large enough, break through 

Bruch’s membrane to assume a characteristic mushroom-shaped appearance 

(Figure 1). Choroidal melanomas also occasionally appear as diffuse, general 

thickenings of the choroid. Iris melanomas share the same variable pigmentation 

as choroidal melanomas and typically present as an archetypal thickening of the 

iris51. Conversely, ciliary body melanomas appear ring-shaped and are difficult to 

diagnose based on their conspicuous nature52.  
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Figure 1. A representative image of a choroidal uveal melanoma that has 

broken through Bruch’s membrane. The arrow indicates the tumor, which 

has both melanotic and amelanotic portions. 

 

Histopathologically, uveal melanomas are comprised of two cell types: 

spindle and epithelioid. Generally, spindle cells have minute amounts of 

cytoplasm and have an organized, ‘sheet-like’ appearance. Spindle cell 

melanomas are further subdivided into spindle A and spindle B sub-

classifications, the latter possessing a more circular appearance and a round 
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nucleolus. Conversely, epithelioid cells have larger and more heterochromatic 

nuclei, are rounder, have more cytoplasm, and are less organized. In Callender’s 

original classification scheme proposed in 1931, the malignancy of the different 

uveal melanoma cell types are organized from nearly benign to highly malignant 

in the order in which they are described above53. However, because uveal 

melanoma tumor cells represent a cytologic continuum, this classification scheme 

requires subjective evaluation and thus generates inter- and occasionally intra-

pathologist disagreements54,55.  Several alternative, objective methods have been 

proposed to determine histopathological criteria to ascertain patient outcome. 

Folberg, et al. 1993, investigated vascular patterns within uveal melanoma tumors 

and, after defining nine specific patterns, determined that the presence of a 

vascular network, defined as a minimum of three back-to-back closed-loops, 

strongly correlated with metastasis56. At the turn of the century, it was 

demonstrated that uveal melanoma cells are capable of forming perfusion 

channels lined by melanoma cells instead of endothelial cells either de novo or 

connecting to existing tumor vasculature, a process dubbed ‘vasculogenic 

mimicry’57,58. The presence of such vascular channels in tumor sections is an 

indicator of poor prognosis, likely because these features aid the diffusion of 

oxygen and nutrients in the absence of angiogenesis and present as additional 

avenues for tumor cell extravasation into haematogenous circulation59. 

Further objective criteria have been proposed with the intention of 

objectifying Callender’s classification, including using a digitized interactive 

overlay system to determine the standard deviation of nuclear area, mean nuclear 
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size, and standard deviation of the shortest nuclear axis, among others, several of 

these tumor characteristics correspond well with Callender’s classification 

system60.  

Immunohistochemical studies have revealed a plethora of molecules that 

exhibit some degree of prognostic significance. For instance, intense staining of 

the translational product of the metastasis suppressor gene nm23-H1 in primary 

tumor samples was found to correlate with increased survival61. Also, Figuieredo 

et al. discovered that the expression of cyclooxenase-2 (COX-2), an inducible 

prostaglandin synthase, can be used to sub-classify mixed tumor cell types, is 

associated with vascular closed loops, and is a negative prognostic indicator62. 

The expression of insulin-like growth factor-1 receptor, CXC chemokine 

receptor-4, and phospho-akt, among a host of other factors, has also been shown 

to correlate with metastases63-65. Further, the presence of tumor-associated 

macrophages (TAMs) or tumor-infiltrating lymphocytes (TILs) in uveal 

melanoma is an indication of poor prognosis66. This is in stark contrast with skin 

melanoma, in which the presence of immune cells confers a survival advantage.  

Currently, the problem inherent with using the aforementioned prognostic 

indicators is the acquisition of tumor tissue from the patient required to perform 

the diagnostic investigation. Several decades ago, this was feasible due to the 

overwhelming prevalence of enucleation. However, due to the lack of survival 

implications with this surgery, enucleation is no longer performed with regularity, 

and this has limited the number of cases for which these prognostic evaluation 

techniques can be ascribed. However, more ophthalmologists are resorting to 
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tissue collection via fine-needle aspiration biopsy, although this is not necessarily 

a quietus as the small sampling of cells obtained by this technique may not be 

indicative of the cytological characteristics of a heterogeneous tumor67. Based on 

the magnitude of research performed in this area over the last three decades, it is 

unlikely that the largest tumor dimension, as first described by Shammas in 1977, 

will be usurped as the best non-invasive method for predicting patient outcome68. 

Nevertheless, information garnered from tissue studies are critically important for 

increasing our understanding of tumor pathogenesis, which will prove invaluable 

for the development of new, patient-specific treatment modalities to conserve 

vision, improve quality of life, and lengthen disease free-survival. 

 

Vascular Endothelial Growth Factor 
 

General Background 
 

Vascular endothelial growth factor (VEGF) is the most potent angiogenic 

stimulator in mammals. First identified in 1971 by Folkman et al., this signalling 

molecule is involved in both physiological and pathological angiogenesis69-72. 

VEGF fundamentally describes a family of five homodimer signalling molecules 

that include VEGF-A through VEGF-D and placental growth factor (P1GF)73. 

Although all five molecules influence steps of the angiogenic process to differing 

degrees, including blood vessel lumen formation and endothelial cell migration 

and proliferation, VEGF-A is commonly branded with the generic term VEGF as 
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it is responsible for the majority of the physiological functions of this family73. 

Subdivisions of the VEGF family of molecules becomes increasingly more 

complex as splice variants are considered; for example, VEGF-A exists as 

VEGF121, VEGF165, VEGF189, and VEGF20573. Of these, VEGF165 is the 

most biologically active for both physiological and pathological, including tumor, 

angiogenesis73. VEGF signalling also plays a critical role in embryogenesis, and a 

mutation in any VEGF-A allele is embryonic lethal74. 

Almost all cell types are capable of producing VEGF-A, primarily under 

hypoxic conditions75. Under said conditions, a transcription factor, hypoxia 

inducible factor 1 (HIF-1) is stabilized and transcription of the VEGFA gene, 

among others, is increased. The subsequent increase in the production and 

secretion of VEGF-A results in the migration and proliferation of endothelial cells 

and increased tubule formation, the overall consequence of which is amplified 

vessel formation and a return to a normoxic state76. In addition, VEGF-A 

increases vascular permeability, which can inhibit drug diffusion to the center of a 

tumor77. 

 

VEGF Receptors 
 

 Like their ligands whereby they are activated, VEGF receptors share 

redundancies and multiplicities. Currently, three VEGF receptors have been 

described: VEGF receptor 1 (VEGFR-1/Flt-1), VEGF receptor 2 (VEGFR-2/Flt-

2/KDR), and VEGF receptor 3 (VEGFR-3/Flt-4), all of which are seven-
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transmembrane receptor tyrosine kinases78-82. Although the consequences of 

individually activating each receptor are partially redundant, generally VEGFR-1 

activation inhibits embryonic angiogenesis, VEGFR-2 activation generates 

physiological activity, including wound repair and muscle growth, and some 

embryonic angiogenesis, and VEGFR-3 signalling controls lymphangiogenesis. 

The role of the different VEGF signalling molecules are primarily defined by the 

receptor to which they bind: VEGF-B and P1GF bind VEGFR-1 and VEGF-C 

and VEGF-D bind VEGF-R373. VEGF-A, the primary regulator of angiogenesis, 

promiscuously binds both VEGF-R1 and VEGF-R2 and, to further complicate 

VEGF and VEGFR function, although VEGF-A has a higher affinity for VEGF-

R1, VEGF-R2 induces substantially greater tyrosine kinase activity and 

subsequent angiogenic response83. Finally, VEGFR-2 activation on endothelial 

cells induces proliferation, migration, tubule formation, and enhances vessel 

permeability73.  

 

VEGF and Cancer 
 

 Physiologically, a tumor requires oxygen and nutrients to grow larger than 

2-3 mm in diameter84, and this phenomenon has been termed the angiogenic 

switch, and is a major research interest for most solid tumors. For most locations, 

a tumor 2-3 mm in diameter will either not dramatically influence a patient’s 

quality of life or can easily be resected. The allure of VEGF and their receptors as 

potential therapeutic targets for cancer treatment is compounded by the 

knowledge that these receptors are typically inactive during normal physiological 
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conditions and thus their inhibition is generally well tolerated85. Furthermore, the 

consequence of VEGF signalling in a variety of tumors extends beyond merely 

recruiting endothelial cells and forming perfusion channels; signalling through 

both VEGF-R1 and VEGF-R2 have been implicated in cancer progression, 

together contributing to tumor cell invasion, migration, proliferation, and 

metastasis. VEGF-R1 is also expressed on macrophages and monocytes, which, 

upon activation, produce a host of pro-angiogenic factors, including VEGF-A, in 

order to appease the requisite for increased oxygen and nutrients86,87.  

 

VEGF and Uveal Melanoma 
 

 Recent studies have shown that patients with uveal melanoma have 

elevated levels of VEGF-A in both the aqueous humor and vitreous88. In the 

aqueous humor, increased VEGF-A production is attributed to both the retina and 

tumor cells and thus presents as a potential therapeutic target89. In vitro studies 

have also revealed that UM cell lines produce VEGF-A in normal culture and 

production increases under hypoxic conditions90,91. Furthermore, in an animal 

model of uveal melanoma, increased VEGF-A levels were detectable in serum, 

and these escalations correlate with increased metastasis92. Reports vary with 

regard to VEGF-A expression in primary UM tumors, ranging from 22 to 84% 

positivity, and conflicting reports exist regarding correlations between expression 

levels and tumor size, vascularization, or metastasis93,94.     
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Anti-VEGF Therapy 
 

 Based on the importance and implication of VEGF-A in both local and 

metastatic growth in a wide spectrum of malignancies, it is unsurprising that 

several pharmaceutical VEGF inhibitors have been developed. The first anti-

angiogenic drug, a monoclonal antibody targeting all isoforms of VEGF-A named 

bevacizumab, was approved in 2003 for the treatment of metastatic colorectal 

cancer95. Later, this same drug was approved for the treatment of non-small cell 

lung cancer and metastatic breast cancer96,97. Recently, a soluble chimeric receptor 

mimicking both VEGF-R1 and VEGF-R2 named VEGF-TrapR1R2 has been 

developed and shows a greater affinity than bevacizumab for scavenging VEGF-

A98.  Additional small molecule inhibitors of VEGF-R have been developed and 

are undergoing various stages of clinical trials (Table 1).  
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Table 1. VEGF receptor tyrosine kinase inhibitors and their indications in 

cancer patients. Adapted from Shojaei, et al. 201299. Used with permission. 

Compound Target(s) Indications 

Sunitinib (SU11248) VEGFRs, PDGFR-² , CSF1R, 

c-Kit 

RCC, GIST 

Pazopanib (Votrient) VEGFRs, PDGFRs and c-kit RCC, 

Sorafenib (Bay 43-

9006; Nexavar®) 

VEGFR-2 and -3, PDGFR-² , 

Flt-3, c-kit, Raf kinases 

RCC, Inoperable HCC 

Vendatanib (Caprelsa) VEGFRs and EGFRs, RET-

tyrosine kinases 

Late-stage Medullary 

Thyroid Cancer 

Cabozantinib (XL184) VEGFRs Met Prostate Cancer 

Tivozanib (AV-951, 

KRN-951) 

VEGFRs RCC 

Axitinib (AG-013736) VEGFRs mRCC 

Linifanib (ABT-869) VEGFRs, PDGFR-² , CSF1R RCC, NSCLC 

  

  

Despite the initial success of anti-angiogenic compounds and the 

development of inhibitors of various aspects of the signalling cascade (ligand 

sequestering to receptor inhibition), recent studies have revealed tenuous promise 

of this approach. It has been hypothesized that for most solid tumors, the main 

benefit of anti-VEGF therapies is the repair of tumor vasculature rendered leaky 
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due to VEGF; this stabilizing effect inherently enhances delivery of chemotherapy 

or other cytotoxic compounds100. Further complicating the assessment of the 

efficacy of anti-angiogenic therapies is the fact that susceptible tumors often 

become resistant to anti-VEGF therapies. Although the mechanisms of resistance 

can vary, there is mounting evidence indicating that refractory and compensatory 

production of other angiogenic factors, such as P1GF and HGF, by both tumor 

cells and stromal cells may be the culprit99,101.  

 Distressingly, new research demonstrates that for some tumors, anti-

angiogenic therapy can be pro-metastatic; that is, inhibiting VEGF makes these 

tumors more aggressive, thereby leading to a greater incidence of metastasis. For 

instance, in murine models of pancreatic neuroendocrine carcinoma, glioblastoma, 

and breast cancer, after initial anti-tumor effects, animals were encumbered with 

more invasive tumors and additional metastases following anti-angiogenic 

treatment102,103. While the exact cause of this paradoxical consequence is 

unknown, it has been hypothesized that it may be the result of either one or 

several of the following: 1) refractory or compensatory production of other 

angiogenic factors, 2) selecting for a clone of hypoxia insensitive tumor cells, or 

3) hypoxia engendered invasion102,104,105.    

 Unsurprisingly, anti-VEGF therapies have also been explored for the 

treatment of uveal melanoma. In 2010, Yang et al. demonstrated that 

bevacizumab reduced intraocular tumor size and the number of micrometastases 

in a short-term mouse model of uveal melanoma106. This same group also reported 

a reduction of in vitro and in vivo angiogenesis and in vitro invasive capabilities 
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using the same model construct106. A clinical trial using intravitreal bevacizumab 

injections to reduce the size of uveal melanoma tumors is currently underway107. 

Attributable to the aforementioned appeal of using bevacizumab’s vessel 

stabilizing properties in conjunction with other pharmacological agents, several 

clinical trials using combination therapies are also being conducted108. Although 

the results of these trials are pending, bevacizumab use in eyes afflicted with other 

ocular pathologies that were later discovered to harbour occult uveal melanomas 

revealed no effects on tumor growth109. 

 Reported side-effects of intravenously injected bevacizumab include 

impaired wound healing, arterial hypertension, renal insufficiency, and congestive 

heart failure110.  

 

Bevacizumab in Ophthalmology 
 

Although not specifically approved for ophthalmological use, 

bevacizumab has been the off-label choice for the treatment of various ocular 

pathologies since 2005111. Many studies report positive effects of intravitreal 

injections of bevacizumab for the treatment of proliferative diabetic retinopathy, 

choroidal neovascularization (CNV) secondary to age-related macular 

degeneration, macular edema in central vein occlusion, and retinal and iris 

neovascularization111-115. All of the aforementioned studies report either none or 

limited side-effects from intravitreal bevacizumab treatment and attest to the 
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ability of the antibody to penetrate retinal tissues. Other studies report rare 

consequences, such as intraocular inflammation or retinal pigment epithelium 

(RPE) tears116,117. In a recent, 12-month study including 1,265 patients treated 

with intravitreally injected bevacizumab for various ocular pathologies, adverse 

systemic effects occurred in only 1.5% of patients118. Generally, intravitreous 

bevacizumab injections are considered well tolerated and systemic and ocular 

side-effects are only rarely reported118.   

Ranibizumab is a truncated form of the bevacizumab monoclonal antibody 

that possesses a greater affinity for binding VEGF-A and is approved for the 

intraocular treatment of wet ARMD119,120. However, based on the dramatic 

difference in pricing of bevacizumab compared to ranibizumab ($17 compared to 

$1950 per dose, respectively), clinicians often administer bevacizumab over 

ranibizumab121. In defence of this decision, physicians often cite a two-year study 

that concluded that the efficacy for treating neovascular ARMD did not differ 

significantly between these compounds122.  
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Conclusion 
  

 Uveal melanoma is a devastating tumor and roughly 40% of patients will 

die from liver metastases between five and 10 years after diagnosis. Conservative 

treatments for the primary tumor can often preserve the eye and vision provided 

the tumor does not exceed a certain size. In order to proliferate beyond a few 

millimeters, tumors require new blood vessels, a process that is primarily 

governed by the powerful angiogenic cytokine, VEGF-A. Inhibition of VEGF-A, 

predominantly through the use of the monoclonal antibody bevacizumab, either as 

a mono or  as part of combination therapy, has been explored for the treatment of 

many different cancers. While the efficacy of this approach is undeniable for 

some tumors, others become more aggressive in response to treatment. In 

ophthalmology, bevacizumab is efficaciously used to treat various ocular 

pathologies, including ARMD, with limited side-effects. Coupled with 

preliminary in vitro and in vivo data, bevacizumab presents as an auspicious 

treatment modality for uveal melanoma.  
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Chapter 1: VEGF-A Expression and Inhibition in Uveal 
Melanoma Cell Lines  
 

Introduction 
 

 Based on the effectiveness of anti-angiogenic therapy in several cancers, 

we assessed whether three uveal melanoma cell lines produced VEGF-A in 

culture as well as the primary receptor for this ligand, VEGF-R2.  We also sought 

to determine if the VEGF-R2 receptor was activated on these cells by auto or 

paracrine signalling and if this process could be abrogated using the commercially 

available VEGF-A inhibitor, bevacizumab. We also examined what effect this 

inhibition has on the production of other pro-angiogenic cytokines and the 

transcriptional levels of VEGF-A. Finally, the consequences of bevacizumab on 

UM cell cycle and potential cytotoxic effects were also evaluated.  

 Ascribed by evidence from UM and other cancers, we predict that our cell 

lines produce VEGF-A, which subsequently activates the receptor. In addition, we 

hypothesize that inhibiting this process will result in the upregulation of VEGF-A 

transcription and the secretion of other angiogenic factors with limited 

perniciousness.  
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Materials and Methods 
 

Cell Lines and Culture 
  

Three UM cell lines, 92.1 (Dr. Jager; University Hospital Leiden, The 

Netherlands), OCM-1 (Dr. Albert; University of Wisconsin-Madison, USA), and 

UW-1 (Dr. Albert) were used in this study. The functional characteristics of these 

cell lines are described elsewhere123-125. Briefly, the former two cell lines were 

initially extracted and cultured from human uveal melanomas whereas the latter is 

a transformed human melanocyte cell line. The cell lines are listed according to 

their ability to form intraocular tumors, listed from most to least capable, which 

has been confirmed in an animal model and in in vitro studies124,126. During 

normal culture periods, cells were incubated at 37°C in a humidified 5% CO2-

enriched atmosphere (Thermo Forma Series II Water Jacketed CO2 Incubator; 

Fisher Scientific Limited, Ontario Canada). Cells were cultured in RPMI 1640 

medium (Invitrogen, Ontario, Canada) that was supplemented with 5% heat 

inactivated fetal bovine serum (FBS; Invitrogen), 1% fungizone (Invitrogen), and 

1% penicillin-streptomycin (Invitrogen) as a monolayer in 25 cm2 flasks (Fisher), 

and the media was changed twice weekly. Cells were observed at media change 

for normal growth by phase contrast microscopy.  Cell viability was determined 

using the trypan blue exclusion test127. For experiments requiring serum-starved 

cells, normal culture media was removed and cells were washed in phosphate 

buffered saline (PBS) and recultured in RPMI 1640 medium supplemented with 

1% fungizone (Invitrogen) and 1% penicillin-streptomycin (Invitrogen). 
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Multiplex Sandwich Enzyme Linked Immunosorbent Assay (ELISA) 
 

In order to determine if the three cell lines produced VEGF and other pro-

angiogenic cytokines, we used a commercially available multiplex sandwich 

ELISA (Quantibody® Human Angiogenesis Array I; RayBiotech, Inc., Norcross, 

GA, USA). We also investigated whether the administration of bevacizumab 

affected the production of these factors using ELISA. 

First, 500,000 cells from each cell line were cultured separately in 6-well 

plates with 5% FBS-supplemented media for 24 hours. Serum media was then 

removed, and cells were washed twice with PBS, and serum-free media was 

added to the wells. For the experimental condition, 100µg/mL of bevacizumab 

(Avastin®; Roche; Laval, QC, Canada) was also added to the wells. Twenty-four 

hours after changing to serum free media with or without the addition of 

bevacizumab, 500µL of concentrated, conditioned media was extracted from each 

well for multiplex sandwich ELISA analysis (Quantibody® Human Angiogenesis 

Array I; RayBiotech, Inc., Norcross, GA, USA). This platform provides 

quantitative data pertaining to 10 cytokines: Angiogenin, ANG-2, EGF, bFGF, 

HB-EGF, HGF, Leptin, PDGF-BB, P1GF, and VEGF. ELISA experiments were 

performed as per the manufacturer’s instructions. Briefly, 100µL of Sample 

Diluent (blocking solution) was added to each well of the glass slide with bound 

capture antibody. After blocking for 30 min, 100µL of standard cytokines or 

samples (conditioned media) were added to each well and incubated on an orbital 
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shaker for two hours at 4°C. The slide was then washed five times with Wash 

Buffer I followed by two washes with Wash Buffer II. Next, 80µL of detection 

antibody cocktail was added to each well for two hours followed by the identical, 

aforementioned washing procedure. After washing, 80µL of Cy3 dye-conjugated 

streptavidin was added to each well followed by incubation in the dark for one 

hour. The glass slide was then washed five times with 150µL of Wash Buffer I. 

After drying, slides were sent to RayBiotech Inc. for fluorescent analysis with the 

Quantibody® Q-Analyzer software. All conditions were repeated in quadruplicate 

and normal, unconditioned media with and without the addition of 100ug/mL of 

bevacizumab were used as negative controls. 

 

Immunocytochemistry 
 

 To initially determine if the three cell lines produced the primary VEGF-A 

receptor VEGF-R2, we performed cytospins and immunostained for this protein.  

After growing to 80% confluency in conditions described above, cells 

were prepared for immunocytochemistry by first detaching them from the flask 

using 0.05% trypsin in EDTA (Fisher) and, after neutralizing the trypsin with 

supplemented media, cells were resuspended in PBS at a concentration of 

1,000,00 cells/mL. Cytospins were then preformed using Cytospin® 3 (Thermo 

Shandon Inc.; Cheshire, England) as per the manufacturer’s instructions. Briefly, 

300µL of the PBS diluted cell suspension were added to the Cytofunnel™ and the 
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machine spun the samples for three minutes at 500RPM. This process forced the 

cells onto a glass slide, suitable for immunocytochemistry and other applications. 

Immunocytochemistry was performed using the Ventana BenchMark fully 

automated machine (Ventana Medical System Inc., AZ, USA). The automated 

processing of barcode labeled slides included baking of the slides, solvent-free 

deparaffinization, and CC1 (Tris/EDTA buffer pH 8.0) antigen retrieval. Slides 

were incubated with a monoclonal mouse anti-human VEGFR2/KDR-1/Flt-1 

antibody (Millipore, Temecula, MA; 1:50 dilution) for 30 min at 37°C, followed 

by application of a biotinylated secondary antibody (8 min at 37°C) and an 

avidin/streptavidin enzyme conjugate complex (8 min at 37°C). Finally, the 

antibody was detected by Fast Red chromogenic substrate and counterstained with 

hematoxylin. Cytospins were independently graded as either positive or negative 

for VEGFR2 expression by two different pathologists, and there were no inter-

observer conflicts. This process is described elsewhere128. For negative controls, 

the process was repeated using the identical procedure save the omission of the 

primary antibody. 

 

Western Blot 
 

 Next, in order to determine if the VEGF-R2 receptors are activated by 

endogenous VEGF-A, a western blot for the phosphorylated version of the protein 

was performed. This process was executed on control cells and those in which 

VEGF-A was inhibited with 100ug/mL bevacizumab. Cells were grown in a 6-
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well plate with 5% supplemented serum media to a total density of 500,000 cells, 

after which they were grown in serum-free media for 24 hours prior to protein 

extraction. The experimental group was incubated with 100ug/mL of 

bevacizumab (Roche) for 24 hours prior to protein extraction. Cells were removed 

from the flask using trypsin as previously described, and pelleted. Next, protein 

was extracted from the pellets using cOmplete Protease Inhibitor Cocktail Tablets 

(Roche), PhosSTOP Phosphatase Inhibitor Tablets (Roche), and lysis buffer 

(150mM NaCl, 50mM HEPES, pH 7.4, 1mM EGTA, 1mM Na3VO4, 10mM 

NaF, 1mM phenylmethylsulfonyl fluoride, 5% glycerol, and 1% Triton X-100) as 

per the manufacturers’ instructions. After extraction, protein quantification was 

determined using the Micro BCA Protein Assay Kit (Thermo Scientific; 

Rockford, IL, USA) as per the manufacturer’s instructions and read using the Bio-

Tek EL-800 Universal plate reader (Bio-Tek Instruments, Winooski, VT, USA) at 

a wavelength of 560nm. Protein from all samples was standardized to 15ng/uL. 

Next, 30µL of control and experimental samples were subjected to SDS-PAGE on 

8% acrylamide separating gel before transferring to nitrocellulose membranes 

(Invitrogen) and incubating overnight at 4°C with Phospho-VEGFR2 (1:500; Cell 

Signalling Technology; Beverly, MA, USA) and ² -Actin (1:1000; Abcam plc; 

Cambridge, MA, USA). Film was developed using Pierce ECL Western Blotting 

Substrate (Thermo Scientific) and Kodak Biomax XAR film (Kodak; Rochester, 

NY, USA), as per manufacturers’ instructions; film was exposed for 30 seconds. 

For negative controls, the aforementioned process was repeated save omission of 

the primary antibody.   
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In order to objectively compare activated VEGF-R2 protein levels 

between control cells and those treated with bevacizumab, the optical density 

(OD) of the positive bands from the western blot were analyzed using ImageJ 

Software (ver. 1.46d; National Institutes of Health [NIH], USA)129,130. After 

scanning the film and generating a JPG image, lanes were individually selected 

using the Analyze > Gels command. Next, plots of the relative densities of the 

content of each lane were generated and the data from each plot area were 

calculated and exported to Microsoft Excel (2010). This process was repeated for 

every control and experimental condition for both ² -actin and Phospho-VEGFR2. 

To normalize all lanes for loading discrepancies, the densest (highest value 

determined by ImageJ) ²  -actin lane was given a relative value of 1 and all other 

² -actin values were normalized to the density of this lane. Next, all Phospho-

VEGFR2 bands were normalized according to their respective loading controls. 

Finally, relative expression of VEGF-R2 before and after bevacizumab treatment 

was determined for each cell line by dividing the normalized OD of the control by 

the normalized OD of the experimental condition.  

 

Flow Cytometry 
 

 In order to assess the effect of bevacizumab on cell cycle, flow cytometry 

in conjunction with propidium iodide (PI) staining was performed. Succinctly, all 

three cell lines were grown in regular culture conditions 24 hours prior to PI 

staining. One day prior to experimentation, the media was removed and the cells 

were washed in and then incubated in serum free media. For the experimental 
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groups, 100µg/mL of bevacizumab (Roche) was added to the media. Twenty-four 

hours later, cells were harvested and resuspended in PBS at a concentration of 

100,000 cells/mL and fixed with cold ethanol. After fixation, cells were added to 

a PI staining solution (3.8mM sodium citrate, 50µg/mL PI) and 10µg/mL RNAse 

solution (Promega; Madison, WI, USA).  This cell solution was then analyzed 

using a 488nm laser and fluorescence (> 600 nm), and side scatter were obtained 

using the BD FACS Calibrator (BD Biosciences; San Jose, CA, USA). For each 

sample, 30,000 events were captured and the Dean/Jett/Fox Algorithm was used 

in order to measure the number of cells in the following states: %G1, %S, %G2, 

% > G2, and % < G1. The percentage of cells in phase < G1 were considered an 

indication of apoptosis. For negative controls, no PI solution was added to the 

cells prior to flow cytometry. 

 

Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
 

 To determine the effects of bevacizumab on the transcription rate of 

VEGF-A, RT-qPCR was performed. The three cell lines were grown in 6-well 

plates in regular culture media until they reached a total of 500,000 cells per well. 

Twenty-four hours prior to harvesting, supplemented media was replaced with 

serum free media and the experimental group was augmented with 100ug/mL of 

bevacizumab. Cells were harvested and RNA was extracted using the Qiagen 

RNeasy kit (Qiagen, Mississauga, Ontario, Canada) as per the manufacturer’s 

instructions. Briefly, cells were disrupted and homogenized using lysate buffer 
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and, after mechanical separation using a syringe, insoluble material was removed 

by centrifugation. The lysate solution was mixed with one volume of 70% ethanol 

before adding the solution to RNeasy minicolumns, which were centrifuged and 

then washed twice using the included buffer solutions. Finally, total cellular RNA 

was eluted using RNase-free water. 

 Next, the RNA was converted to a cDNA library using iScript™ Reverse 

Transcription Supermix for RT-qPCR (Bio-Rad Laboratories; Hercules, CA) as 

per the manufacturer’s instructions. After adding the Supermix to each RNA 

sample, a Chromo4 thermocycler (MJ Research, Waltham, Massachusetts, USA) 

was used to incubate the mixture with the following settings: priming, 5m at 

25°C, reverse transcription, 30m at 42°C, and RT inactivation, 5m at 85°C. All 

future experiments used the cDNA generated using the techniques described 

above. For negative controls, the process was repeated without the addition of the 

reverse transcription. 

 The iQ™ SYBR® Green Supermix (Bio-Rad Laboratories) was then 

added to the cDNA from each sample. Each sample was prepared in triplicate 

using both ² -actin and VEGF-A primers (QuantiTect® Primer Assay; Qiagen) 

and the following settings were programmed into the Opticon Monitor software 

(Bio-Rad Laboratories) and run using the Chromo4 thermocycler: 15m at 95°C, 

15s at 94°C, 30s at 55°C, 30s at 72°C, followed by a plate read. This process was 

repeated a total of 40 times. 



53 
 

For all comparisons between treated and untreated cells, the Pfaffl fold-

change method was used131. This method was selected as it accounts for potential 

differences in primer efficiency and non-perfect transcript doubling. First, 

standard curves were generated using the two primers (² -actin [Invitrogen] and 

VEGF-A [Invitrogen]) and known quantities of RNA and, from this standard 

curve, the slope of the line was calculated. This data was used to determine primer 

efficiency, which was calculated using the following formula: 

Efficiency = 10 ^ (-1/slope) 

Next, the fold change in expression (” Ct) was calculated using the 

following formula: 

” Ct = (EfficiencyACTIN ^ [CtVEGFcontrol-CtVEGFexp]) /EfficiencyVEGF ^ 

[CtACTINcontrol-CtACTINexp]) 

The suffixes control and exp represent the values obtained from the mean 

of three experiments using untreated cells and those treated with bevacizumab, 

respectively.   

The assay was performed in triplicate for each gene of interest, and 

product validation was achieved using melting curve analysis. 

 

Statistical Analysis 
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 The Student’s t-test was used for all comparisons, and a p-value of < 0.05 

was considered statistically significant (Microsoft Excel). All data is presented as 

means ± standard deviation (SD).  
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Results 
 

Multiplex Sandwich Enzyme Linked Immunosorbent Assay (ELISA) 
 

 All three cell lines produced VEGF-A in culture (mean ± SD): 92.1, 

11785.5 ± 231.8 pg/µL; OCM-1, 4608.0 ± 324.0 pg/µL; UW-1, 8309.3 ± 634.5 

pg/µL. After bevacizumab administration, there was no detectable VEGF-A in the 

serum produced by any cell line; a difference that was significant (p < 0.001) for 

all (Figure 2).  

 With respect to other pro-angiogenic cytokines, angiogenin was 

significantly reduced in the OCM-1 and UW-1 cell lines following bevacizumab 

treatment (1562.0 ± 16.9 pg/µL vs. 1401.2 ± 16.2 pg/µL and 4980.9 ± 187.6 

pg/µL vs. 1736.8 ± 101.1 pg/µL, respectively; Student’s t-test; p < 0.05, for both). 

EGF expression was significantly reduced following bevacizumab treatment of 

the UW-1 cell line (33.3 ± 2.0 pg/µL vs. 23.7 ± 2.4 pg/µL, respectively; Student’s 

t-test; p < 0.05). Similarly, both HB-EGF and P1GF were significantly reduced in 

the UW-1 cell line after bevacizumab administration (366.4 ± 47.3 pg/µL vs. 59.1 

± 4.2 pg/µL and 64.6 ± 4.4 pg/µL vs. 22.1 ± 2.1 pg/µL, respectively; Student’s t-

test; p < 0.05, for both). No significant expression changes in any other cytokines 

were noted after bevacizumab treatment. Although not significant, it is of note 

that bevacizumab induced an increase in EGF and HB-EGF in the OCM-1 cell 

line. There was no detectable VEGF-A in serum-free media with or without the 

addition of bevacizumab (0.0 pg/µL, for all). 
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Figure 2. VEGF-A secretion by three uveal melanoma cell lines (92.1, OCM-

1, and UW-1) into conditioned media before and after the administration of 

100ug/mL of bevacizumab (+ bevacizumab), as determined using a sandwich 

ELISA.  Normal media with and without bevacizumab were used as controls. 

*p < 0.05; Student’s t-test. 

 

Immunocytochemistry 
 

 Cytospins of all three cell lines were positive for VEGF-R2. 

Immunostaining was primarily cytoplasmic/membrane, but nuclear positivity was 

also identified in the OCM-1 and UW-1 cell lines (Figure 3).  
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Figure 3. Immunocytochemistry of three uveal melanoma cell lines for the 

expression of VEGF-R2. Pink: Positive immunostaining; Blue: Hematoxylin 

counter staining. 

 

Western Blot 
 

 Activated VEGF-R2 was detectable in all three cell lines under control 

conditions. The ODs after correcting for loading bias were as follows: 92.1 = 

107525.2 ± 8602.0, OCM-1 = 46587.3 ± 4192.9, and UW-1 = 60394.3 ± 4026.4. 

After bevacizumab administration, activated VEGF-R2 levels significantly 

dropped to 1% (1024.5 ± 98.2), 28% (12821.1 ± 1666.7), and 14% (6908.2 ± 

607.2) of the 92.1, OCM-1, and UW-1 controls, respectively (Student’s t-test; p < 

0.05; Figure 4).  
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Figure 4. A. Expression of phosphorylated-VEGF-R2 before and after 

bevacizumab treatment expressed as a percentage of the control. Optical 

density of the western blots was quantified using ImageJ software (NIH). *p 

< 0.05; Student’s t-test. B. Representative western blot of phosphorylated-

VEGF-R2. ² -Actin was used as a loading control.    

 

Flow Cytometry 
 

 The use of bevacizumab at a concentration of 100µg/mL did not 

statistically influence either cell cycle or cell death. In general, less than 1% of 
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cells had fragmented DNA representative of apoptosis, irrespective of cell line or 

treatment (Table 2). These data suggest that any changes in proliferation or other 

functional abilities addressed later in the thesis will not be attributable to 

bevacizumab-induced cell cycle changes or toxicity.   

 

Table 2. Dean/Jett/Fox algorithm applied to the flow cytometry results 

displaying the percentage of cells in the different phases of the cell cycle, as 

determined using propidium iodide staining. Individual percentages are 

obtained by dividing the number of events for that category by the total 

number of events (30,000). The %<G1 represents the population of cells that 

have undergone apoptosis. G: gap phase; S: synthesis gap phase. 

  %G1 %S %G2 %<G1 %>G2 TOTAL 

92.1 Control 51.4 25.5 21 0.51 0.52 98.93 

92.1 + 
Bevacizumab 

50.3 29.4 17.8 0.28 0.56 98.34 

OCM-1 Control 64 22.3 11 0.31 0.74 98.35 

OCM-1 + 
Bevacizumab 

61.9 20.4 14.9 0.31 1.23 98.74 

UW-1 Control 50.1 32 13.2 0.91 1.6 97.81 

UW-1 + 
Bevacizumab 

51.2 26 18.3 1.05 1.87 98.42 
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Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
 

 Inhibition of VEGF-A with 100ug/mL of bevacizumab caused a slight yet 

consistent upregulation of VEGF-A across all three cell lines. VEGF-A mRNA 

increased 1.14, 1.18, and 1.37 fold, for the 92.1, OCM-1, and UW-1 cell lines, 

respectively.   
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Discussion 
 

 Based on recent studies describing the importance of VEGF-A for tumor 

growth and development, we investigated VEGF-A status in three uveal 

melanoma cell lines of varying metastatic potential. Currently, there are limited 

studies in the literature investigating VEGF-A expression in UM, and fewer still 

assessing the inhibition of this cytokine in animal models, thus comprehensive 

studies regarding VEGF-A in multiple UM cell lines are needed92,93,106,132. In the 

present study, we determined that three UM cell lines produced copious amounts 

of VEGF-A (between 4600 and 12000 pg/mL). It is of note that this exceeds the 

amount of VEGF-A detected in the serum of patients with UM, which ranged 

between approximately 40 and 2000 pg/mL133. Although direct comparisons 

between culture experiments and serum from patients should be considered with 

reservation, our data indicates that the VEGF-A produced by our cell lines might 

represent a clinically relevant concentration.    

All three cell lines tested also produced the primary VEGF-A receptor 

involved in tumor angiogenesis, VEGF-R2, suggesting that both the cytokine and 

its receptor may be involved in UM development or progression. To better 

ascertain the functional consequences of this activation, we chose to inhibit 

VEGF-A using a commercially available inhibitor, bevacizumab. The decision to 

select bevacizumab over other inhibitors was based on the fact that bevacizumab 

is currently the most commonly used anti-angiogenic pharmaceutical used to treat 

various ocular conditions112,121,134,135. As expected based on previous reports, 

bevacizumab did not affect cell cycle or induce cell death at 100ug/mL106. This 
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clinically relevant dosage was capable, however, of completely inhibiting VEGF-

A from activating VEGF-R2 in these cell lines. Taken together, these data suggest 

that UM cell lines use the VEGF-A/VEGF-R2 signalling cascade for autocrine 

and paracrine processes, a proceeding that can be abolished with bevacizumab 

administration.  

Autocrine signalling is not uncommon for malignant cells, and has been 

seen in UM. For example, it has been shown that the FGF2/FGFR1 autocrine loop 

induces cell proliferation and survival in UM cells136. Furthermore, in many 

cancers, including ovarian carcinoma, breast cancer, and prostate cancer, VEGF-

A signalling can operate in an autocrine manner and induce cell growth137-139. 

We also determined that our UM cells increase VEGF-A mRNA 

production in response to inhibition with exogenous bevacizumab. This is to be 

expected, as recognition of decreased VEGF-R2 signalling should subsequently 

result in upregulation of ligand transcription in the cell lines. However, based on 

the abundant production of both the receptor and ligand, a paltry maximum 

increase of 40% in VEGF-A mRNA by these cell lines seems unexpectedly low. 

A previous study analyzing VEGF-A production in neutrophils demonstrated that 

they harbor an intracellular pool of VEGF-A that can be released in response to 

various factors140. Although we did not test this hypothesis directly, it is possible 

that our UM cells did not radically increase VEGF-A mRNA when activation of 

the receptor was significantly reduced because they released pooled VEGF-A 

from intracellular compartments.  Unfortunately, the antibody based detection 

methods (ELISA) used in our study would not detect this process unless the 
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exogenous bevacizumab was saturated, which was evidently not the case. In this 

scenario, it is reasonable to assume that if this initial compensatory mechanism 

failed to restore VEGFR-2 activation, increased transcription of VEGF-A would 

ensue. Future studies in which uveal melanoma cells experience prolonged 

exposure to bevacizumab beyond 24 hours would be useful to address this 

hypothesis.  

Alternatively, we initially considered that UM cells may increase the 

production of other angiogenic or growth factors in response to bevacizumab 

treatment, as is the case in colorectal cancer cells after chronic treatment with 

bevacizumab141. This compensatory process was also detected in a study 

investigating bevacizumab treatment for other ocular conditions in the clinic. In 

that study, the authors concluded that bevacizumab therapy induced significant 

upregulation of IL-8 and TGF-b142. However, our data investigating 10 pro-

angiogenic cytokines does not support this hypothesis as none of the factors tested 

were significantly upregulated following bevacizumab administration. We did 

note, however, a non-significant increase in EGF and HB-EGF following 

treatment; thus, we suggest that it is possible that other cytokines that do not 

possess intrinsic angiogenic properties, and were therefore not included on the 

ELISA array, may be upregulated following bevacizumab therapy.  

The discrepancy between our in vivo data and in vitro data from other 

studies described above may also be a consequence of a lack of oxygen 

restrictions in the latter relative to the former. In vivo, tumor cells must compete 

with a host of other cell types for oxygen, whereas in culture, UM cells only 
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compete with other UM cells in a self-limiting manner. In addition, cells grow as 

a monolayer in culture, and thus do not suffer the same surface area to volume 

diffusion restrictions experienced by three-dimensional tumors. Despite the 

aforementioned discrepancies in oxygen acquisition restrictions between in vitro 

and in vivo settings, our experiments were performed in serum-free media and 

thus competition for sustenance may be similar between the two cohorts. 

Therefore, in culture, VEGF-A may be employed more for its growth factor 

characteristics than for its pro-angiogenic influence, and thus refractory cytokine 

production following inhibition may reflect growth requirements as opposed to 

being hypoxia motivated. Therefore, future studies should investigate the 

compensatory upregulation of growth factors and other cytokines following 

bevacizumab treatment.    
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Conclusion 
 

In this chapter, we demonstrated that three uveal melanoma cells produce 

VEGF-A and the primary receptor VEGF-R2 in culture. We also showed that the 

receptor is activated in both a paracrine and autocrine fashion, which can be 

inhibited by a non-lethal dose of bevacizumab. Although VEGF-A generally acts 

as a mitogen and induces proliferation in other malignancies, there are limited 

studies investigating the consequences of this effect in UM. Because producing 

ligands and receptors requires the expenditure of valuable energy resources, 

VEGF may play an important role in UM progression. Therefore, the present 

results and preceding work in this field provide an impetus for future studies 

focusing on the downstream and functional effects of this signalling process in 

uveal melanoma.  
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Chapter 2: The Effects of VEGF-A Signalling and Inhibition in 
UM Cell Lines 
 

Introduction 
 

 In this chapter, we explore and expand on the findings of chapter 1; 

mainly, the consequences of auto- and paracrine signalling of VEGF-A through 

VEGF-R2, and inhibition of said signalling with bevacizumab in UM. Moreover, 

we investigate the effects of VEGF-A inhibition on a large panel of 

complementary cytokines to determine if they are upregulated to offset the 

reduced receptor tyrosine kinase activity.  

We hypothesize that inhibiting VEGF-A signalling in our UM cell lines 

will reduce their ability to proliferate, migrate, and invade. Furthermore, we 

postulate that other cytokines will be upregulated by bevacizumab and that dual 

inhibition of VEGF-A and select compensatory cytokines will result in further 

depression of the functional abilities of UM cells.  
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Materials and Methods 

Cell Lines and Culture 
 

Cell lines and cell culture were maintained exactly as described in the 

complementary section in Chapter 1. 

 

Multiplex Sandwich Enzyme Linked Immunosorbent Assay (ELISA) 
 

 In order to establish whether bevacizumab treatment influenced the 

production of additional cytokines, a multiplex ELISA assay was performed using 

the same methodology and equipment listed in the dizygotic section in Chapter 1. 

In this chapter, we analyzed the production of 20 human cytokines using the 

Quantibody® Human Cytokine Array 1 (Raybiotech, Inc.), which detects secreted 

levels of IL-1a, IL-2, IL-5, IL-8, IL-12p70, GM-CSF, IFNy, CCL3, MMP-9, 

TNF-a, IL-1b, IL-4, IL-6, IL-10, IL-13, GRO, MCP-1, MIP-1b, RANTES, and 

VEGF. All conditions were repeated in quadruplicate and expression before and 

after treatment with 100µg/mL of bevacizumab (Roche) was compared. Serum-

free media with and without added bevacizumab (Roche) were used as controls.  

 

Gene Knockdown using siRNA 
 

 Based on the results of the cytokine ELISA, we selected one cytokine 

(CCL3) that was consistently upregulated following bevacizumab for inhibition 

(see Chapter 2: Results). In order to knockdown the expression of CCL3, we used 
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the ON-TARGET plus SMARTpool Human CCL3 siRNA (Thermo Fisher 

Scientific; Lafayette, CO, USA) with DharmaFECT® siRNA transfection reagent 

1 (Thermo Fisher Scientific) employing the manufacturer’s instructions. All cell 

lines were seeded at 300,000 cells per well in a 6-well plate in serum and 

antibiotic free media. Five microliters of transfection reagent 1 (Thermo Fisher 

Scientific) was diluted with 195µL of antibiotic free media and 10µL of the 5uM 

concentration of either SMARTpool Human CCL3 (Thermo Fisher Scientific), 

SMARTpool Human GAPDH (positive control; Thermo Fisher Scientific), or On-

TARGET plus Non-Targeting Plus (negative control; Thermo Fisher Scientific) 

was mixed with 190µL of antibiotic free media. These two mixtures were 

combined with 1600µL of complete, antibiotic free media and added to the 

individual wells. After 24 hours, the media was removed from the wells and new, 

antibiotic free media with serum was added, and these transfected cells were used 

for further experiments. In total, each cell line (92.1, OCM-1, and UW-1) was 

separately transfected with three different siRNAs: CCL3 (experimental 

condition), GAPDH (positive control), scramble sequence (negative control). All 

experiments were repeated in triplicate. 

 

Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
 

 In order to determine the efficiency of the knockdown of CCL3 using the 

siRNA described above, RT-qPCR was performed. This procedure was executed 

in an identical manner as described in the corresponding section in Chapter 1, 
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save the use of the following PCR primers: CCL3 (Qiagen) and GAPDH 

(Qiagen). GAPDH was used to evaluate both the positive and negative siRNA 

controls. ² -actin was used as the internal control for all experiments.  

 In addition, RT-qPCR was performed to determine if the UM cell lines 

produced the primary receptor for CCL-3 (CCR-1) using a CCR-1 primer 

(Qiagen). Furthermore, MMP-9 expression was also evaluated using this same 

technique. The expression levels of all the proteins were tested under the 

following conditions: control, siRNA transfected, bevacizumab treated, and 

siRNA transfected and bevacizumab treated (combination). All experiments were 

performed in triplicate, and the previously described Pfaffl fold-change method 

was used to evaluate expression differences between conditions. 

 

Protein Expression 
 

 To determine CCL3 protein secretion before and after bevacizumab 

treatment and to assess the effectiveness of CCL3 siRNA to reduce protein 

secretion, we used the Quantikine® Human CCL3/MIP-1a (R&D Systems; 

Minneapolis, MN, USA), an ELISA based system. To determine serum protein 

levels, UM cell lines (either controls or siRNA transfected) were incubated in a 6-

well culture plate at a density of 333,000 cells per well with 1mL of serum-free 

media. For experimental conditions that required bevacizumab, the drug was 

added 24 hours prior to assaying. For cells treated with siRNA, experiments 
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commenced immediately following incubation in complete media (24 hours after 

beginning the transfection). Therefore, for all conditions, cells were seeded and 

treated (where required) 24 hours prior to conditioned media acquisition. 

As per the manufacturer’s instructions, 200µL of serum from each 

condition was added to the individual wells provided with the assay and incubated 

for two hours. Next, wells were aspirated and washed three times and 200µL of 

CCL3 conjugate was added. After 1 hour, the wells were once again aspirated and 

washed three times. Then, 200µL of Substrate Solution was added to each well, 

and the cells were incubated in the dark for 20 minutes. Finally, 50µL of stop 

solution was added, and all wells were read with a plate reader (Bio-Tek 

Instruments) at a wavelength of 450nm after 15 min of color development. The 

following conditions were tested for all three cell lines: control, bevacizumab 

treated (100µg/mL), CCL3 siRNA, and bevacizumab and CCL3 siRNA 

(combination). 

 To assess the effects of bevacizumab, CCL3 siRNA, and combination 

treatments on MMP-9 protein secretion, we used the Quantikine® Human MMP-

9 (R&D Systems) kit. Samples were prepared and the assay was performed using 

identical procedures as outlined above for CCL3. For all ELISA experiments, 

conditions were repeated in triplicate and controls included serum-free media with 

and without added bevacizumab.  
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Functional Assays 
 

 In order to determine the effects of various treatments on the functional 

abilities of UM cells, we compared the following conditions: serum-free media 

(control), 100µg/mL bevacizumab, CCL3 siRNA, and the combination of both 

treatments. The goal of the latter set of experiments was to determine what effect 

CCL3 siRNA has on the functional abilities and whether inhibiting this cytokine 

would increase the efficacy of bevacizumab.  

 

Proliferation Assay 
 

 Cell proliferation was calculated using the Sulforhodamine B based in 

vitro toxicology assay kit (TOX-6; Sigma; St. Louis, MI, USA), executed as per 

the manufacturer’s instructions. Sulforhodamine B stains cellular proteins; thus, 

the amount of dye incorporation is an indirect measure of total biomass and, 

consequently, cell number143. Briefly, 25,000 cells from each condition were 

grown in 96-well plates in serum free media. For experimental conditions, 

100µg/mL of bevacizumab was added to the wells. After 24 hours, cells were 

fixed using trichloroacetic acid for one hour before washing with water. Next, 

Sulforhodamine B Solution was added to the cells, and they were allowed to stain 

for 30 minutes. After residual solution was removed by washing, dye was 

solubilized with the provided Sulforhodamine B Assay Solubilization Solution 

and wells were agitated for five minutes. After visual confirmation that the dye 

was dissolved, the absorbance of the wells was determined at 565nm using the 
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Bio-Tek EL-800 Universal plate reader (Bio-Tek). Data was collected using KC 

Junior software (Bio-Tek). All experiments were repeated in triplicate. Media 

with and without added bevacizumab were used as controls.  

 

Migration Assay 
 

Conceptually, the migration assay functions by seeding serum starved 

cells into an upper chamber that has a porous, membrane base. With the addition 

of a chemoattractant in the lower chamber, cells will migrate towards the 

attractant and, after staining, the number of migrated cells can be counted and 

compared between conditions.  

Migration assays were performed using the QCM ™ 24-well Colorimetric 

Cell Migration Assay (EMD Millipore; Billerica, MA, USA) as per the 

manufacturer’s instructions. Briefly, 300,000 cells were serum starved for 24 

hours prior to adding them in serum free media into the upper chamber. For a 

chemoattractant, serum supplemented media was added to the lower. For 

experimental conditions, 100µg/mL of bevacizumab was added to the upper 

chamber with the cells. Cells were then placed back into the incubator under 

normal culture conditions to allow migration. After 24 hours, non-migrating cells 

from the upper chamber were removed by pipetting, and the lower portion of the 

upper chamber was incubated in Cell Stain for 20 minutes. Residual, non-

migrating cells from the upper chamber were removed by swabbing. The bottom 

of the chamber, containing the stained, migrated cells, was incubated in 
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Extraction buffer. After transferring 100µL of this solution to a 96-well plate, the 

OD at 560nm was determined using the Bio-Tek EL-800 Universal plate reader 

(Bio-Tek). All experiments were repeated in triplicate. Media with and without 

added bevacizumab were used as controls.  

 

Invasion Assay 
 

 The Colorimetric QCM ECMatrix Cell Invasion Assay (EMD Millipore) 

was used to determine the invasive ability of UM cell lines. This assay functions 

similarly to the migration assay described above; the cells were prepared in the 

same manner, and the technical aspects of the kit are identical. However, while 

the migration assay has a membrane with 8µm holes for the cells to migrate 

through, in the invasion assay, these pores are covered with a basement membrane 

(ECMatrix™). This membrane is designed to represent the extracellular matrix 

present in vitro; in this context, the cells must actively degrade this membrane in 

order to migrate into the lower chamber, in a manner mimicking physiological 

extracellular matrix. Only cells that accomplish this task will be subsequently 

detected by the plate reader. Media with and without added bevacizumab were 

used as controls.  

 

 

Statistical Analysis 
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 To compare between multiple means, such as for the multiple conditions 

used in the proliferation, migration, and invasion assays, and for comparing CCL3 

and MMP-9 protein secretion, we first determined homogeneity of variance using 

Levene’s statistic. If Levene’s statistic was < 0.05, indicating that the assumption 

of homogeneity of variance was not met, we performed Brown-Forsythe and 

Welch tests to determine if differences were significant. If Levene’s statistic was 

> 0.05, we performed a one-way analysis of variance analysis (ANOVA). Tukey 

post-hoc analysis was used to determine where differences were significant 

between treatment conditions for each cell line. To compare experimental 

conditions to the controls, Dunnett’s 2-sided tests were used for post-hoc analysis. 

Analyses were performed using SPSS ver. 20 (IBM Corporation).  

The Student’s t-test was used to determine differences for all tests 

requiring the comparison of only two means (Microsoft Excel).  

 For all statistical analyses, a p-value of < 0.05 was considered statistically 

significant. All data is presented as means ± standard deviations (SD).  
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Results 

Multiplex Sandwich Enzyme Linked Immunosorbent Assay (ELISA) 
 

 Of the 20 cytokines tested, only four were significantly affected following 

bevacizumab treatment: IL-4, GM-CSF, CCL3, and MMP-9; the former two were 

downregulated and the latter two upregulated. The following data pertaining to 

these cytokines are displayed as means ± SD.  

IL-4 secretion was significantly reduced in the 92.1 and OCM-1 cell lines 

after bevacizumab treatment (223.00 ± 35.44 pg/mL vs. 124.33 ± 16.74 pg/mL; 

213.50 ± 31.93 pg/mL vs. 114.25 ± 19.03 pg/mL, respectively; Student’s t-test; p 

< 0.05 for both). GM-CSF secretion was also significantly reduced in the OCM-1 

cell line following bevacizumab therapy (167.00 ± 11.43 pg/mL vs. 109.50 ± 

21.01 pg/mL; control vs. bevacizumab; Student’s t-test; p < 0.05).  

Only CCL3 and MMP-9 were significantly upregulated following 

bevacizumab treatment across all three cell lines. For CCL3, the values were: 

1072.50 ± 18.77 pg/mL vs. 1281.00 ± 72.34 pg/mL; 22.5 ± 7.85 pg/mL vs. 62.00 

± 9.16 pg/mL; 20.33 ± 6.35 pg/mL vs. 35.00 ± 6.22 pg/mL; control vs. 

bevacizumab; 92.1, OCM-1, and UW-1, respectively; Student’s t-test; p < 0.05 for 

all (Figure 5).  

For MMP-9, the values were: 25.50 ± 5.47 pg/mL vs. 88.25 ± 13.38 

pg/mL; 19.75 ± 4.14 pg/mL vs. 45.25 ± 8.36 pg/mL; 3.25 ± 1.09 pg/mL vs. 19.25 
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± 3.77 pg/mL control vs. bevacizumab; 92.1, OCM-1, and UW-1, respectively; 

Student’s t-test; p < 0.05 for all (Figure 5). 

 

 

Figure 5. Secretion of CCL3 and MMP-9 by three uveal melanoma cell lines 

following treatment with 100µg/mL of bevacizumab. Results are shown as 

fold change in expression relative to the control. *p < 0.05; Student’s t-test 

(compared to control).   

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

92.1 + Bevacizumab OCM-1 + Bevacizumab UW-1 + Bevacizumab

Fo
ld

 in
cr

ea
se

 in
 P

ro
te

in
 S

ec
re

tio
n 

(%
 o

f C
on

tr
ol

) 

Cell Line 

MMP-9 and CCL3 Protein Secretion by Uveal 
Melanoma Cell lines 

MMP-9

CCL3

* 

* 

* 

* 

* 

* 



77 
 

Gene Knockdown using siRNA 
 

Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
 

Based on the results of the ELISA revealing that MMP-9 and CCL3 were 

ubiquitously upregulated following bevacizumab treatment, we decided to 

knockdown one of these cytokines to determine their effect on the functional 

abilities of the UM cells. MMP-9 is a downstream effector of the CCL3 signalling 

cascade144; we therefore silenced CCL3 to assess the impact of the loss of 

function of this pathway. 

All qPCR data is expressed as fold change according to the previously 

described Pfaffl method, unless otherwise noted.  

 Transcriptional reduction of CCL3 was successfully accomplished using 

siRNA. After treatment, the fold reduction of CCL3 transcripts in the 92.1, OCM-

1, and UW-1 UM cell lines, was 23, 21, and 23, respectively. To determine 

whether this was a specific downregulation, we compared ² -actin expression 

between the control and siRNA treated cells; no significant differences were 

detected for 92.1, OCM-1, or UW-1 (18.80 ± 0.19 vs. 19.19 ± 0.17; 18.66 ± 0.28 

vs. 19.15 ± 0.16; 18.74 ± 0.31 vs. 18.90 ± 0.29, respectively; control vs. CCL3 

siRNA; Student’s t-test; p > 0.05 for all; all data expressed as Ct).  

In order to ensure that the aforementioned downregulation was attributed 

to the specific sequence used and not the process of incorporating the siRNA, we 

compared ² -actin expression from one cell line that was transfected with scramble 
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sequence siRNA to the control; no significant differences were determined in ² -

actin expression for the UW-1 cell line (18.56 ± 0.04 vs. 18.86 ± .0.39; control vs. 

scrambled; Student’s t-test; p > 0.05, for all; all data expressed as Ct).  

 Surprisingly, after bevacizumab treatment, transcription of CCL3 and 

MMP-9 were not drastically upregulated in any cell line despite the significant 

changes in protein secretion: fold changes in transcription for 92.1, OCM-1, and 

UW-1 cell lines were 1.95, 1.08, and 0.97 for CCL3 and 1.48, 1.67, and 1.02 for 

MMP-9, respectively. This result was consistent for VEGF-A transcript 

production, as well (1.14, 1.18, and 1.37, for 92.1, OCM-1, and UW-1, 

respectively). 

 Transcripts of the primary CCL3 receptor, CCR1, were detected in all 

three cell lines and this production increased slightly following bevacizumab 

treatment (1.20, 1.83, and 1.24 fold increase for 92.1, OCM-1, and UW-1, 

respectively). 

  The CCL3 siRNA caused a drastic reduction in MMP-9 transcript 

production in all cell lines, affirming our notion that CCL3 upregulation was, at 

least in part, responsible for the MMP-9 increase following bevacizumab 

treatment (6.5, 8.8, and 6.7 fold reduction, for 92.1, OCM-1, and UW-1, 

respectively).   

 

Protein Expression 
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 After confirming that CCL3 siRNA treatment successfully downregulated 

the transcription of CCL3, we investigated if the same were true for protein 

secretion.  

With respect to CCL3 and MMP-9 secretion, only the UW-1 cell line 

passed the homogeneity of variance test (p > 0.05; Levene’s statistic); for both 

proteins, the one-way ANOVAs were significant (p < 0.05). For the other cell 

lines, homogeneity of variance was violated (p < 0.05; Levene’s statistic), and 

thus both Welch and Brown-Forsythe tests were used, both of which were 

statistically significant for all (p < 0.05). Based on these data, we concluded that 

there were significant changes in both CCL3 and MMP-9 secretion in all cell 

lines. 

After siRNA treatment, CCL3 expression was significantly reduced in all 

cell lines compared to controls (0.937 ± 0.042 vs. 0.040 ± 0.010; 0.240 ± 0.022 

vs. 0.025 ± 0.006; 0.073 ± 0.005 vs. 0.022 ± 0.002; control vs. CCL3 siRNA 

treated; 92.1, OCM-1, and UW-1, respectively; Dunnett’s test; p < 0.05, for all; 

values OD; Figure 6). This confirms that our siRNA treatment successfully 

reduced CCL3 secretion.  

We also determined that bevacizumab and CCL3 siRNA together 

(combination) treatment did not significantly alter CCL3 protein secretion 

compared to CCL3 siRNA monotherapy (0.050 ± 0.008 vs. 0.040 ± 0.010; 0.029 

± 0.001 vs. 0.025 ± 0.006; 0.018 ± 0.003 vs. 0.022 ± 0.002; combination vs. 

CCL3 siRNA treated; 92.1, OCM-1, and UW-1, respectively; Tukey post-hoc; p > 
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0.05 for all; values OD; Figure 6); however, the combination treatment 

significantly reduced CCL3 protein secretion relative to bevacizumab for all cell 

lines (0.050 ± 0.008 vs. 1.147 ± 0.090; 0.029 ± 0.001 vs. 0.900 ± 0.043; 0.018 ± 

0.003 vs. 0.150 ± 0.008; combination vs. bevacizumab treated; 92.1, OCM-1, and 

UW-1, respectively; Tukey post-hoc; p < 0.05 for all; values OD; Figure 6).  

  

 

Figure 6. Secretion of CCL3 by three uveal melanoma cell lines following 

100ug/mL of bevacizumab, CCL3 siRNA, or the combination of both 

treatments, as determined by ELISA. Results are shown as fold change in 

expression relative to the control. *p < 0.05; Dunnett’s test (compared to 

control); †p < 0.05; Tukey post-hoc. 
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Next, we sought to determine if MMP-9 protein secretion was regulated 

by CCL3. This was confirmed by the finding that MMP-9 protein expression was 

significantly reduced after CCL3 siRNA compared to controls (0.630 ± 0.020 vs. 

0.042 ± 0.010; 0.170 ± 0.022 vs. 0.028 ± 0.004; 0.570 ± 0.042 vs. 0.022 ± 0.006; 

control vs. CCL3 siRNA treated; 92.1, OCM-1, and UW-1, respectively; 

Dunnett’s test; p < 0.05 for all; values OD; Figure 7).  

Perhaps more importantly, the increase in MMP-9 following bevacizumab 

treatment was significantly reduced after CCL3 siRNA treatment (0.042 ± 0.010 

vs. 1.752 ± 0.210; 0.028 ± 0.004 vs. 0.390 ± 0.056; 0.022 ± 0.006 vs. 1.764 ± 

0.223; CCL3 siRNA treated vs. bevacizumab treated; 92.1, OCM-1, and UW-1, 

respectively; Tukey post-hoc; p < 0.05 for all; values OD; Figure 7). These results 

indicate that CCL3 siRNA is capable of offsetting the bevacizumab induced 

increase in MMP-9.    

Unsurprisingly, based on the previously demonstrated influence of CCL3 

on MMP-9 secretion, the results for MMP-9 mimicked those of CCL3; i.e., there 

were no significant differences in combination treatment compared to CCL3 

siRNA monotherapy, and combination therapy significantly reduced MMP-9 

secretion relative to bevacizumab therapy (0.062 ± 0.005 vs. 0.042 ± 0.010; 0.038 

± 0.003 vs. 0.028 ± 0.004; 0.028 ± 0.003 vs. 0.022 ± 0.006; combination vs. 

CCL3 siRNA treated; 92.1, OCM-1, and UW-1, respectively; Tukey post-hoc; p > 

0.05 for all; and 0.062 ± 0.005 vs. 1.752 ± 0.210; 0.038 ± 0.003 vs. 0.390 ± 0.056; 

0.028 ± 0.003 vs. 1.764 ± 0.223; combination vs. bevacizumab treated; 92.1, 



82 
 

OCM-1, and UW-1, respectively; Tukey post-hoc; p < 0.05 for all; values OD; 

Figure 7). 

 

 

Figure 7. Secretion of MMP-9 by three uveal melanoma cell lines following 

100ug/mL of bevacizumab, CCL3 siRNA, or the combination of both 

treatments, as determined by ELISA. Results are shown as fold change in 

expression relative to the control. *p < 0.05; Dunnett’s test (compared to 

control); †p < 0.05; Tukey post-hoc.  
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 For the 92.1 cell line, the ANOVA test showed statistical significance and 

passed the homogeneity of variance test (ANOVA; p < 0.05 and Levene’s 

statistic; p > 0.05). All conditions significantly reduced proliferation compared to 

the control (0.405 ± 0.012, 0.361 ± 0.026, 0.219 ± 0.013 vs. 0.509 ± 0.033; 

bevacizumab, CCL3 siRNA, and combination vs. control; Dunnett’s test; p < 0.05 

for all; all values OD; Figure 8). There were no significant differences between 

bevacizumab treatment and siRNA treatment; however, the combination of CCL3 

siRNA and bevacizumab significantly reduced proliferation compared to both 

monotherapies (0.219 ± 0.013 vs. 0.405 ± 0.012 and 0.361 ± 0.026; combination 

vs. bevacizumab and siRNA; Tukey post-hoc; p < 0.05, for all; values OD; Figure 

8).   

 Likewise, for the OCM-1 cell line, the ANOVA was statistically 

significant and it passed the homogeneity of variance test (ANOVA; p < 0.05 and 

Levene’s statistic; p > 0.05). Only CCL3 siRNA alone and the combination 

treatment significantly reduced proliferation compared to the control (0.243 ± 

0.024 and 0.238 ± 0.004 vs. 0.338 ± 0.027; siRNA and combination vs. control; 

Dunnett’s test; p < 0.05 for all; values OD; Figure 8), and there were no 

significant differences between these two conditions (ANOVA; p > 0.05; Figure 

8). Combination treatment and siRNA treatment also significantly reduced 

proliferation compared to bevacizumab treatment (0.243 ± 0.024 and 0.238 ± 

0.004 vs. .0395 ± 0.040; siRNA and combination vs. bevacizumab; Tukey post-

hoc; p < 0.05 for all; values OD; Figure 8).  
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 The ANOVA for UW-1 was also significant and complied with 

homogeneity of variance (ANOVA; p < 0.05 and Levene’s statistic; p > 0.05). 

The results for UW-1 mimicked those of OCM-1; siRNA alone and combination 

treatments significantly reduced proliferation compared to the control, although 

they were not significantly different from each other (0.249 ± 0.004 and 0.236 ± 

0.028 vs. 0.429 ± 0.018; siRNA and combination vs. control; Dunnett’s test; p < 

0.05 and Tukey-post hoc; p > 0.05 for all; values OD; Figure 8). Both CCL3 

siRNA alone and combination treatments significantly reduced proliferation 

relative to bevacizumab treatment (0.249 ± 0.004 and 0.236 ± 0.028 vs. 0.450 ± 

0.019; CCL3 siRNA and combination vs. bevacizumab; Tukey-post hoc; p < 0.05 

for all; values OD; Figure 8).   
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Figure 8. Graphical representation of the effects of different treatment 

modalities on the proliferative ability of three uveal melanoma cell lines, 

determined using a Sulforhodamine B based proliferation assay. *p <0.05, 

Tukey post-hoc; †p <0.05, Dunnett’s test (compared to control); Bars: 

standard deviation. 
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vs. control; Dunnett’s test; p < 0.05 for all; values OD; Figure 9). In addition, 

combination treatment inhibited migration more than either bevacizumab 

treatment or CCL3 siRNA transfection alone (0.039 ± 0.002 vs. 0.071 ± 0.003 and 

0.083 ± 0.004; combination vs. bevacizumab and CCL3 siRNA; Tukey post-hoc; 

p < 0.05 for all; values OD; Figure 9). There was no statistical difference in 

migration of cells between bevacizumab treatment and CCL3 siRNA transfection 

(Tukey post-hoc; p > 0.05). 

 The ANOVA for OCM-1 was significant and passed the homogeneity of 

variance test (ANOVA; p < 0.05 and Levene’s statistic; p > 0.05, respectively). 

For this cell line, only bevacizumab alone and the combination treatment 

significantly reduced migration relative to the control (0.049 ± 0.005 and 0.041 ± 

0.004 vs. 0.117 ± 0.014; bevacizumab and combination vs. control; Dunnett’s 

test; p < 0.05 for all; values OD; Figure 9). No other statistically significant 

differences were noted (Tukey post-hoc; p > 0.05). 

 As with the other two cell lines, the ANOVA for the UW-1 cell line was 

significant and passed the homogeneity of variance test (ANOVA; p < 0.05 and 

Levene’s statistic; p > 0.05). Both the CCL3 siRNA transfection and combination 

treatment reduced migration relative to the control (0.076 ± 0.003 and 0.036 ± 

0.001 vs. 0.141 ± 0.040; CCL3 siRNA and combination vs. control; Dunnett’s 

test; p < 0.05 for all; values OD; Figure 9). There were no other statistically 

significant differences (Tukey post-hoc; p > 0.05). 
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Figure 9. Graphical representation of the effects of different treatment 

modalities on the migratory ability of three uveal melanoma cell lines, using 

transwell migration assays with FBS as a chemoattractant. *p <0.05, Tukey 

post-hoc; †p <0.05, Dunnett’s test (compared to control); Bars: standard 

deviation. 
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0.05; values OD; Figure 10). In addition, both the combination treatment and 

CCL3 siRNA monotherapy significantly reduced invasion relative to 

bevacizumab treatment (0.188 ± 0.002 and 0.127 ± 0.006 vs. 0.265 ± 0.036; 

combination and CCL3 siRNA vs. bevacizumab; Tukey post-hoc; p < 0.05 for all; 

values OD; Figure 10). 

 For the OCM-1 cell line, although Levene’s statistic indicated 

homogeneity of variance, the ANOVA was non-significant (Levene’s statistic; p > 

0.05 and ANOVA; p > 0.05). Despite non-significance, the OCM-1 cell line 

followed the same invasion pattern as the 92.1 cell line, according to the different 

treatment modalities (Figure 10).  

 As for the 92.1 cell line, the ANOVA for the UW-1 cell line passed the 

homogeneity of variance test and was statistically significant (Levene’s statistic; p 

> 0.05 and ANOVA; p < 0.05). Likewise, CCL3 siRNA treatment significantly 

reduced invasion relative to the control, and this treatment also significantly 

reduced invasion relative to bevacizumab treatment (0.106 ± 0.008 vs. 0.145 ± 

0.003 and 0.162 ± 0.012; siRNA vs. control and bevacizumab; Dunnett’s test and 

Tukey post-hoc, respectively; p < 0.05, for all; values OD; Figure 10). Finally, 

combination treatment significantly reduced invasion relative to bevacizumab 

treatment monotherapy (0.121 ± 0.011 vs. 0.162 ± 0.012; combination vs. 

bevacizumab; Tukey post-hoc; p < 0.05; values OD; Figure 10).  
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Figure 10. Graphical representation of the effects of different treatment 

modalities on the invasive ability of three uveal melanoma cell lines. *p <0.05, 

Tukey post-hoc; †p <0.05, Dunnett’s test (compared to the control); Bars: 

standard deviation. 
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Discussion 
  

 In this chapter, we investigated the consequences of bevacizumab 

administration and subsequent sequestering of VEGF-A on the functional abilities 

of and protein secretion by three UM cell lines. We determined that treating our 

UM cell lines with bevacizumab successfully inhibited activation of the primary 

VEGF-A receptor, VEGF-R2. It was expected that blocking this signal cascade 

would cause a substantial, global reduction of all functional abilities, as shown in 

other malignancies, including breast cancer and VEGF-R2+ melanoma cell 

lines145,146. Our hypothesis was also supported by the positive growth and 

migratory effects that VEGF signalling imparts on endothelial cells75. 

Surprisingly, despite abundant and ubiquitous production of both VEGF-A and its 

receptor, usurping VEGF-A with bevacizumab had only moderate inhibitory 

effects on the functional capacity of UM cells. Furthermore, VEGF-A inhibition 

caused a slight, non-significant increase in the invasive ability of our cell lines 

and yet negatively influenced migration. This is in contrast to a previous study 

showing that bevacizumab significantly reduced the invasive ability of one human 

and one mouse uveal melanoma cell line106. While this discrepancy is peculiar, it 

is of note that the cell line used in the aforementioned study (Mel290) was 

different than the three used in our study. Due to the heterogeneous nature of 

malignant cells in general, and in particular UM cells, this result is not entirely 

surprising, and may be related to differing internal signalling pathways. For 

instance, it has been shown that OCM-1 (a cell line used in the present study) 

produces high levels of notch signalling intermediates, whereas Mel290 expresses 
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low levels147. Moreover, it has been demonstrated in bladder carcinoma and 

glioblastoma that high DII4/Notch signalling may confer resistance to anti-VEGF 

therapies, thus offering a potential explanation for the aforementioned 

discrepancy148,149.  

 At first glance, it appears paradoxical that migration was significantly 

reduced in two cell lines after bevacizumab treatment and yet invasion was not 

significantly affected, considering that invasion is a process dependent on the 

former. A potential explanation is provided by recent evidence demonstrating that 

autocrine VEGF-A signalling through VEGF-R2 in prostate cells can enhance 

migration150. Thus, in our study, we hypothesize that bevacizumab blocked this 

signalling cascade which subsequently reduced migration; however, bevacizumab 

also increased MMP-9 secretion, permitting easier digestion of the basement 

membrane, which is an inherent impediment to migration in invasion assays150. In 

short, even though our UM cells may be less capable of migrating than controls, 

they digest the basement membrane more readily, and thus the negative 

implications of bevacizumab on migration are concealed in the invasion assay.   

Based on our data, we were forced to reject the hypothesis that 

bevacizumab would universally inhibit the functional abilities of our cell lines. 

The current results strongly suggest that acceptance of the null hypothesis is a 

consequence of compensatory mechanisms mitigating bevacizumab’s effects, as 

two cytokines, CCL3 and MMP-9, were significantly upregulated in the cultured 

media of all cell lines following treatment. MMP-9 is a collagenase responsible 

for digesting the extracellular matrix, which is a critical process for migration, 
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invasion, and tumor growth in vivo. Conceptually, the upregulation and increased 

secretion of MMP-9 is a plausible reason for the increase in invasive ability that 

was noted in our study. Although there was no dramatic increase in MMP-9 

transcription, it is probable that the increased secretion was a result of post-

transcriptional modification, as shown in breast cancer151. In the 24-hours that 

these cells were exposed to bevacizumab, we hypothesize that post-translation and 

secretory changes were activated as initial cellular responses as these processes 

occur more rapidly than transcriptional alterations. In addition, it has been 

demonstrated that high MMP-9 expression in UM tumors is associated with poor 

prognosis152. 

CCL3, also known as macrophage inflammatory protein 1 alpha, binds to 

two receptors (CCR1 and CCR5) and is responsible for orchestrating acute and 

chronic inflammatory responses153. Studies report that CCL3 is present in some 

cutaneous melanoma tumors and in the vitreous of eyes with UM; however, to the 

best of our knowledge, the present study is the first evidence that UM cells 

produce CCL3 in culture154,155. Based on the fact that our cells produce both 

CCL3 and CCR1 and that CCL3 signalling is an upstream regulator of MMP-9, 

we considered that the increased secretion in MMP-9 was a consequence of 

CCL3/CCR1 signalling144. This was confirmed as CCL3 inhibition abolished the 

bevacizumab induced increase in MMP-9 secretion. Thus, we hypothesize that 

when the UM cell lines sense a decrease inVEGF-R2 activation following 

bevacizumab treatment, they respond by upregulating CCL3 secretion. Next, 

secreted CCL3 activates CCR1 on the host and neighbouring cells, which 
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subsequently increases MMP-9 production. By employing this cascade, cells 

degrade the extracellular matrix more readily, thereby potentiating dissemination 

with the ultimate goal of a return to normoxic conditions. It has also been 

demonstrated that the ECM can harbour biologically active VEGF isoforms; thus, 

increased MMP-9 production may also release ECM-bound VEGF in vivo156.  

In general, dual inhibition of CCL3 and VEGF-A had a much greater 

inhibitory effect on the functional abilities of all three cell lines. With respect to 

proliferation, dual inhibition in all cell lines resulted in greater inhibition than 

bevacizumab monotherapy. This is not surprising, as it has been demonstrated that 

CCR1 signalling in multiple myeloma cells induces proliferation157. Thus, by 

inhibiting both VEGF and CCR1 pathways, it is expected that proliferation would 

decrease substantially compared to solely inhibiting VEGF.  

Considering migration, only combination treatment was capable of 

significant reduction relative to the control across all cell lines. However, for 

different cell lines, migratory inhibition was significant with either bevacizumab 

or CCL3 siRNA monotherapies. Although both VEGF-R2 and CCR1 signalling 

pathways have been shown to be powerful mitogens, differing internal response 

mechanisms may account for this discrepancy157,158.   

Although statistical significance was not always reached, all cell lines 

followed the same invasion pattern in response to the different treatment 

modalities: bevacizumab increased invasion, CCL3 inhibition decreased invasion, 

and the combination decreased invasion, yet not to the same level as CCL3 
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inhibition. These results add further evidence that bevacizumab induced 

upregulation of CCL3 modulated the increase in invasion through, at least in part, 

MMP-9 secretion. In summary, VEGF-A inhibition increased MMP-9 secretion 

via the CCL3/CCR1 signalling axis, which subsequently amplified invasion. 

Inhibiting CCL3 reduced baseline levels of MMP-9 and negatively impacted 

invasion, and thus when used in combination, the inverse effects of the two 

treatment modalities on MMP-9 levels resulted in a slight reduction in secretion 

and invasion compared to baseline. 

In vivo, the increased production of CCL3 following bevacizumab 

treatment may have greater negative effects beyond MMP-9 and invasion 

augmentation. For instance, CCL3 is a potent macrophage attractant and, in UM, 

lymphocytic and macrophage infiltration are associated with poor prognosis159,160. 

In addition, it has been demonstrated that CCL3 enhances VEGF production in 

macrophages, which further potentiates the compensatory process by which UM 

cells may counteract a VEGF-A-inhibited environment in vivo161. Thus, 

considered anthropomorphically, UM cells produce VEGF for autocrine 

signalling as well as to facilitate the formation of blood vessels in order to support 

continual growth. When this process is challenged or inhibited, they respond by 

upregulating CCL3 production, which re-establishes autocrine signalling and 

increases MMP-9 production. Amplification of MMP-9, in turn, allows UM cells 

to degrade the extracellular matrix and escape the VEGF-A inhibited environment 

as well as releasing any ECM-bound VEGF. In addition, CCL3 attracts 
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macrophages to the tumor where they produce VEGF-A and other cytokines, thus 

circumventing the VEGF-A usurping.   

This study is not the first illustrating that bevacizumab can cause 

compensatory upregulation of pro-angiogenic and metastatic factors. For instance, 

colorectal cell lines under chronic bevacizumab exposure showed upregulation of 

VEGF-A, -B, -C, and P1GF141. Further, in the same study, it was demonstrated 

that bevacizumab significantly increased migration and invasion in these 

chronically treated cells141. This atoning phenomenon also extends beyond 

malignant cells, as it was discovered that treating conjunctival neovascularization 

with subconjunctival bevacizumab injections can significantly increase the 

presence of specific cytokines and growth factors in tears162. Also, significant 

increases in a similar cytokine profile in the aqueous humor are evident after 

intravitreal bevacizumab injections for the treatment of diabetic retinopathy142.   

In summary, in this chapter we showed that bevacizumab inhibited the 

para and autocrine activation of VEGF-R2 in our UM cell lines, which resulted in 

a moderate reduction in the proliferative and migratory abilities, yet had an 

inverse effect on invasion. Future studies should focus on elucidating shared 

molecular biology pathways that enable cells to defy growth factor inhibition. 

Following the acquisition of such knowledge, a plausible approach would be to 

inhibit these internal signalling intermediates, with the intention of preventing 

cells from inducing compensatory mechanisms.   

  



96 
 

Conclusion 
 

 It is evident that even the most promising and conceptually sound 

pharmaceutical intervention strategies can incur unwanted and unpredictable side-

effects. The ideology that inhibiting a tumor’s blood supply undeniably conforms 

with the aforementioned declaration; however, in UM cell lines, abrogating 

VEGF-A induces secretory changes in factors that can promote the accumulation 

of macrophages, which are indicators of poor prognosis, and gelatinases that 

facilitate hematogenous spreading. Inevitably, dual or multiple therapies are likely 

required to completely sever all potential compensatory avenues that malignant 

cells can exploit in response to pharmacological insults. Physicians and 

researchers alike should be forewarned that exogenous treatments can activate 

countervailing pathways in highly ploidy cells resulting in the paradoxical 

generation of more aggressive phenotypes.   
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Chapter 3: VEGF-A Expression as a Prognostic Marker in a 
Rabbit Model of Uveal Melanoma 

Introduction 
 

 Identifying prognostic markers has become an important pursuit of cancer 

researchers. Generally, these markers serve three valuable purposes: 1) they allow 

researchers to identify potential therapeutic targets, 2) high and low risk patients 

can be apportioned and treatment aggressiveness appropriately tailored, and 3) 

disease pathogenesis may be elucidated potentiating future discoveries. 

 In UM, many prognostic indicators of varying significance have been 

discovered, including NM23, monosomy 3, and TILs61,163,164. Based on the ability 

of VEGF-A inhibition to encumber some of the functional abilities of our UM cell 

lines, we were interested in investigating whether or not expression carries 

significance in an in vivo setting. To investigate this hypothesis, we 

immunostained for VEGF-A in UM specimens from a rabbit model. Second, we 

developed a novel, automated immunohistochemical grading algorithm using 

ImageJ Software (NIH) to identify positively stained tumor areas. Finally, we 

determined whether VEGF-A expression correlated with the development of 

metastasis in these animals. 
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Materials and Methods 
 

Uveal Melanoma Rabbit Model 
 

Tissue was obtained from two UM rabbit models (n = 27), explicit details 

of which have been published elsewhere165,166. Only tissue from control rabbits 

was used in our experiments. Briefly, 1×106 92.1 UM cells were cultured and 

injected into the suprachoroidal space of 3kg female New Zealand albino rabbits 

(Charles River Canada, St-Constant, Quebec, Canada). Due to the fact that these 

UM cells originated from a human patient, it was necessary to immunosuppress 

these animals to avoid MHC Class I rejection, and this was accomplished using 

daily Cyclosporine A injections (Novartis Pharma AG, Basel, Switzerland; 

260mg/m2). The UM cells were allowed to proliferate and develop into tumors for 

up to 12 weeks in these immunosuppressed animals before sacrifice. After 

necropsy, eyes were enucleated and fixed in 10% formalin for further processing. 

Lung and liver tissue were examined both macroscopically and, after staining 

with hematoxylin and eosin (H&E), microscopically for the presence of 

metastasis. If a pathologist identified one or more metastatic nodules either 

macro- or microscopically, irrespective of size, then that tissue was 

immunostained for the melanoma specific marker HMB-45167. Only if the 

suspected mass was positive for this marker was the animal considered to be 

afflicted with metastasis; otherwise, the animal was deemed metastasis free.  

 



99 
 

Immunohistochemistry for VEGF-A 
 

 After fixation, rabbit eyes were embedded in paraffin, and 2µm sections 

were mounted onto glass slides. For the purpose of this study, it was important to 

minimize as many variables that may affect staining quality as possible. To this 

end, we chose a fully automated process: tumors were stained with a monoclonal 

VEGF-A antibody (Novus Biologicals; Littleton CO, USA) using the Ventana 

Benchmark LT (Ventana Medical Systems, Inc.) fully automated machine. This 

process is described in greater detail in chapter 1 and elsewhere128. Briefly, slides 

were incubated with the VEGF-A antibody (Novus Biologicals; 1:500) for 30 min 

at 37°C, followed by the application of the biotinylated secondary antibody for 8 

min at 37°C, then the avidin-streptavidin enzyme conjugate complex for 8 min at 

37°C. Finally, the antibodies were detected with fast red chromogenic substrate 

and counterstained with hematoxylin. Placental tissue was used for the positive 

control and the process was repeated except the primary antibody was omitted for 

the negative control. 

 

Image Acquisition 
 

 All images were obtained using the Olympus BX43 microscope with the 

DP21 camera (Olympus Canada Inc.; Richmond Hill, ON, Canada) with the 

following parameters: ISO 200, white balance 5500k, shutter speed 1/50 sec, 200x 

magnification, 1600 x 1200 TIFF format. Before taking the first image, the bulb 
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was turned on and the apparatus was allowed to warm up for a minimum of 15 

minutes. 

 Inclusion criteria for the rabbit samples were the following: macroscopic 

primary tumor, definitive conclusion with respect to presence of metastasis, and a 

tumor large enough that three representative images occupying a minimum of 

90% of the image at a magnification of 200 × with minimal overlap between the 

images. The microscope operator was blinded to the metastasis status of the rabbit 

samples. A pathologist confirmed that the positively stained cells were primarily 

UM cells. In addition, brightfield (no specimen, light passing through the lens) 

and darkfield (light source on, shutter closed) images were obtained for image 

processing and correction purposes. 

 

Immunostaining Quantification 
 

 Immunostaining quantification was performed using the ImageJ (NIH) 

software. We selected this software in part because of its freeware nature and the 

availability of plugins and community-created java code. In order to create a 

unique algorithm for quantifying immunostaining in UM specimens, we parsed 

java code freely provided by other users, used the program’s built-in modules, and 

created our own code when existing code was either unavailable or inapplicable.  

The first step in our quantification algorithm was to correct the image for 

bright and darkfield abnormalities; this was accomplished using the brightfield 

and darkfield images and the Calculator_Plus plugin and code generated by G. 
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Landini168. Simply, the algorithm subtracts the bright and darkfield images from 

each experimental image, eliminating the influence of the microscope and light 

source, thus generating a more accurate representation of the stained slide. 

Next, in order to further distinguish stained from unstained tissue, image 

contrast was enhanced using the built-in function. Every image was processed 

using the same enhancement procedure.  

After contrast enhancement, the Color_Deconvolution plugin was used to 

separate colors according to their three dimensional red green blue (RGB) spectral 

properties169. Custom color vectors were developed by trial and error to ensure 

optimal separation between the blue hematoxylin nuclei counterstain and the 

positive pink immunostain. This Color_Deconvolution plugin separates the 

original images into three new images each containing only one of the custom 

color vectors that we provided. We isolated the image representing the pink, 

positive immunostaining and rendered it binary. The built-in Watershed plugin 

was used to identify and separate cells that were in contact with each other and 

thus did not previously have defined borders. Finally, we used the built-in 

Analyze Particles feature to identify all positive cells, which generated two 

outputs: the number of positively stained cells and the fraction of the entire image 

that was positively stained. Throughout the entire process, a pathologist was 

continually consulted to ensure that the subsidiary images were representative of 

the positive cells as viewed under light microscopy. The java code in its entirety 

can be found in Appendix I. All images were processed in an identical way using 

this algorithm. 
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Statistical Analysis 
 

The number of positive cells and the percentage of the total image that 

stained positive were averaged for all three images from each rabbit. A student t-

test was performed comparing the percentage and number of positive cells in 

rabbits that developed metastases and those that did not. Next, in order to 

determine if positive VEGF-A staining could be used to predict metastasis, a 

binary logistic regression was performed using the presence of metastasis as the 

dependent variable and the average cell count and average positive staining 

fraction as independent variables using SPSS ver. 20 (IBM). The Hosmer-

Lemeshow test was performed to determine goodness-of-fit of the model. Data 

are presented as means ± SD. 
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Results 
 

Immunohistochemistry Quantification 
 

 Of the 27 rabbits that met the inclusion criteria, 18 rabbits did not have 

metastases and nine had confirmed metastatic nodules. The custom 

immunostaining quantification algorithm successfully isolated positively stained 

cells and rendered cell counts and area stained for all images (Figure 11).  
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Figure 11. Representative example of the VEGF-A immunostaining 

quantification algorithm for rabbit tumors. A. The original image 

immunostained for VEGF-A expression (pink), and counterstained with 

hematoxylin (blue). B. The image after correction for bright and darkfield 

abnormalities and enhancement. C. The binary image after color 

deconvolution, which isolated only the positively stained area. This image 

was used for the quantification of the positive immunostained area. D. The 

image after using the watershed plugin and analyzing and outlining positive 

cells. This image was used for the quantification of the number of positively 

immunostained cells. Magnification = 200×.   
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The number of positive cells and the areas stained were averaged for each 

rabbit. For all images, only the cytoplasm was positive for VEGF-A expression. 

In the non-metastasis group, the average positive cell count was 376 ± 75 and the 

average positive staining area was 2.86% ± 0.91%. In the metastasis group, the 

average positive cell count was 2483 ± 414 and the average positive staining area 

was 18.64% ± 4.44%. Both differences were statistically significant (p < 0.05).  

 Binary logistic regression using average positive cell count and average 

positive staining area for VEGF-A resulted in a statistically significant model for 

predicting metastasis (p < 0.05). Without the input of variables (beginning block), 

assuming that no rabbits had metastases, the model was 63.3% accurate. With the 

introduction of positive area and positive cell count, the model accuracy increased 

to 83.3% (Table 3). Hosmer-Lemeshow was non-significant, indicating that the 

model is a good fit (p > 0.05). 
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Table 3. Predictive value of VEGF-A immunostaining for the presence of 

metastasis in rabbit uveal melanomas with binary logistic regression.  

aNo variables added to the regression analysis (beginning block).  

bAverage positive area and average positive cell count added to the 

regression analysis. *p < 0.05. †p < 0.05. 

 

 

Average 
Positive Area 

± SD† 

Average 
Positive 

Cells ± SD† 

Predicteda Predictedb 

Metastasis Percentage 
Correct 

Metastasis Percentage 
Correct No Yes No Yes 

Metastasis 
No 2.86% ± 

0.91% 376 ± 75 0 11 0.0 10 1 90.9 

Yes 18.64% ± 
4.44% 2483 ± 414 0 19 100.0 4 5 78.9 

Overall (Percentage) 63.3 83.3* 
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Discussion 
  

 In this penultimate chapter, we determined that the expression of VEGF-A 

in primary UM tumors from a rabbit model could retrospectively predict the 

development of metastases. Using a custom java script, we objectively quantified 

both the number of cells and the average area that stained positive in three 

representative images from each rabbit (n = 27). Using this data, we could 

retrospectively predict with over 83% accuracy which animals developed 

metastasis. To the best of our knowledge, this is the first time that VEGF-A 

expression has been quantified in a rabbit model of UM. The impetus behind our 

decision to assess expression in a rabbit model was twofold: 1) to determine if 

expression was related to metastasis in as homogeneous a population as possible 

and, 2) provide evidence and support for this technique prior to expending 

precious patient samples.  

 Only the non-metastasis group had tumors that were completely void of 

VEGF-A expression, suggesting that this protein may be important in the initial 

steps of the metastasis cascade. However, there was one tumor in the metastasis 

negative group that had VEGF-A expression comparable to the highly positive 

samples from the metastasis group. We considered two possibilities for this 

anomaly: either there were occult tumors that were not identified on macro or 

micro analysis of the organs or the animal was sacrificed too early for the cells to 

have spread to other organs. Initially, we considered that the latter was more 

likely, as this particular animal was sacrificed in week three of the model, a time-

point at which animals are rarely afflicted with metastases165,170. Therefore, based 
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on this information, we ran a regression analysis using week sacrificed as a 

variable, but this did not yield significant associations with metastasis nor did this 

data significantly contribute to the overall model (data not shown). As for the 

former hypothesis, although we meticulously scoured all organs for the presence 

of metastasis, it is often very difficult to identify single metastatic cells or even 

small clusters of cells despite the immunohistochemical markers at our 

disposal46,167. Thus, it is possible that metastases were present, but went 

undetected. 

 When we began this study, it was not obvious that there would be inter-

animal differences in VEGF-A expression, as we have previously shown in this 

thesis that the 92.1 cell line injected into the animals produces copious amounts of 

this pro-angiogenic cytokine in culture. Although we controlled for as many 

variables as possible, including using animals that were genetically similar, using 

a clonally expanded cell line, and performing strictly regimented injection 

techniques, inconsistencies in any of these may account for these differences. The 

fact that not all animals developed identical intraocular tumors or metastasis at the 

same time, or even during the same week, exemplifies these apparent differences. 

Moreover, if we consider that, unlike UM development in humans, disease 

inception can be definitively determined in the rabbits, changes in the primary 

tumor prior to metastasis, such as VEGF-A expression, may indicate a greater 

importance in the metastatic cascade. With respect to the human disease, changes 

in the primary tumor may have occurred after metastatic seeding, thus its 

implications for metastatic disease may be minimal.  
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In a previous mouse model of UM, it was discovered that peak and 

average VEGF levels in serum strongly correlated with the presence and number 

of metastatic nodules92. This same group also showed that bevacizumab 

suppresses UM primary tumor growth even though the drug was administered via 

intraperitoneal injection; therefore, it is likely that intraocular injections would 

have a greater effect on tumor growth106. Based on our results and these 

aforementioned studies, there is strong evidence that VEGF-A is involved in UM 

tumor growth and influences metastatic development. Therefore, analysis of 

VEGF-A expression in human tissue and patients is warranted.  

There are several limitations to the present study. For instance, this study 

was performed retrospectively using a relatively modest sample size, which limits 

generalizations based on our data; our results would invariably benefit from 

corroboration by other studies that implement a larger sample size using a similar 

model. One of the major benefits of our quantification algorithm, however, is that 

it enables direct comparisons between studies, allowing for accurate meta-

analyses. Ideally, future studies should apply this algorithm to cells obtained using 

fine-needle aspiration, with the intention of prospectively identifying rabbits most 

likely to develop metastasis.  
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Conclusion 
 

 To the best of our knowledge, this study is the first to use an automated 

immunostaining quantification to evaluate UM specimens from a rabbit model. In 

addition, this is the only study that has examined VEGF-A expression in primary 

tumors from an animal model and retrospectively correlated positivity with the 

presence of metastasis. Although results extrapolated from animal models should 

always be considered with at least some reservation, the outcomes of the present 

study offer evidence and support for investigating the relationship between 

VEGF-A expression and metastasis in human specimens.  

  



111 
 

Chapter 4: VEGF-A Expression as a Prognostic Marker in 
Uveal Melanoma Patients 
 

Introduction 
 

 There are several studies reporting the prognostic significance of VEGF-A 

immunostaining in UM; however, there is a lack of consensus over the results. For 

instance, in 2000, Sheidow et al. reported that broad expression of VEGF in 47 

UM tumors did not correlate with metastasis94. Another study reports that in 49 

UM samples, staining was present, albeit weak, in less than a quarter of samples93. 

Yet a third study with the largest case series including 100 patients, demonstrated 

that 84% of posterior UMs had VEGF-A expression and that expression was 

associated with metastasis171. Adding to these contradictory and conflicting 

results, or perhaps an underlying contributor to them, is the fact that all three 

studies used different, subjective immunostaining grading criteria: a 7-point scale, 

a 3-point scale, and a disparate 3-point scale, respectively, all of which considered 

both staining distribution and intensity.  

 Recently, with the advent of new computer software and automated 

immunostaining techniques, novel objective quantification methods are becoming 

more prevalent. The major advantages of such systems are that they reduce or 

eliminate subjectivity from the analysis; for instance, most staining procedures, 

such as in the latter two articles mentioned above, incorporate a scale that requires 

the differentiation between less than and greater than 50% positivity. Short of 

actually counting the positive cells, requiring a pathologist to make such a 



112 
 

determination in samples that may contain hundreds of cells is likely to generate 

inter- and intra-observer discrepancies. The aforementioned distinction is not 

trivial or semantic; for instance, according to the College of American Pathologist 

guidelines, only a score of 3+ for HER2 staining in breast cancer samples, defined 

as complete, intense, and uniform staining in > 30% of cells, will result in the 

recommendation to receive trastuzumab therapy172. This system is inherently 

subjective as a pathologist is required to estimate if 30% of cells are positive. 

Also, because the 30% sanction is based on studies that involved estimations, 

even if the pathologist was inclined to actually count all positive cells doing so 

would render the recommendation a non-sequitur. This issue, in addition to 

discrepancies in immunohistochemistry staining interpretation, have raised 

concerns regarding the legitimacy of this selection process173,174. In order to 

compensate for several of these limitations, automated computer-assisted 

assessment programs have been developed, and studies conclude that they can 

increase interobserver reproducibility and provide more dependable results172. An 

additional advantage to using an automated program is that the computer may be 

capable of detecting and distinguishing between similar color spectra of which the 

human eye cannot.  

 Most immunostaining appraisals involve an assessment of staining 

‘intensity’, despite the fact that very few immunostains, with the exception of 

Fuelgen for DNA and phalloidin for actin, are stoichiometric175. As a result, 

immunostaining intensity can be affected by a variety of factors, including 

formalin fixation, storage conditions, and paraffin coating, among others176,177. 
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Because these reactions are not stoichiometric, it is difficult to interpret the actual 

relationship between how much protein is present and the intensity of the staining. 

A secondary consequence of this variability is that accurate inter-study 

observations are often rendered impractical.  

 Therefore, in this study, we first developed a custom algorithm for 

quantifying VEGF-A immunostaining in UM specimens using a custom, 

automated algorithm and then determined if said expression correlated with 

metastasis. 
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Materials and Methods 
 

Patient Samples 
 

 All patient samples (n = 29) were obtained from the Henry C. Witelson 

Ocular Pathology Registry, and the experiments conformed to the Declaration of 

Helsinki. The inclusion criteria for this study were: choroidal UM diagnosis, 

minimum five-year follow-up (except when metastasis were present), information 

regarding the presence or absence of metastases, and sufficient tumor size to 

obtain three non-overlapping images occupying 90% of the image at 200×.  

 

Immunohistochemistry for VEGF-A 

 

 Immunohistochemistry was performed using the same techniques, 

equipment, and antibodies described in the complementary section of Chapter 3.  

 

Image Acquisition 

 

 The details pertaining to image acquisition, including the techniques, 

equipment, and settings, are conveyed in the dizygotic section of Chapter 3.  
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Immunostaining Quantification 
 

 Immunostaining quantification could not be performed with the same 

algorithm used in the rabbit model (chapter 3) due to the presence of melanin in 

human specimens and lack thereof in albino rabbits. Therefore, the melanin had to 

be subtracted from the images before quantification of the immunostaining. First, 

brightfield and darkfield abnormalities were eliminated and the images were 

enhanced using the same process described in the previous chapter. Next, the hue, 

saturation, and brightness (HSB) were adjusted in order to isolate the positive 

(pink) immunostaining. HSB maps colors onto a three dimensional cylinder, with 

each component occupying one dimension. The specific values for isolating 

positive staining were determined by trial and error; however, once set, they 

remained consistent for all images. HSB was capable of eliminating the presence 

of melanin whereas color deconvolution, the technique used in chapter 3, was not 

as effective. The percentage of the image that was immunostained was then 

calculated using the built-in function, and the Analyze Particles plugin was used 

to determine the number of positively stained cells. A pathologist evaluated the 

slides to confirm that the majority of cells that were indicated as positive were 

UM cells. The entire java algorithm can be found in Appendix II.  

 

Statistical Analysis 
 

The number of positive cells and the percentage of the total image that 

stained positive were averaged for all three images from each UM specimen. A 
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student t-test was performed comparing the percentage and number of cells that 

were positive in patients that developed metastases and those that did not. Next, in 

order to determine if VEGF-A staining in the primary tumor could be used to 

predict metastasis, a binary logistic regression was executed with the presence of 

metastasis as the dependent variable and the average cell count and average 

positive staining fraction as the independent variables using SPSS ver. 20 (IBM). 

A Hosmer-Lemeshow test was performed to determine goodness-of-fit for the 

model. All data are presented as means ± SD. 
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Results 
 

Immunohistochemistry Quantification 
 

 Twenty-nine human UM specimens met the inclusion criteria for this 

study, and eight of these patients had metastases (8/29; 28%). The custom 

immunostaining quantification algorithm was capable of identifying and isolating 

the positively stained cells and rendered cell counts and area stained even in 

samples with strong melanin expression (Figure 12).  
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Figure 12. Representative example of the VEGF-A immunostaining 

quantification algorithm for human tumors. A. The original image 

immunostained for VEGF-A expression (pink), and counterstained with 

hematoxylin (blue). B. The image after correction for bright and darkfield 

abnormalities and enhancement. C. The binary image after hue, saturation, 

and brightness adjustment to isolate only the positively stained area. This 

image was used for the quantification of positive immunostained area. D. The 

image after the cells were outlined and analyzed. This image was used for the 

quantification of the number of positively immunostained cells. 

Magnification = 200×. 
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The three images from each patient were averaged and these values were 

used to generate global averages for the number of positively stained cells and the 

average positively stained area (24.56 ± 5.16 and 0.45% ± 0.07% and 15.67 ± 

2.72 and 0.17% ± 0.03% for the non-metastatic and metastatic groups, 

respectively). Neither of these differences were statistically significant (p > 0.05).  

 Binary logistic regression without the addition of any variables (beginning 

block) obtained 74.2% accuracy for predicting metastases; this relatively high 

accuracy is due to the approximately three times greater ratio of non-metastatic 

patients compared to metastatic patients included in the sample.  

 The predictive accuracy of this model was improved with the addition of 

positive VEGF-A staining average cell count and average positive staining area; a 

precision of 79.3% was achieved with the input of these variables, and the model 

was significant (Table 4; p < 0.05). Hosmer-Lemeshow goodness-of-fit was 

greater than 0.05, indicating that the model was a good fit.  
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Table 4. Predictive value of VEGF-A immunostaining for the presence of 

metastasis in human uveal melanoma tumors with binary logistic regression. 

aNo variables added to the regression analysis (beginning block).  

bAverage positive area and average positive cell count added to the 

regression analysis. *p < 0.05. 

 

Average 
Positive 

Area ± SD 

Average 
Positive 

Cells ± SD 

Predicteda Predictedb 

Metastasis Percentage 
Correct 

Metastasis Percentage 
Correct No Yes No Yes 

Metastasis 
No 0.17% ± 

0.03% 
15.67 ± 

2.72 21 0 100.0 20 1 95.2 

Yes 0.45% ± 
0.07% 

24.56 ± 
5.16 8 0 0.0 5 3 37.5 

Overall (Percentage) 72.4 79.3* 
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Discussion  
 

 To date, there is no consensus on whether VEGF-A expression in UM 

tumors correlates with important prognostic criteria, such as metastasis. This 

discrepancy may arise from differences attributable to the location of the tumor. 

For instance, in parallel studies performed by Sahin, et al., VEGF expression in 

posterior, but not anterior, tumors correlated with metastasis171,178. Furthermore, a 

study by Sheidow, et al. showed no correlation between VEGF expression and 

metastasis using a combination of both ciliary body and choroidal tumors. These 

results, coupled with the positive correlation revealed by our data, indicate that 

VEGF may be an important predictor of metastasis in posteriorly located UM 

tumors. Although the reason for this discrepancy requires elucidation, we 

hypothesize that because anterior tumors are typically smaller and are detected 

sooner, they may not have undergone the angiogenic switch, and thus do not 

express VEGF-A.  

 In the present study, there were several patients (2/8; 25%) with metastasis 

that lacked VEGF expression in primary tumors, a distinction exemplified by the 

absence of significant difference in either the number of positively stained cells or 

positive staining area between those that did and those that did not develop 

metastasis. Conversely, the opposite circumstance – metastasis free patients with 

high VEGF expression – was also identified. The latter situation is more easily 

explained; it may be that these patients have occult metastases. Uveal melanoma 

studies of tumor dormancy and CMCs suggest that all patients are apt to have 

metastases, albeit likely micro- or single-celled seeds36,46. Therefore, considering 
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that VEGF-A expression correlated with clinically detectable metastases in this 

study, these patients may be in jeopardy of developing overt metastasis and thus 

should be followed closely or enter into a proactive metastasis prevention 

treatment program. Unfortunately, our study does not provide insight into how 

long after VEGF-A is expressed that metastases arise; patient information related 

to the time of enucleation relative to clinically detectable metastases may 

potentially be utilized to this end. Thus, it is feasible that VEGF-A expression 

occurs a number of months before metastasis development, and this may account 

for the aforementioned discrepancy regarding high VEGF-A expression and lack 

of metastasis.  

The opposite scenario, in which no VEGF-A expression was found in 

patients with metastasis, may be a result of these tumors resorting to alternative 

pro-angiogenic cytokines for growth. It has been previously demonstrated in a 

study involving 7 UM cell lines that ANG-2 was ubiquitously expressed90. Thus, 

although ANG-2 was not detected in any of our cell lines (data not shown), given 

the heterogeneity of in vivo tumors in patients, it is plausible that tumors void of 

VEGF-A expression produce ANG-2 to facilitate angiogenesis. Alternatively, it is 

possible that these tumors, having previously utilized VEGF-A for the angiogenic 

switch, now rely on other angiogenic factors, such as angiogenin and ANG-2, for 

growth beyond this stage93.  Clearly, factors influencing primary tumor growth are 

important in UM as the largest tumor dimension remains one of the most 

important prognostic indicators68,84.  
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It is important to identify factors in primary tumors that are linked with 

metastatic growth, as this can help physicians identify patients most appropriate 

for aggressive and experimental treatments. It is our hope that the results 

pertaining to VEGF-A expression in posterior UM ascertained in this chapter 

contribute to the body of knowledge accessible to ophthalmologists when 

determining standard and best practice approaches.  

 This study also proved the utility of using an automated system for 

quantifying immunohistochemistry staining in a pragmatic, perfunctory manner. 

This process will make inter-study comparisons possible and facilitate the 

production of highly valid meta-analyses. This approach is of paramount 

importance in UM due to the increasing rarity of enucleated specimens, which 

renders it difficult to acquire the minimum number of cases to ensure statistical 

validity. It should be noted, however, that this proposed approach is not without 

potential complications, as a variety of factors, ranging from fixation time, age of 

the paraffin block, variances in immunohistochemistry protocols, microscope 

settings and bulb age, type of antibody, and quality of images, among others, can 

affect the quality of immunohistochemistry images174,176,177,179-181. Nevertheless, 

the more traditional, subjective 3 or 7-point grading techniques also suffer from 

these complications. In the present study, we attempted to mitigate these variables 

by automating as much of the process as possible, from automated 

immunostaining to using an automated quantification algorithm. As a pilot study, 

however, several issues should be addressed prior to implementation in future 

studies; for instance, there was a fair degree of variability in tumor cell sizes 
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between patients. Thus, comparing the absolute number of positively stained cells 

between tumors may not be the most accurate or appropriate methodology. In 

fact, it was a result of this discrepancy that we decided to also incorporate the 

percentage of image staining in our algorithm, as we hoped that this may assuage 

differences in cell sizes between tumors. Secondly, although we strived for 

objectivity, our inclusion criteria required some subjective input; for instance, we 

selected only tumors that filled 90% of the image at 200x magnification. As is the 

case with traditional immunohistochemical grading in which slides are given a 

rating of 2 or 3 depending on whether greater than or less than 50% of the image 

stained, this is only an estimate and thus, by definition, subjective. Future 

approaches should incorporate even less subjectivity; now that the algorithm for 

identifying positive cells has been generated, it should be expanded to initially 

count all malignant cells in the image and then quantify the proportion of 

positively stained cells. This approach should rectify both of the previously 

aforementioned limitations of the current study.  

 A secondary consequence of selecting only tumors that filled 90% of a 

200x magnified image is that our sample is biased towards larger tumors. As 

previously noted, larger tumors have already undergone the angiogenic switch and 

thus are more likely to express VEGF-A. Despite this fact, our model was 

significant; however, the inclusion of a greater range of UM tumor sizes may 

serve to increase our ability to predict metastasis to over 80%. 

 One of the limitations of this study is the lack of complete information 

regarding treatment prior to enucleation. As the current standard approach to 
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treating uveal melanomas often includes plaque radiotherapy, it can be assumed 

that a proportion of the tumors in our study experienced such an affront. This can 

confound results because it has been shown in UM, as well as in rectal cancer, 

that radiotherapy induces VEGF expression88,182. In addition, other treatment 

modalities, such as imatinib mesylate, are known to influence VEGF expression 

in UM models166. Thus, an opportune time for anti-VEGF therapy may be 

concomitant with plaque radiation therapy to prevent tumor regrowth.  

There are several systems available that can effectively identify, count, 

and analysis various tumors. However, they often require expensive slide scanners 

or ancillary equipment, or use proprietary algorithms. In this study, we only used 

equipment available to any laboratory that performs traditional 

immunohistochemistry grading (such as a light microscope and camera) and we 

used a freeware program (ImageJ) provided by the NIH to analyze our images. 

The increasingly pervasive availability of our algorithm and others like it will 

hopefully promote and facilitate the production of even more accurate and robust 

immunohistochemical quantification systems.  
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Conclusions 
 

 We successfully developed a custom algorithm that quantified VEGF-A 

immunostaining in human UM specimens. Using this data, we were able to 

develop a statistically significant model for predicting metastasis. The automated 

and objective nature of this process can serve to standardize future 

immunohistochemical studies and facilitate large scale meta-analyses. 

The correlation between VEGF-A expression and metastasis indicates that 

anti-VEGF agents may have clinical implications for UM sufferers. In addition, 

VEGF-A expression in patient samples may be used to identify candidates 

appropriate for aggressive anti-metastatic treatments.   
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Final Discussion 
 

 Despite overwhelming evidence, proof-of-concept, and researcher 

consensus regarding the critical importance of VEGF for the growth of 

intratumoral blood vessels, anti-VEGF and anti-angiogenic therapies are not as 

effective as first heralded. In fact, in 2011, the Food and Drug Administration 

(FDA) revoked their approval of Avastin for the treatment of breast cancer, 

stating that it has “has not been shown to be safe and effective for that use”183. 

Following on the heels of this announcement, the UK National Institute of Health 

and Clinical Excellence (NICE) refused to recommend Avastin use for advanced 

breast cancer184. It should be noted, however, that the decision not to recommend 

Avastin for breast cancer treatment is based partially on the safety concerns with 

systemically administered product, consequences that are substantially assuaged 

when administered into the eye185,186.  

Even in cancers for which the FDA continues to endorse Avastin use, 

including some types of colon, lung, kidney, and brain cancers, the results are far 

from copacetic; for instance, resistance can occur rapidly in gliomas through the 

exploitation of other pro-angiogenic factors, such as bFGF187. This corresponds 

well with our data: abrogation of the VEGF/VEGF-R2 signalling pathway induces 

compensatory upregulation of additional cytokines, although the compensatory 

factor differs (bFGF vs. CCL3). This phenomenon is not unique to gliomas or 

UM, as a similar process has been observed in chronically treated colorectal 

cancer cells, pancreatic cancer cells, pancreatic islet tumor cells, and renal cell 

carcinoma cells101,141,188,189. Thus, the results of the present study reinforce the 
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notion that, due to the plasticity of malignant cells, anti-VEGF monotherapy may 

be inadequate or ineffective.   

The initial toxicity that a therapeutic compound exerts on malignant cells 

followed by tumor regrowth is generally considered either a function of the 

development of drug resistance or the selection for a drug-resistant clone. While 

both hypotheses draw considerable interest and research, the recent discovery of 

self-renewing, cancer stem-cells, has invigorated the latter. With respect to UM in 

particular, a study has identified distinct morphological populations within UM 

cell lines in culture, with growth patterns akin to holoclone, meroclone, and 

paraclone types evident in stem-cell populations190. In this paper, UM cells that 

survived the administration of the chemotherapy drug cisplatin generated more 

holoclones, a stem-cell like population capable of generating all types of growth 

patterns, compared to controls. Thus, the authors suggest that these 

undifferentiated holoclones are self-renewing cancer stem-cells, which were 

responsible for cisplatin induced resistance. This ideology extends beyond 

cytotoxic compounds, such as the aforementioned cisplatin; for instance, extreme 

hypoxia was shown to generate hypoxia-resistant clones in erythroleukemia cell 

lines191. Giuntoli et al., reports that the clonally expanded erythroleukemia cell 

line used in their study is composed of a spectrum of cells with differing hypoxia-

sensitivities, including a resistant cohort, in addition to both actively dividing and 

quiescent populations191. Although the aforementioned study utilized an artificial 

chamber setting to generate hypoxic conditions,  it has been broadly hypothesized 

that the exceedingly hypoxic environment induced by angiogenic inhibitors may 
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select for a similar set of clones capable of surviving in low oxygen, consequently 

leading to additional metastatic development99. This characteristic has been 

demonstrated in models of pancreatic neuroendocrine tumors, glioblastoma, and 

metastatic breast cancer, and has been proposed as a mechanism by which anti-

VEGF/VEGF-R treatments increase the malignant nature of certain cell 

types102,103,192. The former hypothesis, that tumor cells develop resistance 

following exposure to a specific compound, is typically explained by decreased 

uptake of the compound, increased expulsion of the drug, or the activation of 

DNA repair mechanisms193. In the present study, however, resistance is a less 

likely to be involved in bevacizumab therapy, considering that the antibody does 

not directly enter or influence the malignant cells. Although not directly tested in 

the current work, it is feasible that our in vitro data indirectly represents the 

former manifestation; however, long-term exposure studies are required to form 

definitive conclusions. 

Angiogenic inhibition may also facilitate the release of inflammatory 

cytokines, which can generate more favorable conditions for metastatic 

development99,194. In our study, this scenario was palpable: in response to 

bevacizumab, all three UM cell lines produced significantly greater quantities of 

CCL3. In a recent study assessing cytokine production in vitreous samples, it was 

discovered that CCL3 expression is higher in eyes harboring UM compared to 

controls195. However, as previously mentioned, there is negligible research 

investigating the association between UM and CCL3; in fact, the present study is 

the first to definitively demonstrate that UM cells produce CCL3 in any context. 
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Consequently, the repercussions of the amplified secretion of this powerful 

macrophage mitogen in UM can only be hypothesized by parsing data and results 

from other malignancies. Unfortunately, fundamental differences between UM 

and other malignancies as they pertain to the primary function of CCL3 render 

most comparisons unsuitable. For instance, the vast majority of studies involving 

CCL3 investigate its relationship with TILs or TAMs, as CCL3 is a powerful 

modulator of acute inflammatory responses. Therefore, in other malignancies, 

such as cutaneous melanoma and gastric cancer, CCL3-induced recruitment of 

immune cells improves prognosis and thus CCL3 is being pursued for 

pharmaceutical treatments196,197. Conversely, infiltrating macrophages and 

lymphocytes into the immune-privileged eye are indicators of poor prognosis in 

UM, suggesting that an antithetical approach toward CCL3 should be 

considered160. Hepatocellular carcinomas exhibit a similar inverse relationship 

with infiltrating immune cells, and recent research indicates that CCL3/CCR1 

signalling contributes to disease progression144,198. Thus, it appears that the 

influence of CCL3 on malignant progression is tumor dependant; specifically, the 

effects of CCL3 appear intrinsically linked to the correlation between intratumoral 

immune system presence and outcome.  

MMP-9, on the other hand, has been studied extensively in a variety of 

malignancies. In UM, MMP-9 has been shown to correlate with a high risk of 

metastasis, and is expressed primarily in more aggressive, epithelioid cells152,199. 

Although it has been previously shown that CCL3 signalling through CCR1 is 

capable of inducing MMP-9 activity, results corroborated by the current work, it 
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is of note that three of the primary molecules studied in this thesis, VEGF, MMP-

9, and CCL-3, are regulated upstream by the transcription factor, nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-º B)144,200,201. Prior to 

determining that the majority of the increase in MMP-9 secretion was attributable 

to CCR3 signalling, we had considered that bevacizumab was directly affecting 

the transcription of all three factors by mediating NF-º B activity. However, a 

recent publication determining that bevacizumab does not upregulate NF-º B in 

endothelial cells rendered this hypothesis unlikely; however, as previously 

demonstrated, the effects of specific compounds and signalling pathways can 

differ from cell to cell, and this possibility should not be ruled out prior to studies 

specifically performed on UM cells202. On the other hand, it has been conclusively 

demonstrated that CCR1 signalling can activate NF-º B in monocytes, thus we 

propose this process as a potential candidate whereby the CCL-3 increase 

observed in the present study modulates MMP-9 secretion.  

In summary, it is likely that in vivo treatment of UM with bevacizumab 

may have two-fold negative implications: increased invasiveness due to amplified 

MMP-9 activity and expedition or facilitation of macrophage infiltration as a 

result of augmented CCL3 secretion.  

Most of the negative and pro-metastatic consequences of anti-

VEGF/VEGF-R signalling can be mitigated and positive outcomes achieved 

through the implementation of multiple concurrent therapies. In the clinic, 

bevacizumab is often administered in combination with chemotherapeutic agents, 

which improves results compared to chemotherapy alone. For instance, overall 



132 
 

progression free survival for metastatic breast cancer patients increased when 

bevacizumab was added to paclitaxel or capecitabine203. Likewise, in advanced 

head and neck cancer, bevacizumab plus erlotinib with chemotherapy produced 

favorable results204. In the present study, we identified that CCL3 was upregulated 

as part of a compensatory response to bevacizumab treatment. To the best of our 

knowledge, this is the first report indicating that bevacizumab treatment can 

upregulate CCL3 production in any malignancy. Prior research regarding CCL3 

reveals that higher levels are associated with a poor survival and, in mouse 

models of hepatocellular carcinoma, this signalling axis has been implicated in 

disease progression144,205. MLN-3897, a small molecule inhibitor of CCR1 (the 

primary CCL3 receptor), has been shown in vitro to be effective for reducing 

multiple myeloma cell survival and proliferation206. In this study, we showed that 

our cells produce both CCL3 and CCR1, indicating that autocrine signalling may 

be occurring. Therefore, this inhibitor in combination with bevacizumab may 

prove efficacious in in vitro and in vivo UM studies. Another approach may be to 

test bevacizumab with inhibitors that influence CCL3 production. For instance, 

ibrutinib has been shown to inhibit Bruton’s tyrosine kinase (Btk) in multiple 

myeloma, which subsequently downregulates CCL3 secretion207. To date, no 

studies have been published investigating Btk expression in either uveal or 

cutaneous melanoma208. Another approach would be to supplement the use of 

chemotherapeutic agents with bevacizumab. For instance, antibodies against 

EGFR have been shown to raise NF-º B levels, which can cause a subsequent 

increase in VEGF production; thus, combining this agent with bevacizumab can 
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abrogate this increase209. Given the correlation between EGFR and metastasis in 

uveal melanoma, this approach presents as a potential viable option for dual or 

multiple therapy for UM210,211. In general, more studies on CCL3 and its receptors 

in UM are required prior to targeting as part of dual therapy with bevacizumab.   

 Although clinical trials using bevacizumab to reduce the size of large 

choroidal melanomas are underway, the inadvertent treatment of occult uveal 

melanoma tumors with this antibody suggests an unfavorable outcome107. Singh et 

al. reported UM progression in three cases despite the administration of 

bevacizumab for other pathologies; as a result, they strongly caution against the 

use of bevacizumab as a mono and first-line therapy109.   

 It is generally hypothesized that the reason why bevacizumab therapy is 

ineffective is because there are no clear biomarkers to select the most appropriate 

cohort of patients for treatment212. It is logical that the best biomarker for anti-

VEGF treatment would be expression of VEGF itself; however, as previously 

noted, there have been conflicting results in UM regarding whether or not it has 

prognostic relevance. In the present study, we were capable of using VEGF 

expression in choroidal melanomas to predict metastasis. Thus, it would be 

prudent to utilize this information for selecting patients that may benefit from 

bevacizumab treatment. As fine needle biopsies are becoming more common in 

UM to ascertain monosomy 3 status, these specimens could also be tested for 

VEGF-A expression. The purpose of this determination would be two-fold: 1) 

identify and select patients at higher risk of metastasis for more aggressive 

treatment and, 2) identify patients with active VEGF-A expression in whom 
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bevacizumab may have the greatest positive effect. These VEGF-A patients may 

then be enrolled in studies to evaluate the efficacy of bevacizumab as a mono, 

dual, or multiple-therapy regimen. It is likely that safety would not be an issue in 

these studies, in particular in the mono-therapy group, as intravitreal injections are 

generally well-tolerated with limited side-effects when used for other ocular 

pathologies.  

 A secondary approach to UM treatment with bevacizumab therapy, alone 

or in combination with other compounds, may be to shrink the tumor so that they 

can be treated with more conservative methods. As plaque radiotherapy is only 

indicated in tumors smaller than 16mm in the largest dimension due to the 

penetrance of the radioactive element, bevacizumab therapy may shrink the tumor 

to a size that is amenable to this therapy213. However, even with this approach, it 

may be important to block multiple angiogenic pathways to prevent tumor 

growth, as UM tumor progression was noted following bevacizumab treatment109. 

Further, bevacizumab may be useful following lamellar sclerouvectomy as a 

protective measure against regrowth of tumor cells that may have been 

overlooked during the surgical procedure.  

In addition to bevacizumab, the efficacy of other anti-angiogenic 

compounds has been evaluated with respect to treating UM in both animal models 

and in culture. For instance, in 2007, Mangiameli at al. tested the ability of 

sorafenib to inhibit uveal melanoma cell growth and endothelial migration and 

tube formation in culture. Unlike bevacizumab, which is highly specific for 

sequestering VEGF, sorafenib functions by inhibiting a broad spectrum of RTKs, 
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including all VEGF-Rs, Raf, and PDGFR-²  214. Although inhibiting multiple 

pathways invariable increases the potential for adverse reactions, this approach 

may prove fruitful given the propensity of UM cells to activate compensatory 

pathways in the presence of bevacizumab. Indeed, Mangiameli concluded that 

sorafenib inhibited the migration of endothelial cells and UM growth in a 

xenograft model. While these results are notable, it is critical to evaluate the 

effects of this and other similar compounds on the functional abilities of UM cells 

alone, as they are capable of forming vessels in the absence of endothelial cells 

(vasculogenic mimicry)58. The latter result illustrates the effectiveness of 

inhibiting multiple pathways simultaneously, and this promising outcome has 

expedited clinical trials using sorafenib in patients with UM215.  

In a more recent study, the use of a plant saponin, astragaloside IV, 

effectively inhibited proliferation, migration, invasion, and the production and 

secretion of VEGF-A in uveal melanoma cell lines216. Although the exact 

mechanism by which this saponin exerts these effects on UM cells is unknown, it 

has been shown in colon cancer that this compound downregulates COX-2, 

which, in addition to regulating VEGF expression, is a negative prognostic 

indicator in UM62,217.  

One of the curious and unique aspects of UM is that even patients that 

underwent enucleation several years prior will still have detectable circulating 

malignant cells in their blood36. This suggests one of two rationales: 1) the cells 

escaped the eye before it was removed and continue to circulate indefinitely or, 2) 

metastatic seeds are shedding additional melanoma cells into the blood. The 
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former hypothesis seems highly unlikely given the toxic environment of the 

blood, including a high pH, exposure to the immune system, and sheer forces 

induced by blood flow all of which can induce anoikis218. However, studies have 

shown that CMCs may circulate in clusters surrounded by platelets and other cells 

in order to shield themselves, much like a polypyrenous drupe protects a seed,  

from both the immune system and the caustic environment of the blood219,220. 

Although the latter hypothesis for the nearly ubiquitous and perpetual 

detectability of CMCs in uveal melanoma patients seems more likely, it invariably 

invokes additional queries; for instance, where are the micrometastatic derivatives 

that shed these cells located? Research has indicated that the bone marrow or the 

liver itself may be a possible reservoir for these cells, but definitive conclusions 

have yet to be reached221. A likely contributor to the complexity in discovering 

these obscure reservoirs is that they are typically infinitesimal and comprised of 

only a handful of cells. Current techniques for identifying metastatic nodules 

often involve exploiting their high metabolic rate as a method of detection. For 

many cancers, including uveal melanoma, this is impractical because 

micrometastatic nodules are either dormant or divide slowly, and current in vivo 

imaging modalities are not sensitive enough to identify single or small clusters of 

metabolically inactive malignant seeds. Thus, even if a particular treatment is 

efficacious for treating uveal melanoma, recurrence is a valid concern. To date, 

there has only been one adult-to-adult living donor liver transplantation attempted 

for a patient with metastatic uveal melanoma. Unfortunately, despite the fact that 

the affected eye was removed more than three years prior to liver transplantation, 
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the patient developed additional hepatic metastasis within six months, from which 

he succumbed within eight months222. Thus, options for treating most UM liver 

metastases are limited and survival rates are subsequently low. It is therefore 

imperative that researchers continue to pursue and investigate novel treatment 

methodologies and pharmaceutical interventions in order to ease tumor burden 

and increase survival in the unfortunately afflicted.   

 In addition to in vitro studies, we also investigated VEGF-A expression in 

both rabbit and human UM samples by employing immunohistochemistry. 

Immunohistochemistry is an inherently variable and sensitive technique, which 

can be affected by a plethora of factors including, but not limited to, the age of the 

paraffin block, antibody selection, individual methods (for instance, manual vs. 

automated), embedding and processing variations, and scoring and result 

interpretations174,176,177,179-181. As part of our ongoing mission to objectify science, 

medicine, and research, there is much effort currently being expended on 

standardizing many of the aforementioned variables. For certain pathologies, 

interpretation of immunohistochemical staining, for example either a positive or 

negative result or staining exceeding a specific threshold, will determine the 

appropriate treatment course for a patient. Thus, the ability to standardize the 

immunostaining process, from tissue handling procedures to section evaluation, is 

of paramount importance. To this end, we decided to develop an automated 

method for quantifying VEGF-A immunostaining in UM tumors. Traditionally, 

immunohistochemical grading attributed to a particular sample is based on a 

scoring system involving classifying tumors into groups according to staining 
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intensity and distribution. This process, which does not deal with actual values, 

can place two very different tumors in the same category as intensity and 

distribution represent two very different protein expression profiles. Generally, 

intensity is indicative of average protein quantity within a subset of cells, although 

it is often difficult to determine the amount of protein using non-stoichiometric 

stains, while distribution represents a rough estimation of how many cells express 

the protein in question, irrespective of intensity175,223. By combining these two 

profiles and generating artificial tumor groupings, the individual implications of 

protein quantity and distribution are obscured; for instance, high, punctate protein 

expression in only a few cells may indicate that these specific cells may be 

capable of metastasizing224. Conversely, low, basal expression in a majority of 

cells may simply be a reflection of normal, metabolic processes, but both cohorts 

may be grouped together if conventional grading methods are used (high 

intensity/low distribution and low intensity/high distribution). This distinction is 

far from academic, as treatment approaches often depend on these 

classifications172. In an era in which personalized medicine is heralded, 

conventional grading methods and processes are generalized and archaic.  

 Based on the dubious link between staining intensity and protein quantity, 

we eliminated the assessment of intensity and focussed solely on distribution in 

our study. In addition, by quantitatively determining the number of cells that were 

positive for VEGF-A, we were capable of exploiting more robust statistical 

methods, which is not possible using subjective groupings. Thus, we were capable 

of using a regression model to retrospectively predict metastasis in patients based 
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on VEGF-A expression, even though there was no significant difference in the 

positive cell count or positive areas between those that did and those that did not 

develop metastases.  

As enucleated specimens become more rare, ophthalmologists and 

researchers are resorting to alternative methods for obtaining tissue for 

immunohistochemical studies. Fine-needle aspiration biopsies, for instance, are 

becoming more common as they provide the advantage of tissue acquisition 

during a period more conducive to intervention compared to enucleation, the latter 

typically indicated when a tumor has grown too large for conventional treatments. 

Samples obtained for this method are typically tested for monosomy 3, which is 

an indicator of poor prognosis225. Oddly, despite a plethora of research decreeing 

the importance and value of prognostic factors in enucleated samples, including 

COX-2 and phospho-AKT, these discoveries have not been applied to fine-needle 

aspiration biopsies62,65. Although the material obtained from these biopsies is 

scant, it is crucial to evaluate a panel of prognostic indicators to determine which 

feature most accurately predicts metastasis, thereby permitting appropriately 

tailored intervention. Based on our ability to retrospectively predict metastasis in 

our sample using VEGF-A expression, and because there is a readily available 

pharmaceutical compound targeting this cytokine (bevacizumab), it is but a matter 

of due diligence to evaluate VEGF-A expression in fine-needle aspiration biopsy 

specimens. 

Although our approach was not entirely void of subjective intervention it 

offers a promising start towards more objective analysis of immunohistochemical 
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staining. An additional advantage of this technique is that it permits more robust 

statistical analyses as it provides actual, spectral data as opposed to generating 

finite groupings. Also, it can be used for additional purposes such as absolving 

inter-observer disagreements226.  

Finally, while we did not test concordance between semi-quantitative 

immunohistochemical scoring methods and our quantitative method, previous 

studies using similar approaches have concluded that these methods are in 

accord226-229. It is our hope that providing the algorithm for this process that can 

be used with the freeware program ImageJ will serve to standardize UM 

immunohistochemical staining and enable meta-analysis of these increasingly rare 

samples. 
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Final Conclusion 
  

 In this thesis, we explored the role of VEGF-A in uveal melanoma, from 

its expression, signalling, and inhibition in vitro, to its prognostic implications in 

both an animal model and in human specimens. Although initially encouraged by 

the strong expression of VEGF-A and evidence of autocrine signalling in our cell 

lines, it quickly became apparent that inhibiting this pathway was no panacea for 

UM; the complexity, sensitivity, and redundancy of these tumor cells and their 

signalling processes allowed them to evade this promising treatment modality. As 

a result, the predicted global downregulation of the functional abilities of our UM 

cell lines was not realized. However, our in vitro work revealed for the first time 

in UM, that our cells produce CCL3, a powerful immune modulator, and secretion 

of this cytokine is increased following VEGF-A inhibition. We also concluded 

that a consequence of this increase is a concomitant increase in MMP-9, which 

translated into augmented invasive ability. Thus, we utilized dual-inhibition to 

suppress the functional characteristics of our cell lines; however, it is possible, 

and perhaps even likely, that in situ treatment of UM with bevacizumab may 

cause multiple compensatory pathways to be activated, each of which may need to 

be targeted in order to completely eradicate this malignant entity.  

We also developed a novel, automated immunohistochemistry 

quantification algorithm to objectively evaluate VEGF-A staining in both a UM 

rabbit model and in enucleated specimens from patients with UM. In both cohorts, 

we were able to retrospectively predict metastatic development. The benefit of the 



142 
 

former may be in evaluating the efficacy of pre-clinical compounds, such as 

VEGF-A or CCL3 inhibitors. In patients, the ability to objectively evaluate 

protein expression via immunohistochemistry is a potentially significant tool for 

selecting patients that may respond favorably to treatment. In this case, it is 

conceivable that VEGF-A expression ascertained using these methods may be 

used as a determinant for the administration of bevacizumab or other anti-

angiogenic therapies.    

 In conclusion, uveal melanoma is a complex, deadly disease that 

continually confounds researchers and clinicians. It is our hope that the research 

herein will contribute to eliminating the burden of this enigmatic illness.   
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Appendix I 
 

//Rabbit Immunostaining Quantification Java Macro 

title = getTitle; 

 

//To correct image for bright and darkfield anomalies  

  imageCalculator("Subtract create", "Brightfield.TIF","Darkfield.TIF"); 

  selectWindow("Result of Brightfield.TIF"); 

  rename("Divisor"); 

  imageCalculator("Subtract create", title,"Darkfield.TIF"); 

  selectWindow("Result of "+title); 

  rename("Numerator"); 

 run("Calculator Plus", "i1=Numerator i2=Divisor operation=[Divide: i2 = (i1/i2) 
x k1 + k2] k1=255 k2=0 create"); 

  selectWindow("Result"); 

  rename(title+ " Corrected"); 

selectWindow("Numerator"); 

run("Close"); 

selectWindow("Divisor"); 

run("Close"); 

selectWindow(title); 

run("Close"); 

selectWindow(title+" Corrected"); 

run("Select All"); 

run("Copy"); 

 

//To enhance contrast to separate color spectra 

run("Enhance Contrast", "saturated=1 equalize");  
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//To separate and isolate positive immunostaining 

run("Colour Deconvolutions", "vectors=VEGF_A hide"); 

run("Despeckle"); 

selectWindow(title+" Corrected-Red"); 

 

//To threshold the positive staining image 

setAutoThreshold(); 

getThreshold(min, max); 

setThreshold(0, 150); 

run("Make Binary"); 

 

//To analyze and count the number of immunostained cells 

run("Watershed"); 

selectWindow(title+" Corrected-Red"); 

run("Analyze Particles...", "size=70-Infinity circularity=0.00-1.00 show=Outlines 
display summarize"); 

 

//To measure the immunostained area 

   run("Set Measurements...", "area area_fraction limit display redirect=None 
decimal=3"); 

   run("Measure") 
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Appendix II 
 

//Human Uveal Melanoma Immunostaining Quantification Java Macro 

title = getTitle; 

 

// To adjust for bright and darkfield anomalies 

imageCalculator("Subtract create", "Brightfield.TIF","Darkfield.TIF"); 

selectWindow("Result of Brightfield.TIF"); 

rename("Divisor"); 

imageCalculator("Subtract create", title,"Darkfield.TIF"); 

selectWindow("Result of "+title); 

rename("Numerator"); 

run("Calculator Plus", "i1=Numerator i2=Divisor operation=[Divide: i2 = (i1/i2) 
x k1 + k2] k1=255 k2=0 create"); 

selectWindow("Result"); 

rename(title+ " Corrected"); 

selectWindow("Numerator"); 

run("Close"); 

selectWindow("Divisor"); 

run("Close"); 

selectWindow(title); 

run("Close"); 

 

//To enhance contrast to separate color spectra 

run("Enhance Contrast", "saturated=1");  
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// To adjust Color Threshold (Hue, Saturation, Brightness) so that only 
positive immunostaining remains 

selectWindow(title+" Corrected"); 

min=newArray(3); 

max=newArray(3); 

filter=newArray(3); 

a=getTitle(); 

run("HSB Stack"); 

 

selectWindow(title+" Corrected"); 

 

run("Convert Stack to Images"); 

selectWindow("Hue"); 

rename("0"); 

selectWindow("Saturation"); 

rename("1"); 

selectWindow("Brightness"); 

rename("2"); 

min[0]=190; 

max[0]=255; 

filter[0]="pass"; 

min[1]=100; 

max[1]=255; 

filter[1]="pass"; 

min[2]=82; 
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max[2]=255; 

filter[2]="pass"; 

for (i=0;i<3;i++){ 

  selectWindow(""+i); 

  setThreshold(min[i], max[i]); 

  run("Convert to Mask"); 

  if (filter[i]=="stop")  run("Invert"); 

} 

imageCalculator("AND create", "0","1"); 

imageCalculator("AND create", "Result of 0","2"); 

for (i=0;i<3;i++){ 

  selectWindow(""+i); 

  close(); 

} 

selectWindow("Result of 0"); 

close(); 

selectWindow("Result of Result of 0"); 

rename(a); 

 

//To measure the immunostained area 

selectWindow(title+" Corrected"); 

run("Set Measurements...", "area area_fraction limit display redirect=None 
decimal=3"); 

run("Measure"); 

selectWindow("Results"); 
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//To analyze and count the number of immunostained cells 

selectWindow(title+" Corrected"); 

run("Analyze Particles...", "size=70-Infinity circularity=0.00-1.00 show=Outlines 
display summarize"); 
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