
Harnessing zebrafish xenograft models for ocular melanoma
treatment discovery
Yin, J.

Citation
Yin, J. (2023, December 5). Harnessing zebrafish xenograft models for ocular
melanoma treatment discovery. Retrieved from https://hdl.handle.net/1887/3665682
 
Version: Publisher's Version

License: Licence agreement concerning inclusion of doctoral thesis in
the Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/3665682
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3665682


6 

 

 

  



 

7 

 

Chapter 1 

 

General Introduction 
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1. Melanoma: Incidence and classifications 

Melanoma can be categorized based on its origin: the skin, the eye, and the mucosal 

tissues, which include the ocular conjunctival tissues. Overall, melanomas as a group 

constitute the 17th most common form of cancer worldwide and the cutaneous type is 

the deadliest form of skin cancer, accounting for 80% of deaths [1]. According to 

GLOBOCAN, cutaneous melanoma mainly occurs in countries with predominantly 

fair-skinned individuals: in 2020, the highest incidence rates were observed in 

Australia and New Zealand, followed by Western Europe, Northern America, and 

Northern Europe [2]. During the past decade (2013-2023), the number of new invasive 

melanoma cases in the United States of America increased annually by 27 percent, 

and it is still rising [3]. Overall, melanoma is particularly prevalent among white 

males, with an incidence of 34.7 and 22.1 cases per 100,000 white men and women, 

respectively [4].  

Cutaneous melanoma is the most common subtype of melanoma, accounting for more 

than 90% of all melanoma cases. Besides cutaneous melanoma, ocular melanoma 

(OM) is the second most frequent non-cutaneous malignant melanoma in adults [5]. 

OM can be divided into uveal melanoma (UM), conjunctival melanoma (CoM), 

and other sites of OM, accounting for 85%, 5%, and 10% of the OM cases respectively 

[6]. In Europe, the incidence of UM is estimated to be approximately 5 to 7 cases per 

million people per year, with CoM at 0.3 to 0.8 per million individuals per year [7]. 

Despite this low frequency, UM mortality is quite high, with up to 50% of cases dying 

from metastases. Once metastases have developed, median survival is around 6 to 8 

months [8,9]. For CoM, 5-year survival is better, around 90% [10]. There is a great 

lack of treatment options for metastases and one needs to ascertain the pathogenesis 

of OM and find targeted therapeutic drugs to prevent and treat OM metastasis. 

Melanoma arises from the malignant change of melanocytes, the cells responsible for 

synthesizing melanin, a photoprotective pigment [11]. These melanocytes 

differentiate from precursor cells (melanoblasts), originating from neural crest cells. 

Melanoblasts differentiate into mature melanocytes, subsequently producing melanin 

at anatomically specific sites, including the gastrointestinal tract, ocular structures, 

genitalia, paranasal sinuses, and meninges [12]. However, they can become malignant 

and risk factors for malignant transformation include sun exposure, 

immunosuppression, a positive melanoma family history, and certain congenital 

genetic mutations [13]. In cutaneous melanoma, UV radiation is considered a major 

contributor to melanoma development through its harmful effects on the skin and 

direct DNA damage [14]. In addition, somatic gene mutations play a vital role in 

prognosis. Since there is a strong correlation between patient prognosis and some 

specific gene mutations, such as those in BRAF and NRAS, many scientists focus on 
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gene mutations to find new treatments. Here, I will explore the distinguishing features 

of UM and CoM, including their genetic profiles, the process of cancer development, 

and strategies employed for their treatment. 

1.1. Uveal Melanoma  

UM is a rare type of OM that arises in the choroid, ciliary body, or iris of the eye [15]. 

UM differs from cutaneous melanoma in its characteristics such as anatomical spread, 

causative mutations, and therapeutic response. The liver, lungs, bones, and skin are 

the most frequent sites for UM metastasis [16]. Half of the UM patients exhibit poor 

prognosis, due to metastatic progression. In addition to prognostic clinical factors such 

as tumor location, a large diameter, and extra-ocular extension, male gender and older 

age are important risk factors for metastasis [17,18]. About 50% of patients will 

develop metastases despite effective treatment of the intra-ocular tumor by 

radiotherapy or enucleation [19]. As for the genomic landscape, UM shows specific 

chromosomal aberrations and gene mutations, both of which are strongly associated 

with clinical outcomes [20]. The details can be seen in Table 1.  

In primary UM, common chromosome aberrations include losses of 1p, 3, 6q, 8p, and 

16q and gains in 6p and 8q [21]. The chromosomal evolution in aggressive UM starts 

with a Guanine nucleotide-binding protein subunit alpha-q (GNAq/GNA11) 

mutation, succeeded by loss of one copy of chromosome 3 and/or a BRCA-Associated 

Protein 1 (BAP1) mutation, and gain of chromosome 8q [22]. In general, mutations 

or alterations in chromosome copy numbers of UM can influence specific innate 

immune responses, which are associated with a poor prognosis [23]. For instance, the 

initial influx of macrophages is associated with the gain of chromosome 8q, while 

BAP1 mutation is correlated with additional T cell infiltration in the tumor 

microenvironment [24,25]. The presence of local infiltrating T cells and macrophages 

in UM is associated with a poor prognosis, not a good prognosis.  

Additional genetic profile studies are in progress. Using whole exome 

sequencing of UM, a recurrent gain of function in the phospholipase C beta 4 

(PLCB4) gene was discovered which encodes a protein that is a downstream 

target of GNAq/GNA11 [26]. This mutation in the Y-domain of the highly 

conserved catalytic core of PLCB4 is mutually exclusive with the GNAq and 

GNA11 mutations [27]. Mutations in the telomerase reverse transcriptase 

(TERT) promoter are infrequent [28]. More frequent are mutations in the 

eukaryotic translation initiation factor 1A (EIF1AX) gene [29]. Recently, 

another gene, SF3B1 (splicing factor 3 subunit B1) was also reported to be mutated 

in 10% to 21% of cases of UM [30]. 
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Table 1. Chromosomal Aberrations and Gene Mutations in UM 

Genomic Profile Description References 

Chromosomal 

Aberrations 

Monosomy 3 

Robust predictor of metastasis and 

poor prognosis  

Increased metastatic potential 

[31,32] 

Gain of chromosome 

8q 

Increased macrophage infiltration 

in patient samples 

Activation of c-Myc gene 

[33,34] 

Increasing metastatic potential 

poor prognosis 
[35,36] 

Gain of chromosome 

6p 

Positive predictor for improved 

prognosis 
[37] 

Gene Mutations 

GNAq and GNA11 

Occurs as an early event 

Regulates MAPK pathway 

Sensitiveness to MEK inhibition 

[38-40] 

BAP1 

Mutated in aggressive tumors and 

in 80% of metastasized melanoma 

Results in hyper ubiquitination of 

H2A 

Increased expression of 

macrophage-attracting cytokines 

[41-44] 

EIF1AX 

 

Associated with low-risk tumors 

Exclusive with BAP1 mutation 

and inversely correlated with 

metastasis 

[45,46] 

SF3B1 

Driver gene associated tumors 

with intermediate risk of 

metastasis 

[47-49] 

Abbreviations: GNAq: Guanine nucleotide-binding protein subunit alpha-q; GNA11: 

Guanine nucleotide-binding protein submit alpha-11; MAPK: Mitogen-activated protein 

kinase; BAP1: BRCA-Associated Protein 1; BRCA: Breast Cancer gene 1; EIF1AX: 

Eukaryotic translation initiation factor 1A, X-linked; SF3B1: Splicing factor 3b subunit 1. 
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1.2. Conjunctival Melanoma  

CoM (conjunctival melanoma) is another type of OM and arises from melanocytes 

located amongst the basal cells of the conjunctival epithelium. CoM are biologically 

different from their uveal counterparts and are more similar to cutaneous and mucous 

membrane melanomas [50]. The incidence of CoM in Europe and the US is around 

0.2-0.7 cases per million annually in Caucasians, especially the elderly [51]. It usually 

presents with pigmented lesions that are most commonly located on the bulbar 

conjunctiva. CoM spreads directly toward the orbit or through lymphatic and hematic 

vessels [52]. Distant metastases are frequently found in the liver, lungs, and brain. The 

10-year mortality rate for CoM has been reported as approximately 30% [53]. 

Treatment strategies for CoM patients generally include local excision, 

brachytherapy, and added cryotherapy. Local recurrence is still observed in 26-61% 

of cases after treatment [54,55].  

At the genetic level, CoM is primarily characterized by B-Raf proto-oncogene, 

serine/threonine kinase (BRAF), NRAS proto-oncogene, GTPase (NRAS), 

Neurofibromin 1 (NF1) mutations, and mutations in the loss of phosphatase and tensin 

homolog (PTEN) gene [56,57]. The most common chromosomal aberrations and gene 

mutations in CoM are summarized in Table 2. Other genetic alterations associated 

with CoM are found in the cyclin-dependent kinase inhibitor 1A (CDKN1A) and 

Runt-related transcription factor 2 (RUNX2) gene located on 6p21.2, which are 

commonly overexpressed in primary CoM [58]. TERT promoter mutations are 

observed in 32-40% of CoM, leading to increased expression which is associated with 

cellular immortality [59,60]. Reverse transcriptase inhibitors like azidothymidine 

(AZT) and telomerase inhibitors such as imetelstat (GRN163L) are possible 

candidates for targeted therapies against CoM with TERT promoter mutations 

[61,62]. In recurring CoM, Heat shock protein 90 (HSP90) expression is found to be 

higher than in conjunctival nevi [63]. MutL homolog 1 (MLH1) involved in DNA 

repair and tissue inhibitor of metalloprotease type 2 (TIMP2) encoding for matrix 

metalloproteinase crucial for tissue homeostasis are amplified in metastatic CoM [64]. 

A deletion in the DNA repair gene, O-6-methylguanine-DNA methyltransferase 

(MGMT) has been observed in various cancer types including CoM and cutaneous 

melanoma [65].   
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Table 2. Chromosomal Aberrations and gene mutations in CoM 

Genetic Profile Descriptions References 

Chromosomal 

Aberration 

Loss of 1p, 3q, 6q, 8p, 9p, 

10, 11q, 12q, 13, 15p and 

16q, and gain of 1q, 3p, 

6p, 7, 8q, 11q, 12p, 14p 

and 17q 

Most frequent alterations in CoM; 

most not correlated with metastasis 

and invasion 

10q deletion with BRAF mutation is 

correlated with shorter survival, 

lymphatic invasion, and major 

tumor thickness 

Several onco-suppressor genes such 

as PTEN are located in 10q 

[50,66,67] 

Gene Mutations 

BRAF 

Found in 50% of both primary and 

metastatic CoM 

Most mutations are V600E, 

followed by V600K, V600D and 

V600R 

Associated with reduced metastases 

free-survival 

Observed in young males and 

associated with pigmentation 

[68-70] 

NRAS 

Involved in regulating cell division. 

Found in 20% of CoM cells 

NRAS mutations in CoM are 

mutually exclusive with BRAF 

mutations 

[69,71,72] 

NF1 

Found in 30% of CoM 

Co-occurs with NRAS and BRAF 

mutations 

Common in cutaneous melanomas 

with UV exposure 

[73-75] 

KIT 

Found in 2-7% of CoM 

Mutually exclusive with BRAF and 

NRAS 

Associated with older-age 

Partly sensitive to pharmacological 

inhibition 

[76-78] 

PTEN 
Mutually exclusive with NF1 

mutations 
[79,80] 
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An AKT/mTOR pathway inhibitor 

Co-suppressor abrogated by 

nuclear-cytoplasmic transport in 

neoplastic conditions 

Low expression in CoM 

Abbreviations: AKT: Protein Kinase B; mTOR: Mammalian target of rapamycin; KIT: 

receptor tyrosine-protein kinase. 

2. Ocular Melanoma development  

In the clinic, UM can be divided into American Joint Committee on Cancer (AJCC) 

stages I to IV [81]. Choroidal and ciliary body tumors are classified on the basis of 

thickness and size, as well as extraocular extension. In Stage IV, the cancer has 

metastasized beyond the original tumor site to more distant areas of the body. The 

development of CoM is also classified according to the AJCC, with stages [82].  

UM’s distant spread involves diverse cell types and multi-step processes. Tumor cells 

require oxygen and nutrients to survive and proliferate, therefore need to reside in 

close proximity to blood vessels to access the blood circulation [33,83]. UM also 

needs to alter metabolic processes to meet their increased demands for energy and 

building blocks for rapid growth [84]. More importantly, UM demands immune 

privilege in the eyes and evades immune detection and suppression to achieve tumor 

metastasis [85]. The following overview will briefly explain tumor development from 

these three aspects of oncology: angiogenesis, metabolism, and immune response. 

2.1. Angiogenesis 

One of the most critical steps in metastasis formation in cancer is angiogenesis. As 

primary tumors expand, new blood vessels are required to transfer nutrients for 

melanoma proliferation. Besides, migration largely occurs through these vessels [86]. 

Generally, the newly formed microvessel network covers or embeds melanoma 

clones, triggering interactions between the tumors and vascular endothelial cells. This 

prompts the degradation of the basement membrane and outward endothelial cell 

extension forming a cable-like shape. Finally, cancer cells invade the vasculature and 

metastasize to other sites, such as the lung, liver, and cerebrum [87,88]. Angiogenesis 

initiates the uncontrolled proliferation of malignant tumor cells, which in turn, 

dramatically increases the consumption of oxygen and nutrients and eventually leads 

to cell starvation and hypoxia [89,90].  

Tumor angiogenesis is stimulated by a variety of growth factors such as vascular 

endothelial-derived growth factor (VEGF), basic fibroblast growth factors (bFGF), 

platelet-derived growth factor (PDGF), and transforming growth factors α and β 

(TGF-α and β) [91]. These growth factors are involved in both autocrine and paracrine 
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regulation of melanoma progression. Malignant melanoma cells express VEGFR-2, 

VEGFR-1, and co-receptor neuropilin-1/2, which are not commonly expressed on 

most of the cancer cells [92]. Therefore, VEGF may be able to induce similar 

intracellular signaling responses in both endothelial and melanoma cells [93,94]. 

Placental growth factor (PIGF) can independently bind to VEGFR-1 and neuropilin-

1/2 to induce intracellular signaling. FGF or PDGF form heterodimeric complexes 

with VEGF and interact with VEGFR-2 [95]. Other receptors expressed on both 

melanoma and endothelial cells include urokinase plasminogen activator and its 

receptor (uPA/uPAR, respectively) [96], chemokine receptors CXCR-1/2, and FGFR-

1, which could induce similar signaling responses between melanoma and endothelial 

cells. [97]. Increased levels of VEGF have been found in eyes containing a UM 

[98,99].  

At the same time, bFGF regulates endothelial cell proliferation and angiogenesis by 

both autocrine and paracrine mechanisms. Since bFGF is devoid of the classic signal 

peptide for secretion, tumor cells release this factor by exocytosis from the 

endoplasmic reticulum [94,100] Significant amounts of bFGF were found to be 

associated with the extracellular matrix as well as with the basement membrane of the 

newly-formed blood vessels in human cutaneous melanomas [101,102]. Digestion of 

extracellular matrix by matrix metalloproteinases of melanoma or endothelial origin 

promotes the release of matrix-bound bFGF, which, in turn, stimulates endothelial cell 

proliferation and vascular tube formation in melanomas [103]. Based on different 

mechanisms of these factors, serials of anti-angiogenic drugs have been developed 

and are under various stages of clinical trial.   

2.2. Metabolism 

It is now widely accepted that metabolism is a critical driver of cancer malignancy, 

with cancer cell proliferation commonly requiring an upregulation or “metabolic 

switch” towards a more glycolytic pathway to fuel the rapid energy requirements and 

for cancer cell growth, commonly known as the “Warburg Effect” [104]. In 

mammalian cells, the end product of glucose metabolism can be either lactate or, upon 

full oxidation of glucose via respiration in the mitochondria, CO2. In tumors, the rate 

of glucose uptake dramatically increases and high levels of lactate are produced, even 

in the presence of oxygen and fully-functioning mitochondria [105]. Due to this 

process, tumor cells exhibit higher glucose uptake, more lactate production, and faster 

ATP generation compared to normal cells [106].  

According to Warburg’s calculation, glucose uptake in tumor cells was about 47–70% 

higher compared to 2-18% in normal tissues, and tumor cells converted 66% of 

glucose uptake to lactate [107]. Warburg also observed that blood lactate 

concentration was higher in blood vessels leaving tumor tissues than the lactate 
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concentration in blood vessels entering tumors [108]. The higher glucose uptake in 

cancer cells is facilitated by increased expression of glucose transporters, such as 

glucose transporter 1 (GLUT1), on the cell membrane [109]. In addition, the rate of 

glucose metabolism through anaerobic glycolysis (lactate production) is 10-100 times 

faster than such production of complete aerobic respiration of glucose in the 

mitochondria [110]. Tumor microenvironments have limited availability of glucose 

and stromal cells and the immune compartment competes for nutrients. Despite the 

lower ATP yield, cells with a higher ATP production rate may gain a selective 

advantage when competing for shared and limited energy resources [111]. Besides, it 

has been reported that the cellular environment can induce massive ATP demand by 

altering the demand for ATP-dependent membrane pumps, followed by a rapid 

increase in aerobic glycolysis, while oxidative phosphorylation remains constant 

[112]. 

In addition to the metabolic benefits for the tumor, the Warburg Effect may present 

additional advantages for cell growth in a multicellular environment, such as 

acidification of the microenvironment and other metabolic crosstalk. For example, a 

recent study showed that tumor-derived lactate is a contributor to alternatively 

activated (M2) macrophage polarization [113]. Furthermore, the unique metabolic 

characteristics of cancer cells also present altered lipid metabolism, amino acid 

metabolism, and mitochondrial dysfunction. Yu  et al. found that ocular melanoma 

histone lactylation drives oncogenesis by facilitating YTH N6-methyladenosine 

RNA-binding protein 2 (YTHDF2) expression [114]. Over the recent years, some 

therapies in UM have been through modulation of the Warburg effect. For instance, 

microRNA-216a-5p (miR-216a-5p) inhibits Hexokinase-2 (HK2) expression by 

directly targeting its 3′-UTR in uveal melanoma cells. miR-216a-5p dampens 

glycolysis by reducing HK activity, glucose uptake, lactate production, and increasing 

oxygen consumption rate resulting in suppressing UM growth [115].  

2.3. Immune response 

The tumor microenvironment (TME) contains stromal cells, endothelial cells, cancer-

associated fibroblasts, and a repertoire of immune cells that play important roles in 

tumorigenesis [116]. In general, tumor-associated immune cells can be divided into 

two types: tumor-antagonizing and tumor-promoting immune cells. Tumor-

antagonizing immune cells mainly consist of effector T cells (including CD8+ 

cytotoxic T cells and effector CD4+ T cells), natural killer (NK) cells, dendritic cells 

(DCs), M1-polarized macrophages, and N1-polarized neutrophils. On the other side, 

tumor-promoting immune cells mainly consist of regulatory T cells (Tregs), M2-

polarized macrophages, and myeloid-derived suppressor cells (MDSCs) [117,118]. 

All these types of cells play various roles in the different stages of tumor progression. 
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Among immune cells, tumor-associated macrophages (TAMs) play an integral role in 

extracellular matrix degradation, tumor cell migration, and angiogenesis. They are 

recruited by chemokines released by the cancer cells or the TME, such as C-C motif 

ligand 2 (CCL2)  [119]. Generally, macrophages are differentiated into two opposing 

phenotypes: classically activated macrophages (M1), and alternatively activated 

macrophages (M2). M1 phenotypes can be induced by Toll-like receptor stimulation 

in the presence of interferon-gamma and express proinflammatory cytokines, such as 

interleukin 12 (IL-12) [120]. M2 phenotypes are induced by interleukins 4 and 13 (IL-

4 and IL-13), produced by CD4+ T helper 2 cells, which are associated with the 

production of arginase I (Arg1) and the anti-inflammatory interleukin 10 (IL-10) 

[121]. In addition, within the evolving characteristics of the internal environment, 

such as local anoxia, and levels of lactic acid, both M1 and M2 polarized immune 

cells can repolarize. In fact, some studies have shown that TAMs not only have the 

characteristics of M2 but also share some M1 signatures [122]. 

TAMs in malignant cancers can often promote tumor growth and metastasis, via the 

secretion of chemokines and cytokines such as interleukin 6, 8, and 10 (IL-6, IL-8, 

and IL-10), and transforming growth factor-β (TGF-β) [123,124]. Conversely, tumor 

cells can restrain macrophage activity to achieve immune escape. Various molecular 

mechanisms are involved in this immunosuppression. For instance, the programmed 

cell death protein 1/Ligand 1 (PD-1/L1) signaling pathway promotes the possibility 

of tumor immune escape because it can inhibit the normal function of anti-tumor 

macrophages [125]. The cluster of differentiation 47 (CD47) interacts with signal 

regulatory protein alpha (SIRPα) on macrophages leading to tyrosine phosphatase 

activation and preventing myosin accumulation at the phagocytic synapse. The 

SIRPα/CD47 pathway is referred to as the “do-not-eat-me” signal. In that sense, tumor 

cells with CD47 expression can be recognized as self-cells with normal physiological 

functions. Major histocompatibility complex (MHC) class I component β2-

microglobulin plays a role evasion of the adaptive immune response [126]. However, 

while this is true for cutaneous melanoma and CoM, it is not for UM, where an 

increased HLA expression is related to the development of metastases: several studies 

performed in UM, the high human leukocyte antigen (HLA) expression is associated 

with loss of one chromosome 3/loss of BAP1 expression, and is associated with the 

presence of infiltrating lymphocytes and macrophages [127]. It has been suggested 

that the increased HLA expression inhibits NK cells from killing UM cells during 

their transport from the eye to the liver [127-129]. The interactions between TAMs 

and tumor cells have become a research hotspot in tumor immunotherapy.  

In fact, the TME is a complex network of interactions between various cell types and 

molecules that play a crucial role in cancer development and progression. These cells 

are not unaided but are interdependent. For instance, the metabolite of tumors could 
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cause the differentiation and polarization of TAMs. Meanwhile, TAMs have been 

shown to be important drivers for cancer neovascularization. The angiogenesis further 

facilitates tumor access to nutrients and metastasis. According to the paper 

“Hallmarks of Cancer: New Dimensions”, cancer is a complex mixed phenotypes and 

genotypes [130]. The ten core capabilities of cancer are each, by their definition as a 

hallmark, conceptually distinguishable, but aspects of their regulation are partially 

interconnected in many cancers. Understanding these connections between cells in 

TME will benefit exploring cancer development and clinical therapeutic research. 

3. Therapeutics 

When detected and treated early in their development, primary UM is usually curable 

via surgery, radiotherapy, or a combination of them. Patients with early-stage UM 

treated with enucleation or proton beam therapy have a 90% 5-year survival rate [131]. 

However, therapy options are limited after metastasis and, unfortunately, metastatic 

melanoma is typically detected at a relatively advanced state. Additional treatment 

options include targeted therapy and immunotherapy. Chemotherapy is the most 

commonly used treatment option for cancer, but has not been found to be useful for 

UM [132]. However, the administration of traditional chemotherapeutic agents at high 

doses always induces significant non-selective toxicity, immunosuppression, and 

acquired drug resistance.  

Regarding targeted therapy, clinical trials with selumetinib, an MEK inhibitor, 

reported a higher progression-free survival among UM patients. However, no 

meaningful increase in overall survival was observed in comparison to the general 

chemotherapeutic temozolomide. For UM patients with BAP1 mutations, preclinical 

studies highlighted that treatment with a histone deacetylase (HDAC), such as 

valproic acid, inhibitor could be beneficial [133]. Because BAP1 mutations are 

associated with loss of melanocytic differentiation, treatment with HDAC inhibitors 

has been postulated to inhibit the growth of UM in vivo by inducing morphological 

differentiation [134]. The era of molecular targeted therapy was expanded following 

the discovery of BRAF mutations in several cancers, including cutaneous and 

conjunctival melanoma. This discovery led to the initial evaluation of BRAF 

inhibitors with initial trials showing 50% response rates as a single agent in patients 

with metastatic cutaneous melanoma [135,136]. 

Moreover, immunotherapy, especially immune checkpoint inhibitor treatment, is a 

current standard of care for melanoma. Immune checkpoint proteins, such as PD-1 

and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), are co-inhibitory protein 

receptors expressed on the cell surface of lymphocytes whose primary physiologic 

role is to maintain self-tolerance and limit inflammatory responses in normal tissues 

[137]. An analysis of Danish UM patients observed partial responses in 7% of patients 
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to anti-PD-1 and 21% to concurrent anti-PD-1 plus anti-CTLA-4 [138]. Tumor cells 

present clear metabolic adaptations and identifying deregulated glycolysis pathways 

could offer new therapeutic targets. Besides, the immune cells and other cells that 

infiltrate melanoma tumors have metabolic particularities that, upon interaction within 

the tumor microenvironment, would favor tumorigenesis [139,140]. While 

immunotherapy with immune checkpoint inhibitor treatment has yet been successful 

in UM, it is a promising option for CoM, as it is for cutaneous melanoma metastases 

[132,141,142]. Analysing both tumor cell metabolism and the metabolic outline of 

immune cells can offer innovative insights into new therapy targets and cancer 

therapeutical approaches.   

4. Ginsenosides 

Seeking effective anticancer drugs and elucidating their mechanisms is an important 

task for OM research. Due to the rare incidence of OM, the range of drugs currently 

being studied is limited. One group of such drugs is ginsenosides, the active extract 

of ginseng. Ginsenosides are able to kill melanoma cells with relatively weak toxicity 

to healthy cells, thus gaining attraction among the chemical and natural anti-

melanoma drug candidates [143]. Given the similarities between CoM and cutaneous 

melanoma, I will review the ginsenoside effects against melanoma as a whole.  

Ginseng, the root of Panax ginseng C.A. Meyer (P. ginseng), has been widely used 

as a natural tonic in Asian countries, including China and Korea, for thousands of 

years [144]. Accumulating clinical and experimental studies demonstrated that 

ginseng has many pharmacological effects, such as antidiabetic, antiaging, 

antidepressant, anticancer, and immunity enhancement [145-148]. Ginseng contains 

numerous active compounds, including ginseng saponins, peptides, polysaccharides, 

mineral oils, and fatty acids. Among its various active ingredients, ginseng saponins 

(ginsenosides) are known as the main bioactive agents with pharmacological activities 

[149]. Until now, more than 100 ginsenosides have been isolated and determined. The 

basic structure of ginsenosides consists of a steroidal core, with various sugar 

moieties. According to differences in the chemical compositions and configurations, 

ginsenosides are classified into 3 types: protopanaxadiol (PPD), protopanaxatriol 

(PPT), and oleanane-type ginsenosides [150]. The chemical structures and 

classifications of ginsenosides are shown in Figure 1. Based on existing published 

clinical and experimental studies, we summarized the potential mechanisms of anti-

melanoma effects of ginsenosides in Table 3, including anti-proliferation, pro-

apoptosis, anti-angiogenesis, anti-metastasis, mediate metabolism, and immune 

regulation. 
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Figure 1. Structures and main metabolic pathways of 20(S)-ginsenoside Rb1, 20(S)- 

ginsenoside Rg1, and 20(S)- ginsenoside Rg3. 
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Table 3. Functions and mechanisms of ginsenosides in melanoma  

Function Ginsenoside Mechanisms Cell type References 

Anti-

proliferation 

Rg3 

↓ DNA synthesis and induction 

of cell cycle arrest at S phase 

↓ ERK and AKT pathways 

B16 [151] 

↓ Expression of FUT4 

↓ Activation of EGFR/MAPK 

pathway 

A375 [152] 

↑ Expression of HDAC3 

↑ Acetylation of P53 

A375 and 

cutaneous 

melanoma 

patient 

tissue 

[153] 

↓ Expression of NF-κB/p65 

Melanoma 

xenograft 

in mice 
[154] 

Rh2 
↓ Tumor growth and 

improvement of survival time 

B16-F10 

melanoma 

mouse 

model 

[155] 

PPD 

↑ AMPK and subsequent  

↓ mTOR phosphorylation 

↑ c-Jun by inducing JNK 

phosphorylation 

SK-MEL-

28 
[156] 

Pro-

apoptosis 

Rk1 

↓ Procaspase-8, procaspase-3, 

mutant p53 and Bcl-2 protein 

expression 

↑ Fas, FasL, and Bax protein 

expression 

SK-MEL-2 [157] 

Rh2 
Depending on caspase-8 and 

caspase-3 pathway 
A375-S2 [158] 

M1 

↑ Expression of p27Kip1  

↓ Expression of c-Myc and 

cyclin D1 

B16-BL6 [159] 

PPD 

Induction of autophagy and 

apoptosis via inducing JNK 

phosphorylation 

SK-MEL-

28 
[156] 

↑ Expression of p27Kip1 

↓ Expression of c-Myc and 

cyclin D1 

B16-BL6 [160] 
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Anti-

angiogenesis 

 

Rg3 

↓ VEGF dependent p38/ERK 

signaling 

↓ Mobilization of EPCs 

B16 [161] 

Anti-

metastasis 

 

Rg3 

↓ Lung metastasis when 

synergizing with ribonuclease 

inhibitor 

B16-F10 

melanoma 

mouse 

model 

[162] 

↓ Cell colony formation, 

mobility and invasion abilities 
B16F10 [163] 

Rb2 
↓ Lung metastasis and tumor-

associated angiogenesis 
B16-BL6 [164] 

Immune 

regulation 

PPT 
↑ Splenic NK cells to become 

cytotoxic to tumor cells 

B16-BL6 

melanoma 

mouse 

model 

[165] 

Rg3 

↑ Heat shock proteins and 

calreticulin expression; 

↑ Proportion of CRT(+) 

CD11c(+) cells 

↑ Uptake of dying tumor cells 

by DCs 

B16F10 

melanoma 

cells 

[166] 

F1 
Modulates Rho family GTPases 

resulting in dendrite retraction 
B16F10 [167] 

Associated 

anticancer 

effect with 

other 

chemothera

py drugs 

 

Rh2 

↑ Effects of SMI-4a on 

autophagy-inducing apoptosis 

by inhibiting AKT/mTOR 

signaling pathway. 

A375 and 

G361 
[168] 

Rh2 

↑ Antitumor activity  

↓ Genotoxic effect of 

cyclophosphamid 

B16 

melanoma 

mouse 

model 

[169] 

F11 

↓ Cisplatin-elevated blood urea 

nitrogen and creatinine levels 

Inversion of Bax/Bcl-2 ratio 

and the anti-oxidative and free 

radical levels induced by 

cisplatin 

↑ Anti-tumor activity of 

cisplatin 

Melanoma 

xenograft 

mouse 

models 

[170] 

Rh2 
↑ Anti-blastoma effect of the 

cytostatic drug 
B16 [171] 
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Anti-

melanogenes

is 

 

Rb1 
melanogenesis synthesized by 

α-MSH 
B16 [172] 

Rh4 

↓ Cyclic AMP levels 

↓ MITF and tyrosinase  

↓ Melanin content and 

tyrosinase activity 

B16 [173] 

23-O-

methyl

ginseno

side-

Rg11 

↓ Activity on α-MSH-

stimulated melanogenesis 

through ↓ tyrosinase activity 

B16 [174] 

PPT 

↓ Melanin synthesis 

↓ Genes encoding tyrosinase‐

related protein‐1 and ‐2 through 

dephosphorylation of cAMP 

response element–binding 

protein 

B16 [175] 

Rh23 
↓ Potent melanogenesis and 

body pigmentation 

B16 

xenograft 

zebrafish 

models 

[176] 

Abbreviations: ERK: extracellular signal-regulated kinase; FUT4: fucosyltransferase IV; 

EGFR: Epidermal growth factor receptor; HDAC3: histone deacetylase 3; NF-κB: nuclear 

factor kappa B; AMPK: AMP-activated protein kinase; JNK: c-Jun N-terminal Kinase; Bcl-2: 

B-cell lymphoma 2; FasL: Fas ligand; Bax: Bcl-2 Associated X-protein; EPCs: Endothelial 

progenitor cells; DCs: dendritic cells;  NK cells: natural killer cells; CRT: Calreticulin; mTOR: 

Mammalian target of rapamycin; α-MSH: α-melanocyte-stimulating-hormone; AMP: 

Adenosine monophosphate. 

Among multiple types of ginsenosides, Rg3 is the most well-known in anti-tumor 

studies, as well as the most abundant in red ginseng extracts (40%). Due to the 

different spatial structures on C20 positions, there are two Rg3 enantiomers: 20(R)-

Rg3 and 20(S)-Rg3, which exhibit different anti-tumoral characteristics. 20(S)-Rg3 

has been reported to possess better anti-proliferative effects, whereas 20(R)-Rg3 has 

shown a better inhibition of cancer cell invasion and metastasis [177]. Furthermore, 

ginsenoside Rg3 may be an interesting CAM, as it has been shown to enhance the 

anti-tumor effects of conventional chemotherapeutic agents and to reduce drug-

induced toxicity and chemotherapeutic resistance in vitro and in vivo [178]. Therefore, 

combination therapies using chemotherapeutic agents and ginsenoside may be an 

innovative and promising therapeutic strategy for the treatment of human cancer. 

However, the underlying mechanisms still need to be further elucidated. 
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Compound K (CK) is one of the main active metabolites of PPD-type ginsenosides. 

Interestingly, natural ginseng does not contain CK, which is usually produced by 

microbial or fungal enzymatic biotransformation of ginsenosides Rb1, Rb2, Rc, and 

Rd [179]. The fungal transformation was first discovered in the human intestinal 

system after the oral administration of ginseng. In this process, the oligosaccharides 

linked to the aglycone are gradually cleaved from the terminal sugars and further 

modified [180]. Several studies have indicated that CK exerts high anti-tumor roles 

with strong cytotoxic activity on tumor cells, such as in mouse highly metastatic 

melanoma (B16-BL6), human liver cancer (HepG2), and human highly metastatic 

lung cancer (95-D) cell lines [181]. In vivo, CK could also significantly inhibit lung 

metastasis induced by tumor inoculation of B16-BL6 melanoma cells in mice [182]. 

Similarly, CK could be transformed into PPD through a series of deglycosylation 

procedures by acid hydrolysis and intestinal bacterial actions. Compared to the 

parental components, PPD shows less polarity and easier absorbance in 

gastrointestinal tracts. Some studies revealed that oral administration of PPD exerted 

antineoplastic actions, which were more effective than its glycosides [183].  

Ginsenosides with two molecules of glucose linked to C-3-OH have a lower inhibitory 

activity than those with one molecule: for example, Rh2 (one glucose at C-3) showed 

more potent pharmacological activities than Rg3 (two types of glucose at C-3) [184]. 

In concordance with this, PPD and CK showed much stronger anti-proliferation in 

some cancers than the original ginsenosides [185]. Structure-activity relationships 

indicate that glycosylation at C-3-OH on ginsenosides might be important for the 

inhibition of the chymotrypsin-like activity of the 20S proteasome which plays an 

important role in selective protein degradation and regulates cellular events in the 

anticancer process [181]. This may also explain the high efficiency of Rg3 in 

inhibiting tumor growth and inducing tumor apoptosis [186]. 

 

5. Glucosylceramidase GBA2 

Mammalian β-glucosidases (GBA1, GBA2 and GBA3 β-glucosidases) hydrolyze β-

glucosylceramide and play important functions in the metabolism of glycolipids and 

dietary glucosides, and also in signaling functions [187]. GBA1 is a lysosomal 

hydrolase whose deficiency causes Gaucher disease, the most prevalent inherited 

lysosomal storage disorder. Bile acid β-glucosidase, also known as GBA2, is a 

ubiquitous non-lysosomal glucosylceramidase. Subcellular fractionation analysis 

revealed that this enzyme is located at the plasma membrane, the cytosolic surface of 

the endoplasmic reticulum (ER) and/or Golgi. GBA3 is a cytosolic β-glucosidase, 

mostly present in the kidney, liver, spleen, intestine and lymphocytes of mammals, 

the function of which is still unclear [188]. 
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There is a frequently observed correlation between immune dysregulation and GBA 

dysfunction. For example, GBA2-deficient mice exhibit decreased serum levels of IL-

6, TNFα, and reduced activation of signal transducer and activator of transcription 3 

(STAT3) [189]. A study about Gaucher’s disease reported the thymus exhibited 

impaired T-cell maturation, aberrant B-cell recruitment, enhanced antigen 

presentation, and impaired egress of mature thymocytes in mice in which the GBA 

gene is deleted in hematopoietic stem cells [190].  It is reported the macrophages 

generated from GBA mutation patients displayed an activated macrophage phenotype 

with increased activation of the NLR family pyrin domain containing 3 (NLRP3) 

inflammasome as a consequence of lysosomal storage and impaired autophagy. The 

results pointed to a fundamental role of GBA in immune regulation [191]. 

Interestingly, a transcriptomic study in multiple melanoma cell lines revealed a 

decreased level of GBA2 expression as compared to normal melanocytic cells [192]. 

Sorli et al., found that the inducible expression of GBA2 in human A375 melanoma 

cells led to enhanced GlcCer breakdown and ceramide formation, and resulted in 

significant inhibition of melanoma cell proliferation in vitro and in vivo [193]. This 

may indicate a potential ability for GBA2 to modulate tumor cell life or death switch. 

β-glucosidases are also involved in the biotransformation of ginsenosides and 

therefore may modify their anti-tumor functions. It has been reported that the anti-

tumor activity of ginsenosides is associated with the number of glycosides [194]. The 

ginsenosides with many glycosyl have a large molecular weight and large steric 

hindrance, causing poor cell permeability [195]. The various effects of different 

ginsenosides suggest their enzymatic degradation. Currently, Halima et al., found that 

GBA2 could influence the anti-inflammatory effects of ginsenosides by converting 

them to active compounds  [196]. The role of GBA2 in anti-tumor activity is still 

unknown. The connection between the ginsenosides and GBA2 is a new approach to 

exploring the metabolic and pharmacological mechanisms of ginsenosides in their 

anti-tumor functions. 

6. Zebrafish as a model for screening anti-tumor drugs 

The zebrafish (Danio rerio) has become a valuable non-mammalian vertebrate model 

widely used to study cancer biology and anti-cancer drug discovery. Benefits of 

zebrafish include the relatively high fecundity, cost-effective maintenance, dynamic 

visualization, and easy manipulation of embryos. Compared to the mouse model, the 

zebrafish model requires much less material to assess drug efficacy. Furthermore, 

zebrafish embryos can take up various small molecular weight compounds directly 

from water. Therefore, zebrafish are suitable for high-throughput drug screening and 

toxicity testing [197,198].  
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Zebrafish possess numerous characteristics that make them an attractive model for 

human cancer research. For example, the adaptive immune system of zebrafish does 

not reach maturity until 4 weeks post-fertilization [199]. This makes it possible to 

engraft human or mouse cancer cells into zebrafish larvae and avoid implantation 

rejection. Zebrafish have comparable vertebrate anatomy and express orthologues for 

70% of human proteins, and paralogues of 84% of all known disease-related genes 

[200]. There is a high conservation of oncogenes and tumor-suppressor genes between 

zebrafish and humans, and various oncogenic transgenic zebrafish lines have been 

developed [201]. The histology of zebrafish tumors has been shown to be highly 

similar to tumors found in humans [202]. These characteristics allow extrapolation of 

cancer research outcomes obtained in fish back to humans.  

Recent progress in zebrafish xenotransplantation studies and drug screening has 

shown that the zebrafish is a promising model for evaluating tumor metastasis in vivo. 

Currently, over 40 genetically engineered tumor models and many zebrafish xenograft 

models, including patient-derived xenografts (PDXs) in embryos and adult zebrafish 

have been developed [203,204]. PDXs are cancer models established by engrafting 

and effectively propagating human tumor materials in animal hosts [205]. PDX model 

grows in an animal host microenvironment, which includes vasculature that provides 

in vivo delivery of nutrients and oxygen, and host stromal cells that interact and 

communicate with the tumor cells. Compared to cell line-derived xenograft models, 

PDXs closely recapitulate the heterogeneity of primary tumors and retain their gene 

expression and mutation patterns [206,207].  

The application of zebrafish-PDXs (zf-PDXs) has already led to several valuable 

preclinical discoveries. For instance, in 2019 the first larval zf-PDX co-clinical trial 

was initiated and olaparib plus temozolomide treatment was tested in an adult zf-

PDXs xenograft model of rhabdomyosarcoma, a therapy that was later transferred to 

a clinical trial without additional prerequisite models [208]. A present ongoing phase 

II clinical trial of leflunomide combined with vemurafenib is the first to arise from an 

initial screen in zebrafish with cutaneous melanoma [209]. Many small molecules, 

that were observed to have tumor-killing activity in zebrafish, have been made into 

clinical trials [210]. In all, zf-PDXs are promising pre-clinical models in personalized 

medicine, for which they may be used to predict patient-specific drug responses and 

guide patient therapies. 

7. Aim and outline of this thesis 

The aim of this thesis was to develop novel treatment strategies for different types of 

eye melanoma utilizing zebrafish models. We first establish orthotopic and ectopic 

xenograft models for uveal and conjunctival melanoma by engraftment of the 
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immortalized cells derived from these tumors into zebrafish embryos. Next, we 

expanded these models with spheroids and zebrafish patient-derived xenografts for 

pre-clinical, personalized screening of anti-UM drug responses. We demonstrated that 

these models can be harnessed to explore the in vivo interactions of the tumor cells 

with blood vessels and macrophages leading to angiogenic response. We finally apply 

the CoM model to clarify the inhibitory effects of ginsenosides and correlate their 

structure with potential antitumoral mechanisms.   

Chapter 1 presents an overview of the current understanding of ocular melanoma 

biology and the background of primary drug candidates. We outline ongoing research 

on UM and CoM, spanning genetic profiles, cancer development, and potential 

therapies. Additionally, we present an introduction and summary of ginsenosides' 

anti-melanoma research status, one of the most promising drug candidates against this 

disease. 

Chapter 2 describes the generation and quantification of orthotopic and ectopic 

ocular melanoma xenografts (CoM) by engraftment of fluorescently labeled stable 

cell lines. We visualize and quantify post-engraftment cell migration and 

proliferation, facilitating imaging via epifluorescence and confocal microscopy. 

These models allow the use of chemical or genetic inhibition strategies within only 8 

days. This platform enables effective screening of stable cell lines and supports 

precision medicine approaches for patients in the future. 

Chapter 3 shows the pro-angiogenetic role of macrophages that have been recruited 

towards engrafted CoM cells. We reveal that CoM cells secrete lactate, which induces 

a pro-tumoral macrophage polarization supporting angiogenetic response towards 

engrafted CoM cells. Chemical inhibition of lactate secretion or ablation of 

macrophages attenuates angiogenesis. From this, we conclude that highly glycolytic 

CoM tumors likely progress through TAM-mediated angiogenesis. 

In Chapter 4, we establish a platform to isolate, preserve, and transiently recover 

viable tissues by the generation of spheroid cultures derived from primary UM. All 

assessed tumor-derived samples formed spheroids in culture and stained positively for 

melanocyte-specific markers. These spheroids are labeled with fluorescence and 

xenografted into zebrafish through intravenous injection, a model that mimics the 

molecular features of disseminating UM. Drug treatment with navitoclax and 

everolimus validated the zebrafish patient-derived model as a versatile pre-clinical 

tool for screening anti-UM drugs and as a pre-clinical platform to foretell personalized 

drug responses.  
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In Chapter 5, we study the antitumoral effects of ginsenosides Rg3, CK, and PPD in 

CoM, noting the inconsistency of effects between in vivo and in vitro. Glycosylated 

ginsenosides exhibit antitumoral effects in zebrafish but not in vitro. We find that 

induction of GBA2 expression and activity due to xenograft-induced inflammation 

plays a key role in ginsenoside degradation, leading to the antitumoral function of 

these molecules in vivo. We further demonstrate that the ginsenoside PPD induces 

CoM apoptosis independently of the glucocorticoid receptor (GR). 

Finally, Chapter 6 summarizes the research findings presented in this thesis, 

discussing them within the current scientific context. 
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