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Aims of this thesis

This thesis describes studies that all strive towards ‘Knowledge-based treatment of uveal 
melanoma’ and involves three different yet related topics. 

The first part of this thesis analyzes the role of the tumor microenvironment and of malig-
nant development of blood vessels in uveal melanoma and potential treatments. 

The second part explores future treatment options in uveal melanoma by development and 
identification of specific targets for treatment. 

The third part focuses on the evaluation of potential cancer treatments and explores dif-
ferent molecular mechanisms that play a role in uveal melanoma growth and dissemination.

Uveal melanoma

Ocular melanoma accounts for only 5% of all melanomas and arises in four ocular tissues, 
namely the uveal tract, conjunctiva, eyelid, and orbit. Uveal melanoma (UM) is the most 
common of the ocular melanomas (85 %) with an annual incidence of seven cases per million 
adults per year in Caucasian populations, and develops in the uvea which consist of the iris, 
ciliary body and choroid. Most melanocytic tumors of the uveal tract arise in the choroid 
(80 %), which is one of the most capillary-rich tissues of the body 1. Symptoms of a uveal 
melanoma include blurred vision, flashing lights and seeing shadows. Often, there are no 
symptoms, and therefore 30 % of the tumors is only discovered during routine examination 2.

Although much progress has been made in the last decades in the local treatment of uveal 
melanoma, prognosis is still poor. Uveal melanoma often is a deadly disease, with a 5-year 
mortality ranging from 26% to 32% 3. Uveal melanoma spreads hematogeneously, mainly to 
the liver 4. In case of metastases, life expectancy is merely a few months (2-6 months) 5.

Mechanisms involved in uveal melanoma development are largely unknown. Uveal mela-
noma is approximately 20 to 30 times more common in white people compared to black and 
Asian people 6. In addition, light skin color and light iris color are established risk factors 7,8. 
Still, unlike cutaneous sun-related malignancies, ultraviolet light exposure does not appear 
to be a consistent riskfactor in uveal melanoma 9

Other known risk factors related to survival are histologic cell type, tumor diameter, tumor 
location, age, and gender 10. Loss of chromosome 3 is one of the most significant predictors 
for uveal melanoma-related death 11,12. In addition, concurrent loss of chromosome 1p and 
6q and additional copies of 8q and 6p have also been shown to be potentially implicated in 
uveal melanoma survival 13,14. Furthermore, a gene expression-based molecular classification 
has been described 15,16. Tumors with a class 2 molecular “signature” are at high risk for the 
development of metastatic disease compared to tumors with a class 1 “signature”.
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Treatment of metastatic and primary uveal melanoma

Regarding metastatic uveal melanoma, current available treatments include chemotherapy, 
intra-hepatic arterial liver perfusion, chemoembolization and local resection 17-19. Although 
some individual successes have been described using these treatments, unfortunately, the 
overall survival can as yet only be prolonged with a few months 20. 

In case of primary UM, several treatment options are available. For tumors with a promi-
nence of more than 10 mm (or 8.0 mm near the disc), enucleation is often the first choice 
of treatment. Small to medium-sized tumors with a prominence of less than 10 mm can 
be treated with proton beam therapy, stereotactic irradiation, or (plaque) brachytherapy, 
occasionally in combination with transpupillary thermo therapy (sandwich therapy) 21-23,23-25. 
Radiation therapy results in destruction of the intraocular tumor, either through direct dam-
age to a cell’s DNA, which blocks cell division, or through damage to capillary endothelium, 
affecting the tumor’s blood supply 26-28. Brachytherapy is a highly successful treatment, 
achieving local tumor control of UM in 90-97% of the cases 29,30. Unfortunately, radiation 
therapy is also associated with a range of complications, including hemorrhages into the tu-
mor or the vitreous, cataract, optic neuropathy, and most commonly, radiation retinopathy. 

Radiation retinopathy 

Radiation retinopathy is a slowly-progressive, delayed-onset disease of retinal blood vessels 
due to changes in the structure and permeability of retinal vessels 31-33, and has been described 
to occur in up to 63% of eyes after plaque radiation treatment 34-37. On average, the onset of 
radiation retinopathy occurs at 26 months after radioactive plaque therapy 38. 

Ophthalmoscopic and fluorescein-angiographic findings characteristic of radiation reti-
nopathy include macular changes such as macular edema, capillary non-perfusion, cotton 
wool spots, capillary telangiectasia, retinal neovascularization, micro aneurysms, retinal 
hemorrhages, intraretinal exudation, and neuronal changes: disc edema, disc pallor, optic 
atrophy, and neovascularization of the disk 31 (Figure 1). 

Clinically, these signs are often identical to the findings seen in diabetic retinopathy. The 
threshold for radiation retinopathy depends on the total dose, the volume of irradiated retina, 
the fractionation scheme, and individual factors. In general, a greater total dose results in 
earlier, more severe and more pronounced radiation retinopathy 39. In spite of radiation dose 
reduction during the last decade, vision loss after therapy remains extensive, particularly 
vision loss due to macular edema. In one follow-up study, out of 31 uveal melanoma patients 
with a moderate to good vision ( ≥ 20/60 or 0.3) before radiation treatment, 5 years later, 
only 12 showed preservation of vision 21.
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Angiogenesis and anti-angiogenic therapy

Retinal ischemia and leaking vessels are the two most relevant factors in radiation retinopa-
thy. It has been observed that 55% of eyes, that underwent enucleation after plaque radia-
tion for treatment failure, demonstrate vascular anomalies 34. As yet, there is no effective 
treatment to reverse visual loss from ischemic maculopathy due to capillary nonperfusion 
31. However, several anti-angiogenic agents have been used to resolve macular edema and 
prevent neovascularization. Corticosteroids such as triamcinolone acetonide (TA) have been 
shown to improve vision for a few months in patients with macular edema associated with 
diabetic retinopathy 40-43 and in patients with exudative age-related macular degeneration 
(ARMD) 44. In addition, a recent study reported a temporary positive effect of intravitreal 
TA injections in a group of 31 patients with radiation maculopathy 45. Vascular endothelial 
growth factor (VEGF) is a pro-angiogenic factor that has a crucial role in the formation of 
new vessels and most likely contributes to the pathogenesis of radiation retinopathy. Hence 
anti-angiogenic treatments that target VEGF, such as bevacizumab and ranibizumab, are 
also used for radiation retinopathy. Anti-angiogenic treatments are further discussed in 
(Chapter 3)

Angiogenesis is an important process in both radiation retinopathy and tumor progression. 
Besides the supply of oxygen and nutrients, tumor-associated vessels promote metastasis by 
facilitating tumor cell entry into the circulation 46. Unquestionably, this phenomenon plays 
a role in uveal melanoma, which metastasizes almost completely hematogenously 4,5. Several 
studies have shown that in uveal melanoma a high vascular density and ingrowth of tumor 

Figure 1. Radiation retinopathy due to Ruthenium brachytherapy of a choroidal melanoma.



General Introduction 15

cells into the lumen of tumor blood vessels or into a scleral vessel is associated with poor 
survival 47-49. Furthermore, uveal melanoma cells are capable of forming a second microcircu-
lation consisting of “looping” patterns of extracellular matrix independent of angiogenesis, 
called vasculogenic mimicry 50. The potential to target tumor vessels has been investigated 
for these past decades in several malignancies and mainly focuses on the key mediator of 
angiogenesis, which is VEGF. Tumor angiogenesis, the role of VEGF, and anti-angiogenic 
therapy in cancer and particularly uveal melanoma is further reviewed in Chapter 3.

Targeted therapy

Cancer growth depends on many different mechanisms, such as cell proliferation, angiogen-
esis etc. as described earlier. The combination of different treatments will probably render 
tumor therapy successful in the future. However, two main obstacles have to be overcome; 
a specific and effective drug-delivery, and early detection of (micro) metastases. In uveal 
melanoma, the general accepted hypothesis is that the tumor remains dormant in the bone 
marrow and liver until becoming clinically detectable in the liver 51. Identification and 
inhibition of such micrometastases will prevent the occurrence of ‘full-blown’ metastatic 
disease and possibly improve survival in uveal melanoma patients. Effective drug-delivery 
that induces apoptosis and targets angiogenesis and cell signalling through uveal melanoma-
specific ligands would be beneficial. 

Other approaches may be immunological. Exploration of (cutaneous) melanoma-derived 
autoantigens and cell surface receptors has revealed potential targets in uveal melanoma. 
Currently, the most specific uveal melanoma markers include S-100 (specific for a protein 
derived from bovine brain cross-reacting with melanoma and melanocytes), HBM45 (spe-
cific for gp100) and A103, (recognizes the Melan-A/Mart-1 protein) 52-54. Sadly, most of these 
receptors do not exhibit specificity for uveal melanoma and are also expressed by mela-
nocytes or possibly other neural crest-derived cells, and treatment could cause significant 
side-effects.

Proliferation pathway

What do we know regarding the development and growth of a primary uveal melanoma? 
Although cutaneous melanoma and uveal melanoma share the same embryonic origin, 
no similarities can be found regarding mutations that regulate proliferation and cause loss 
of cell cycle control. Activation of the MAPK pathway in cutaneous melanoma occurs for 
instance through mutations of the NRAS and BRAF genes (60% of cases) 55,56. Only BRAF 
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mutations have been demonstrated in uveal melanoma, though relatively uncommon and 
are therefore less relevant in this disease 57. 

Recently, mutations in uveal melanoma tissue were identified in the GNAQ and GNA11 
genes which are located on chromosome 9 and 19, respectively. GNAQ and GNA11 encode 
for Gαq-type subunits of the heterotrimeric G-protein. Mutations of glutamine encoding 
codon 209 and (less frequently) R183 can result in constitutive G-protein activation which 
mediates intracellular signals and activates the RAS-RAF-MEK-ERK or the classical 
mitogen-activated protein kinase (MAPK) pathway 58. MAPK activation is crucial in the 
development of melanocytic neoplasia and constitutive activation of this pathway has been 
associated with many different types of cancer 59,60. Mutations in the GNAQ gene were shown 
to be common in primary UM (45%) and in UM metastases (22%) 61. GNA11 mutations were 
present in 32% of primary UM and 57% of UM metastases 62,63. Cellular components that 
couple GNAQ/GNA11 to MAPK signaling are most likely the effectors IP3, Src tyrosine 
kinase 64 and PKC 65.

Src and kinase inhibitors

Src is one of the longest known proto-oncogenes and is named after its viral counterpart 
v-Src, which was first described by Peyton Rous almost 100 years ago 66,67. Since then, expres-
sion and involvement of Src has been demonstrated in several malignancies implicating four 
‘hallmarks’ of cancer; proliferation, angiogenesis, cell survival and migration 66,68,69.

Increased Src signalling correlates with decreased E-cadherin expression and decreased 
cell-cell adhesion 70,71. In addition, downstream substrates of Src seem to act largely in paral-
lel to increase cell proliferation and survival 67. Furthermore, Src activation is associated with 
increased expression of proangiogenic cytokines such as VEGF, and thus tumor angiogenesis 
72,73. 

Interestingly, several commercially-available pharmacologic agents are able to inhibit Src. 
Dasatinib for instance is a small-molecule inhibitor taken orally that has been demonstrated 
to inhibit proliferation in several malignancies in vitro 74,75 (Figure 2). Like most tyrosine 
kinase inhibitors, dasatinib also variably inhibits other (receptor) tyrosine kinases such as, 
BCR-ABL, c-KIT, PDGFR, and ephrin A2 74,76. 

Outline

The first part of this thesis, Chapter 2 and 3, describes the literature regarding tumor an-
giogenesis, the role of vascular endothelial growth factor as key mediator of vessel growth, 
and the potential of anti-angiogenic therapies that are approved for treatment of several 
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malignancies or may be used in the future. Implications and studies involving uveal mela-
noma are highlighted in particular. In the second part, Chapter 4, tumor angiogenesis in 
uveal melanoma is experimentally analyzed. We demonstrate the involvement of hypoxia 
and the HIF-1α pathway in the induction of VEGF expression in uveal melanoma cell lines 
and cultures. In addition, we describe the association of high VEGF expression in sera of 
patients and the presence of uveal melanoma related metastases. In Chapter 5, we analyze the 
effect of two frequently used anti-angiogenic intraocular drugs for the treatment of radiation 
retinopathy caused by irradiation of uveal melanoma. Since local recurrences develop in 
some cases, the possibility that there are still living uveal melanoma cells present in eyes 
treated with radiotherapy cannot be excluded 77. We found that triamcinolone acetonide 
and anecortave acetate do not stimulate uveal melanoma cell growth in vitro, and therefore 
most likely will not give rise to recurrences. On the contrary, we demonstrate in Chapter 6, 
that bevacizumab induces intraocular tumor growth in mice. Although bevacizumab did 
not stimulate UM cell proliferation in vitro, VEGF expression via the HIF-1α pathway was 
induced, resulting in a ‘pseudohypoxic’ condition. This phenomenon has been described 
in other tumor types and may be the consequence of tumor adaptive or evasive resistance.

Part III describes the search for specific uveal melanoma ligands to be used for targeted 
therapy or early identification of micrometastases. Somatostatin receptor subtype 2 (SSTR2) 
for instance is expressed in several tumors, and synthetic radiolabelled antagonists like 
octreotide and octreotate are already being used as diagnostic or therapeutic agents for 
gastroenteropancreatic and neuroendocrine tumors 78-81. Although uveal melanoma cells 
and somatostatin-producing cells both originate from the neural crest, a low expression of 
SSTR2 was found in primary uveal melanoma specimens and in uveal melanoma cell lines. 
Furthermore, SSTR2 expression was not associated with tumor-free survival or any known 
prognostic factor (Chapter 7).

Figure 2. Dasatinib treatment (right) inhibits Src kinase-related lysate activity in metastatic uveal tissue 
analyzed with a Pamgene tyrosine kinase array.
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On the contrary, we describe in Chapter 8 the identification of uveal melanoma-specific 
peptides (UMAPs) by in vitro panning using phage peptide libraries. Additionally, synthetic 
constructed peptides were shown to successfully internalize targeted UM cells.

In the final chapters of this thesis, the findings of all experiments are summarized and 
future implications and treatment options are discussed.

Finally, part IV describes the implication of the classical mitogen-activated protein kinase 
(MAPK) pathway in uveal melanoma. In Chapter 9, we identify Src as a determinant of 
ERK1/2 activation and show that Src expression and kinase activity together with ERK1/2 
activation is reduced in UM metastases cell lines compared to primary UM cells. In addi-
tion, we demonstrate in Chapter 10 the inhibition of MAPK activation via Src using the Src 
kinase inhibitor Dasatinib. Growth arrest was achieved in 60% of the tested UM cultures 
and the potential of growth inhibition may be predicted by MAPK and Src kinase activity. 
Furthermore, the sensitive cell cultures predominantly displayed monosomy 3 and, in a large 
set of UM samples, Src expression level was significantly associated with monosomy 3. 

In summary, knowledge of side effects of current intraocular treatments prevents recur-
rences and may protect the uveal melanoma-containing eye, and hence preserve vision.

Pre-clinical evaluation of treatment efficacy and safety based on tumor physiology renders 
the possibility of new treatment options to treat and/or prevent metastases.
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