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ABSTRACT 
 

Uveal melanoma (UM) is the most common primary cancer of the eye and its prognosis is 

strongly influenced by the occurrence of metastases, which are both rapidly developing 

and mostly fatal. The most frequent driver mutations occur in a small number of genes 

including GNAQ, GNA11, BAP1, CYSLTR2 and SF3B1. Due to a lack of suitable animal 

models, the mechanism through which mutations in these genes cause or cooperate in 

UM initiation and progression is still largely unknown. We aimed at generating transgenic 

strains expressing the human mutant proteins in zebrafish uveal melanocytes, using the 

kita promoter. We used the binary Gal4/UAS system to express the mutant genes 

mentioned above.  

Moreover, we performed xenotransplantation experiments with uveal melanoma human 

and zebrafish cell lines in optically-clear, immunocompromised, zebrafish larvae. 

Transplanted fish developed melanoma near the site of transplantation in two weeks and 

showed metastatic growth within one month of age. This approach could be used for short-

term assays in larvae, and be further developed for long-term uveal melanoma studies.  

In parallel we performed a chemical screen using a transgenic model previously generated 

in our laboratory, where oncogenic RAS is expressed under the kita promoter. As adults 

transgenic kita:RAS develop cutaneous melanoma with high frequency and uveal 

melanoma with a much lower percentage. Larvae showed increased number of 

melanocytes already at 3 days post fertilization (dpf) as earliest evidence of abnormal 

melanocytes growth. Using this model, we performed a chemical screen based on 

automated detection of a reduction of melanocytes number caused by any of the 1280 

FDA or EMA approved drugs of the Prestwick library. 

The analysis showed that 55 molecules were able to reduce by 60% or more the number 

of melanocytes per embryo. We identified clotrimazole, as the best candidate. The 

molecule is an azole derivative acting on the energetic metabolism of melanoma cells. We 

further tested two compounds for each of the 5 pharmacological classes, and a 

farnesyltransferase inhibitor (lonafarnib), that inhibits an essential post-translational 

modification of HRAS and suppresses the hyperpigmentation phenotype. Combinations of 

clotrimazole and lonafarnib showed the most promising results in zebrafish embryos, 

allowing a dose reduction of both drugs.  

We performed validation of these observations in the metastatic human melanoma cell 

line A375M, and in normal human epithelial melanocytes (NHEM) as control cells, in order 

to investigate the mechanism of action of clotrimazole in blocking the proliferation of 

transformed melanocytes. Viability assay and analysis of energy metabolism in 

clotrimazole treated cells show that this drug specifically affects melanoma cells in vitro 
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and transformed melanocytes in vivo, having no effects on NHEM or wild type larvae. 

Similar effects were observed with another hit of the antifungal class, miconazole. 

Furthermore, we show that the effects of clotrimazole are mediated by the inhibition of 

hexokinase activity and suggest further testing of clotrimazole in combinatorial treatments. 

In conclusion, this thesis investigated different possibilities of modelling the rare cancer 

uveal melanoma in zebrafish, using both transgenic and transplantation approaches, and 

developed a pipeline for a high-throughput, semi-automated chemical screen in a 

zebrafish melanoma that identified clotrimazole and miconazole as targeting a metabolic 

vulnerability in melanoma cells. 
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INTRODUCTION 

 

Chapter 1: Zebrafish in cancer research 

1.1 Zebrafish as a model organism 

 

In recent years, the Zebrafish (Danio Rerio) has become one of the most important model 

organism to study biological processes in vivo. It is a small teleost fish originating from 

North-India. The zebrafish takes its name from the stripes on the side of the body. They 

extend from the anal fin onto the the caudal fin rays of the tail. There are five alternating 

blue-black stripes that contain two different types of pigment cells, melanophores and 

iridophores, whereas the silvery-yellow stripes contain xantophores and iridophores. The 

onset of pigmentation in normal strains occurs more or less after 24 hours post fertilization 

(hpf). Pigment formation can be avoided by adding 1 phenil-2-thiourea (PTU) to the fish 

water. Mature females have a bigger abdomen compared to males, due to the presence 

of developing eggs in the ovaries. Male fish are generally darker, thinner and the region 

near anal fin has more yellow coloration [1].      

Zebrafish provide many opportunities to serve as a model organism for research. These 

fish are easy to maintain due to their small size (usually less than 5 cm in length), short 

generation time and thanks to the fact that the embryonic maturation is ex utero, the 

sacrifice of the mother is not necessary to obtain the embryos, which is a very big ethic 

advantage. Zebrafish embryos are permeable to small molecules placed in the water, an 

important property that allows to test drugs that may be deleterious to vertebrate 

development. For instance zebrafish development can be altered by the addition of ethanol 

or retinoic acid, both of which produce malformations in the fish that resemble human 

developmental syndrome know to be caused by these molecules [2]. To allow a 

development outside of the female’s body it is necessary for the embryo to have a 

protective cover called chorion, an acellular envelope, which is about 1.5-2.5 μm thick and 

is composed of three layers. The outer layer is characterized by granular, farinaceous 

material and the middle and inner layers are composed of cone-shaped pores. Because 

of this arrangement of the chorion the embryo is well protected against microorganisms 

and other risks, but still can be provided with gases [3]. The analysis of the chorion showed 

that it is made up of different polypeptides such as collagen, gelatin, fibronectin and non-

glycosylated peptides [4]. Furthermore the zebrafish eggs, which are accessible in a high 

number, are transparent and this allows observing the development of the larvae in early 

stages. Importantly, the transparency of zebrafish provides the unique opportunity to follow 

tumor angiogenesis and immune responses. Moreover the zebrafish model allows to study 

https://paperpile.com/c/UPa5Q5/jFMoS
https://paperpile.com/c/UPa5Q5/XcsII
https://paperpile.com/c/UPa5Q5/4QYXE
https://paperpile.com/c/UPa5Q5/JMcIN
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well-defined stages of tumors and the larval phenotype can be exploited for high-

throughput chemical screens [5]. 

 

1.2 Zebrafish as a model for drug screening  

 

Zebrafish embryos are suitable for drug screening and to assess drug effects. Compared 

to other animal models, it is possible to perform chemical screen with multi-well plate (96-

well or 384 well), resulting in a high-throughput analysis system. Evaluation of 

morphological defects, aberrant phenotypes and behavioral changes can be performed 

[6]. Phenotypes can be studied using brightfield imaging and in situ hybridization among 

others. Time exposure to drugs can be varied so that modifiers of different cell types can 

be found if the chemical is applied at the correct developmental stage. This approach is in 

contrast with genetic mutants where the phenotype is controlled by the period in which 

maternal RNA and proteins contribution runs out during embryonic development and by 

the strength of the allele under study. One of the first chemical screens was performed by 

van Leeuwen et al., in which teratogenic effects of different drugs were studied [7]. Ten 

years later Peterson and colleagues performed a chemical screen in which they tested 

thousand chemicals for their effects on developmental endpoints [8]. Zebrafish embryos 

have been also used to study the toxicity of several chemical compounds determining the 

embryonic mortality rates. Since the data coming from this studies were consistent with 

toxicity findings in human the concept of conservation between human and zebrafish has 

been reinforced [9]. Moreover tumor growth, metastasis and invasion can be monitored 

and quantified with in vivo in xenografts models.  

 

1.3 Transgenic lines establishment in zebrafish: the Gal4/UAS System 

 

One of the strengths of the zebrafish model is the easy manipulation of gene expression 

or generation of transgenic lines that allow germline and stable expression of specific gene 

products. One of the most common methods to obtain transgenic lines with tissue-specific 

expression is the Gal4-UAS system. It consists of the yeast-transcriptional activator Gal4, 

which is a sequence of 881 amino acids. Gal4 has a DNA binding domain as well as a 

transcriptional activity. 74 aa at the N-terminus have DNA binding domain activity. This 

system works only when Gal4 connects to a specific recognition sequence called UAS 

(upstream activating sequence). In this way it leads to an activation of target genes. This 

binary system is derived from the unicellular organism Saccaromyces cerevisiae and was 

originally used only in Drosophila. Nico Scheer and Josè Campos Ortega established this 

system in zebrafish. The introduction of the Gal4-UAS system in zebrafish had several 

https://paperpile.com/c/UPa5Q5/rHJnC
https://paperpile.com/c/UPa5Q5/HzX1u
https://paperpile.com/c/UPa5Q5/1jlzQ
https://paperpile.com/c/UPa5Q5/JOGyR
https://paperpile.com/c/UPa5Q5/qjC4X
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advantages such as the expression of target genes only in Gal4 expressing cells. 

Moreover by crossing different transgenic lines new activators and effectors can be 

analyzed. In order to use the Gal4-UAS system in zebrafish two different transgenic strains 

called activator and effector lines are needed. The activator line includes the gene for the 

yeast transcriptional activator Gal4 which is regulated by a specific promoter while the 

effector line consists of the gene of interest downstream of the UAS. After crossing these 

two lines (F0) with each other, a percentage of the offspring (F1) will be double 

transgenics. In this fish the gene of interest will be activated by Gal4 leading to targeted 

gene expression [10].  Through this system it is possible to generate both germline and 

somatic oncogene expressing animals. The germline expression is induced by crossing 

the fish line carrying the Gal4 sequence under the tissue-specific promoter and the fish 

line carrying the oncogene under the UAS. All the cells in which the promoter is active will 

express the oncogene. The somatic expression is induced by injecting the plasmid 

harboring the UAS and the oncogene in the one-cell stage embryos already expressing 

Gal4 under the specific promoter. So only the cells in which the injected construct has 

integrated will express the oncogene. The high flexibility of the Gal4/UAS system has 

promoted several studies of cancer in zebrafish. For example the Gal4 expression under 

the control of the kita or fli1 promoter induces development of melanoma or leukemia 

respectively [11,12]. 

To create fish lines that are able to express reporter genes under the UAS promoter, the 

Tol2 kit system, based on a transposon driven system was used in this thesis project.  

 

1.4 The Tol2-mediated Gal4-UAS system  

 

Tol2 is an active DNA-based transposable element isolated from a mutational insertion in 

the tyrosinase locus of a tyrosinase-deficient mutant medaka fish and has been 

demonstrated to maintain an autonomous activity [13], [14]. This finding was then followed 

by the identification of functional Tol2 mRNA which allows a single copy integration of a 

non-autonomous element within the genome without causing big genomic 

rearrangements. As compared with other transposon systems, Tol2 transposons have 

demonstrated a more rapid and higher activity in somatic tissues. Moreover, high rates of 

germline transmission are well-maintained in F1 offspring [15]. Finally, expression of 

transgenes cloned into the Tol2 vector persists through subsequent generations and are 

not hindered by host-induced gene silencing mechanisms, which are sometimes observed 

with plasmid DNA microinjections [16]. 

In order to generate transgenic zebrafish models using the Tol2-based transposon system, 

a donor plasmid is co-injected with synthetic mRNA encoding an active transposase 

https://paperpile.com/c/UPa5Q5/Eb770
https://paperpile.com/c/UPa5Q5/6YnRC+GPq4z
https://paperpile.com/c/UPa5Q5/LdRMn
https://paperpile.com/c/UPa5Q5/vdeW6
https://paperpile.com/c/UPa5Q5/B1EBl
https://paperpile.com/c/UPa5Q5/Mttj1
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enzyme into the cytoplasm of one-cell stage zebrafish embryos. The transposase mRNA 

gets translated and the resulting protein catalyzes the excision of the transposon cassette 

from the donor plasmid and allows its integration in the genome [17]. 

The Tol2 kit is mainly relying on the gateway cloning technology (InvitrogenTM), which is 

based on the att site-specific recombination system from the λ phage [18]. The most 

common cloning procedure involves cloning of three DNA fragments (entry clones) into a 

final destination vector [19]. 

 

1.5 Gateway cloning system 

 

A PCR amplification of the gene of interest is made with specific attB site containing 

primers. It follows the BP-reaction, during which the “Entry-clone” is formed. This usually 

occurs through the recombination of the attB sites of the PCR products with a donor vector. 

The plasmid consists of a ccdB cassette which is flanked by attP sites. Products of this 

step are the Entry Clone consisting of the insert which is flanked by attL sites as well as a 

by-product which is composed of the ccdB cassette flanked by attR sites.  

In order to obtain a high efficiency recovery of ENTRY plasmids, the Gateway system is 

based on a counter-selection method. The DONOR vectors contain a ccdB cassette that 

is toxic to standard bacterial strains that are commonly used for cloning, for example DH5α 

or DH10B; the chloramphenicol resistance gene allows maintenance of the cassette in 

ccdB-tolerant cells. In this way the un-recombined DONOR vector will not be propagated 

after a BP reaction so the outcome will be high efficiency recovery of the ENTRY clone of 

interest. 

At this point the attL-flanked ENTRY clone produced can be used in an “LR” reaction with 

corresponding destination vectors of choice that contain homologous attR sites. The LR 

recombination is catalyzed by LR clonase. The resulting plasmid is often called 

“expression clone”, along with a second by-product plasmid that contains a 

ccdB/chloramphenicol cassette.  

Destination vectors contain ampicillin resistance, while DONOR or ENTRY plasmids 

contain kanamycin resistance cassettes. Thus, introduction of an LR reaction into cloning 

bacteria and selection on ampicillin has a higher efficiency of the desired expression clone 

under study [20]. 

 

1.6 Zebrafish as a Model for Studying Melanoma 

 

Melanoma is a malignancy of melanocytes, which are cells of neuroectodermal origin able 

to produce melanin [21]. Melanocytes can be found in the skin but also in teguments 

tissues as uvea, meninges and mucosal tissues. The cutaneous form of melanoma is 

https://paperpile.com/c/UPa5Q5/pp87n
https://paperpile.com/c/UPa5Q5/8HjkJ
https://paperpile.com/c/UPa5Q5/pCgvU
https://paperpile.com/c/UPa5Q5/m4Xf6
https://paperpile.com/c/UPa5Q5/iEVgg
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common in the Western world and causes the majority (75%) of deaths related to skin 

cancer [22]. The global incidence is 15–25 per 100.000 individuals. Sun exposure 

(ultraviolet, UV irradiation) is the major risk factor for cutaneous melanoma and leads to a 

genetic signature that is typical of melanoma [23]. Recent next generation sequencing 

studies have revealed that, with a median number of >10 mutations per megabase of DNA, 

melanomas have the highest mutational load of all human malignancies, represented by 

a large number of UV signature mutations, predominantly C > T or G > T transitions, which 

are induced by UVB and UVA, respectively [24]. On the other hand, several studies 

suggest that melanoma is not exclusively UV-dependent. However melanomas can 

develop in non-sun-exposed skin or in internal organs. Common mutations include 

BRAFV600E, NRASQ61L or NRASQ61R and HRAS and KRAS mutations for cutaneous 

melanoma [25]., KITV559A for mucosal and acral melanoma and GNAQQ209L or GNA11Q209L 

in uveal melanomas. Surprisingly, none of these mutations carries C > T or G > T 

transitions that indicate typical UV signature. The absence of typical UV signatures does 

not completely exclude a determining role for UV radiation [26]. 

 

Chapter 2: Zebrafish as a model for uveal melanoma (UM) 

2.1 Uveal melanoma epidemiology 

 

Uveal melanoma is the most common primary intraocular malignancy in adults. UM is a 

rare type of cancer with an estimated rate of 5.1 per million cases per million people per 

year and has remained stable since the early 1970’s. These tumors most commonly arise 

unilaterally in Caucasians during the fifth to sixth decade of life [27]. Uveal melanoma 

affects both sexes, with a slight predominance of males. In particular among European 

population, incidence rates show a South-North gradient, increasing from less than 2 

million in South located states to more than 8 million in northern countries, indicating an 

important role of ocular pigmentation [28].  

2.1.1 Anatomic location and etiology 

 

Uvea is composed of choroid, iris and ciliary body. Uveal melanoma arises from the 

melanocytes within the anterior (iris) or posterior (ciliary body or choroid) uveal tract.  The 

posterior choroid is the most common site involved with approximately 85% of tumor 

cases. Melanocytes are the cells responsible for the synthesis of melanin pigments. All 

melanocytes derive from pluripotent neural crest cells. The undifferentiated cells, called 

melanoblasts, migrate out of the neural crest, and populate different locations like dermis, 

epidermis and uveal tract  where they synthesize melanin [29]. 

 

https://paperpile.com/c/UPa5Q5/6jRQx
https://paperpile.com/c/UPa5Q5/vUrxo
https://paperpile.com/c/UPa5Q5/Logfa
https://paperpile.com/c/UPa5Q5/q5Jds
https://paperpile.com/c/UPa5Q5/hp1ve
https://paperpile.com/c/UPa5Q5/7OKwR
https://paperpile.com/c/UPa5Q5/lY4yC
https://paperpile.com/c/UPa5Q5/XD2pz
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2.1.2 Genetic alterations in Uveal Melanoma  

 

UM is characterized by point mutations in the guanine nucleotide binding protein α-subunit, 

shortly called G proteins. G proteins are a family of heterotrimeric proteins which couple 

seven transmembrane domain receptors to intracellular cascades, including 

neurotransmitter, growth factor, and hormone signaling pathways. Heterotrimeric G 

proteins are composed of three subunits, Gα, Gß, and Gγ, each of the subunits has many 

different family members [30],[31]. GNAQ and GNA11 are genes that code for the α-

subunit of G proteins that act in conjunction with G-protein-coupled receptors. G protein 

and G protein coupled receptor signal transduction takes place through the conversion of 

GDP to GTP, which activates the G protein and signals via downstream effector proteins. 

One example is represented by the activation of phospholipase C-β (PLCβ) which then 

cleaves phosphatidylinositol [4,5]-bisphosphate (PIP2) into inositol-triphosphate (IP3) and 

diacylglycerol (DAG). DAG then activates protein kinase C (PKC) which induces the 

mitogen activated protein kinase (MAPK) cascade signalling. In order for the G protein to 

return to its inactive state, GTP must be hydrolyzed to GDP. Q209 and R183 mutations in 

GNAQ and GNA11 cause loss of the intrinsic GTPase activity resulting in a constitutively 

active GTP-bound state. This is similar in mechanism to the better-known RAS oncogenes 

that code for monomeric G proteins, which are commonly constitutively or inappropriately 

activated in many malignancies [32], [33], [34]. In xenograft experimental models of UM, 

kinase inhibitors tested in cell lines (prior and after implantation in mouse models) have 

shown some responses [35] while a c-met inhibitor, crizotinib, had the ability to inhibit 

metastasis [36].  Mutations in GNAQ or GNA11 occur early during disease development, 

as judged by their presence in benign lesions and their distribution to the majority of uveal 

melanomas, regardless of other genetic events [37]. However, these mutations are not 

sufficient for melanoma development [32], suggesting that they are predisposing or 

initiating mutations. In recent reports, the oncogenic activity of mutant GαQ/11 was 

attributed to a hippo-independent activation of Yes-associated protein (YAP1) in HEK293 

cells transfected with GNAQQ209L [38], [39] and the ARF-6 ß-catenin pathway [40]. 

Monosomy of chromosome (chr) 3 is the most frequent chromosomal aberration reported 

in approximately 50% of uveal melanomas [41]. It strongly correlates with metastases and 

decreased survival. Chromosomal aberrations appear as early events in UM, especially 

loss of chromosome 3. Indeed a few familial cases of UM are linked to chr 3 monosomy 

[42]. Being monosomy of chr 3 one of the first genetic lesion identified, and also common 

to other cancers like clear cell renal carcinoma, lymphoid leukemia and others, chr 3 has 

been scrutinized for possible key tumor suppressors, which haploinsufficiency or loss of 

heterozygosity (LOH) may be instrumental to UM progression. Although the entire copy of 
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chr 3 is usually lost, some UMs show partial deletions centered on 3p25-26, 3q and 3p11-

14 [43]. Candidate genes in these regions include FOXP1, RYBP and SHQ1 and 

especially BAP1 also known as BRCA-1 associated protein, which is mutated in rare 

familial cases of UM [44] and in a newly discovered cancer syndrome, characterized by 

high incidence of mesothelioma, UM and benign melanocytic skin tumors at early ages 

[45], making BAP1 the best candidate driver of UM with chr 3 aberrations.  84% UM contain 

inactivating mutations in BAP1. BAP1 is an ubiquitin carboxy-terminal hydrolase that was 

initially identified as a protein that binds to BRCA1. Functionally, BAP1 is a tumor 

suppressor that is believed to mediate its effects through chromatin modulation and 

transcriptional regulation, via the ubiquitin-proteasome system and the DNA damage 

response pathway. However, how the loss of BAP1 promotes tumor progression and 

metastasis in UM is currently unknown.  More recently, recurrent mutations of the splicing 

factor SF3B1 were identified in low grade UM [46], [47].  SF3B1 is an essential component 

of both major (U2-like) and minor (U12-like) spliceosomes and is instrumental for the 

binding of spliceosome subunits to the introns near branch points [48]. SF3B1 mutations 

have been reported also in hematological malignancies [49], but they affect different 

codons, whereas in UM the hotspot mutations are invariably affecting R625. This is a 

conserved arginine in the 5th HEAT repeat, and the substitution with different amino acids 

impairs splicing of several targets [41].  Additional mutations mutually exclusive to those 

in GNAQ/GNA11 have been identified in phospholipase C β4 (PLCB4) and the G-protein 

coupled receptor cysteinyl leukotriene receptor 2 (CYSLTR2), confirming once again the 

relevance of the G-α signalling pathway in UM [50].     

2.1.3 Uveal Melanoma treatment and clinical trials 

 

Thus, the genetic of uveal melanoma is relatively simple. Classification according to 

grades, identified two grades (class 1, low risk of metastasis and class 2, high risk of 

metastasis and association with specific genetic traits) and the origin is likely clonal, given 

the pattern of GNA11 and GNAQ mutations. With all these features, uveal melanoma is in 

a good position to be extensively studied for a complete mechanistic understanding of the 

genetic and progression of the disease, leading to proper therapeutic intervention and 

specific drug development. In contrast to cutaneous melanoma, where new therapies and 

immunotherapy provide better survival and in some cases cure the patient, novel 

approaches of targeted therapies and immunotherapies have not shown significant 

efficacy in UM. Currently, several clinical trials of immunotherapy like NCT01585194, 

including adoptive cell therapy and combined ipilimumab and nivolumab, are under way 

to identify effective immunotherapeutic approaches in metastatic uveal melanoma. 

Because there are many differences in the tumor immune microenvironment and the tumor 
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biology (far fewer mutations and a different mutational spectrum) of uveal melanoma 

compared with cutaneous sites of primary melanoma, it is likely that outcomes reported 

for metastatic cutaneous melanoma will not be replicated in uveal melanoma and that other 

trial designs have to be considered. UM is extremely resistant to cytotoxic chemotherapies 

and around 30 trials have been published during the last 30 years with no improvement in 

patient overall survival [51]. Over the last years treatment approach has shifted from 

enucleation toward more eye-conserving therapies like radiotherapy or transpupillary 

thermotherapy but unfortunately the 5-year survival rate has remained stable. UM remains 

a life-threatening malignancy due to the fact that almost half of patients will develop 

systemic liver (93%) or lung (24%) metastasis during long-term follow up. Although we can 

identify the patients at risk on the basis of new discoveries regarding the genetic and 

molecular background of UM, there is still no therapy to either prevent or treat UM 

metastases [50]. 

https://paperpile.com/c/UPa5Q5/LmbAe
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2.2 Animal models of UM 

 

A classical method for modeling uveal melanoma is to inoculate eyes or embryos with 

melanoma cell lines. Different attempts have been made in order to obtain a proper UM 

model. In 1993, a first was made injecting human uveal and cutaneous melanoma cell 

lines into the chicken eye, at early developmental stages in order to bypass the graft 

rejection. Ocular tumors were detected in 20% of embryos injected with UM cell lines [52]. 

In addition to chicken embryos other species were used to generate xenograft models, 

among the others immunocompromised rabbits and mice [53], [54]. In 1994 Hu and 

coworkers established a pigmented choroidal melanoma in a rabbit model [53]. In 2014 

primary and metastatic uveal melanoma cell lines were injected into the yolk of 2-dpf 

zebrafish embryos. At 8 dpf more proliferation and active migration was seen in fish 

transplanted with metastasis derived cell lines compared to cell lines from primary tumors 

[55]. Nowadays models of UM rely heavily on xenotransplantations in immunosuppressed 

mouse models. A big effort is placed on the generation of patient derived xenografts (PDX), 

but their utility as “avatars” is limited due to the evolution of the disease, which may be 

different in the immune-suppressed hosts, and the time required for successful 

establishment of PDXs [56].  

 

2.3 Transgenic models of UM 

 

Relevant genetic models based on the mutations found in patients represent a valid 

complement to PDX models.  A first transgenic mouse model was based on the expression 

of SV40 large T antigen under the tyrosine-related protein-1 promoter (Tyrp1) [57]. Here 

the tumors originated from the retinal pigmented epithelium (RPE) rather than specifically 

from the choroid. A transgenic mouse model was generated by, expressing the human 

T24 Ha-Ras carrying the G12V mutation, under the mouse tyrosinase promoter [58], but 

the tumors were mostly benign. Tolleson and collaborators found that spontaneous uveal 

amelanotic melanomas developed in 15.7% of Tyr:RAS+/Ink4a/Arf-/-transgenic mice within 

6 months of age; the tumors were of choroidal origin [59]. The drawback of this model is 

that HRAS mutations are not observed in human uveal melanoma. In 2014 a new mouse 

melanoma model was created using the dopachrome tautomerase promoter (dct) to drive 

melanocyte-specific expression of glutamate receptor 1 (Grm1). Uveal melanocytic 

neoplasms in mice and higher levels of Grm1 in human UM respect to normal eyes were 

reported [60]. Recently, a GNAQ mutated mouse strain which showed neoplastic 

proliferation not only in choroidal structures but also in dermal nevi and other melanocytic 

neoplasms was described. Moreover the vast majority of these mice exhibited metastasis  
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in the lungs but not in liver [61]. This transgenic animal is the first example of uveal 

melanoma directly driven by an oncogene mutated in human UM, specifically a GNAQ 

mutation. Unfortunately, other labs have not been able to reproduce this finding. To our 

knowledge, two genetic models of spontaneous uveal melanoma were established in 

transgenic zebrafish. The first was obtained by injecting Tg(mitfa:BRAFV600E);p53-/-;mitfa-/-

embryos with Tol2 transposase mRNA and transposon-based miniCoopR plasmid 

overexpressing GNA11Q209L in rescued melanocytes. However this model combines a 

mutation in BRAF, one in p53 and one in GNA11, so the genetic of the model is different 

from the human cases [62]. The second genetic model generated in zebrafish is described 

by Abdel Mouti: a transgenic fish expressing oncogenic GNAQQ209P in the melanocyte 

lineage under the mitfa promoter resulted in a model of benign uveal melanocytic 

hyperplasia. When expressed in a p53M214K/M214K background [63] the result was an earlier 

appearance of choroidal hyperplasia and UM development in 33% of the analyzed fish by 

6 months of age [64]. Although many advances have been made in understanding the 

biology of UM and despite knowing that the mutational burden is relatively simple, the 

generation of an appropriate genetic model has proved difficult. The ideal model should 

be able to reproduce the genetic lesions and the progression of the disease, where the 

impact of the mutation(s) on cancer progression, the role of co-operating genetic 

alterations, the microenvironmental factors and the effects of specific drugs on the 

evolution of the disease can be addressed in the context of the specific cell types that 

develop cancer within a whole organism. A proper genetic model based on the appropriate 

combinations of mutation and suitable to check therapeutic responses of UM is still missing 

despite the progresses in unravelling UM etiology. Therefore an orthotopic transplant 

model in an immune-tolerant zebrafish with large output numbers and rapid generation 

times could be useful for drug screening and could drastically reduce time to translation to 

clinical research. Moreover, an animal model system, reproducing the genetic lesions and 

the progression of the disease, where the impact of the mutation(s) on cancer progression, 

the role of co-operating genetic alterations, the microenvironmental factors and the effects 

of specific drugs on the evolution of the disease can be addressed is still missing. In such 

models, anticancer therapies can be tested in parallel with the effects that novel drugs may 

exert on the tumor cells, tumor microenvironment and on the whole organism. 
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Chapter 3: Zebrafish as a model for cutaneous melanoma (CM) 

 

By contrast, the possibility to express human melanoma oncogenes in the melanocyte 

lineage allowed the generation of different melanoma models in zebrafish. An overview of 

the models with their driver mutations is described below. 

 

3.1 Transgenic models of cutaneous melanoma  

 BRAFV600Ep53zdf1/zdf1 transgenic model 

The first zebrafish model for human BRAFV600E under the melanocyte-specific promoter 

mitfa was generated in 2005 by Patton and Zon. Mosaic BRAFV600E expression generated 

large melanocytic spots on the adult zebrafish that were similar to nevi. The transgenic 

zebrafish line, Tg(mitfa:BRAFV600E), developed melanoma at a more rapid rate in a 

p53zdf1/zdf1 mutant zebrafish background, showing genetic cooperation between the tumor 

suppressor p53 and B-Raf proto-oncogene (BRAF) pathways in melanoma development. 

Moreover, zebrafish with p53 mutant background developed invasive, and transplantable 

melanomas by 4 months of age [65].  

Although BRAF and NRAS mutations encompass 80% of the oncogenic drivers for human 

cutaneous melanoma, these are not sufficient to explain the aggressiveness of this tumor, 

suggesting cooperation with other somatic events during cancer development, including 

chromosomal aberrations. Computational analysis of human melanoma samples with the 

Genomic Identification of Signature Targets algorithm (GISTIC) [66], designed for 

analyzing chromosomal aberration in cancer, revealed amplification of chromosomal 

regions, with overexpression of interested genes at the RNA level [67]. To find genes that 

cooperate with oncogenic BRAF in melanoma initiation and progression, the chromosomal 

region 1q21 was scrutinized using the miniCoopR assay developed by Ceol, Houvras and 

Zon [68]. The miniCoopR assay is a transposon-based expression vector that encodes a 

mifta minigene under the mitfa promoter. In the work of Ceol et al., the transgenic fish 

developed by Liz Patton Tg(mitfa:BRAFV600E;p53zdf1/zdf1) were bred with the nacre mutant, 

that carries an inactivating mutation of mitfa. The authors were able to generate fish lacking 

melanocytes and therefore unable to develop melanoma. Upon injection of the miniCoopR 

vector they observed a mosaic restoration of melanocytes and development of melanoma 

in the Tg(mitfa:BRAFV600E;p53zdf1/zdf1). Thirty genes of the 1q21 region were tested for their 

capacity of altering melanoma onset. The results of the screen showed that a single gene, 

SET domain bifurcated 1 (SETDB1), a histone H3K9 methyltransferase, is able to 

cooperate with the BRAFV600E mutation and promote melanoma development. Tumors 

co-expressing both BRAFV600E and SETDB1 showed increased aggressiveness in 

p53zdf1/zdf1 zebrafish [69]. 
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 N-RASQ61K transgenic model 

 

In 2009, Zon and colleagues generated two independent transgenic zebrafish lines with 

the melanocyte-specific promoter mitfa, which drives the expression of N-terminally EGFP 

tagged human N-RASQ61K. Expression of this oncogene led to hyperpigmentation 

throughout the body and disruption of the normal distribution of melanocytes. In a 

p53zdf1/zdf1 mutant background, these animals presented aggressive melanoma, that were 

invasive and transplantable and comparable to human disease from the histology point of 

view. Interestingly, gene set enrichment analysis (GSEA) was able to confirm correlation 

of up-regulated genes between human and zebrafish malignancies. Histopathology 

resembled the appearance and pathology of human melanoma [70]. 

 

● H-RASG12V transgenic model 

 

To establish a zebrafish skin cancer model that resembles human melanoma, an 

oncogenic version of Harvey-RAS (HRAS) was expressed under the control of the 

melanocyte specific promoter of the zebrafish gene kita. The oncogenic version of HRAS 

contains a point mutation at amino acid 12 which changes Guanine to Valine (HRASG12V), 

thus inhibiting the inactivation of the protein HRASG12V. In a p53 independent model, 

developed in the Mione Lab, the transcriptional regulator Gal4, derived from yeast, is 

expressed under the control of the endogenous promoter of the zebrafish gene kita [71]. 

The oncogene HRASG12V, N-terminally fused to GFP (GFP-HRASG12V) is expressed under 

the control of the yeast promoter UAS. Already at 3 dpf, transgenic larvae showed 

hyperpigmentation as a result of deregulated melanocyte growth. Between 2 and 4 weeks 

of age, condensed groups of melanocytes appeared throughout the tail and the double 

transgenic Et(kita:Gal4TA4,UAS:mCherry)hzm1;Tg(UAS:eGFP-HRAS_G12V)io006, (name 

shortened in kita-RASG12V) zebrafish, generating melanoma by four months of age.  

The tumors had infiltrative behaviour, polyploid nuclei and expressed melanoma markers 

such as Tyrosinase, Melan-a, HMB45 and s100.  They reproduced the main features of 

human melanoma from immunological, histological and molecular points of view, but over 

a shorter time-frame. The same experimental procedure was performed with the mitfa 

promoter driving eGFP-HRASG12V. These animals developed melanoma starting from 4 

months of age with a delay of 3 months and four times less efficiently than with the kita 

promoter, despite of the same driver oncogene [12]. This zebrafish cutaneous melanoma 

model was the one used to perform the chemical screen with the Prestwick library during 

my PhD work [72]. 
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Hurlstone’s lab generated a transgenic line expressing mutant HRASG12V in melanocytes 

using the mitfa promoter. This transgenic line was used in the chemical screen that is 

described in the next paragraph. Development of melanoma in these zebrafish is sporadic, 

but can be accelerated by activating mutations in the PI3K pathway, thus confirming the 

role of this pathway in malignant transformation downstream of HRAS [73].  

 

3.2 Chemical Screen to Identify Anti Melanoma Drugs 

 

In order to identify suppressors of the neural crest progenitors that may give rise to 

melanoma, Zon’s lab performed a large-scale chemical screen on zebrafish embryos [74]. 

To find initiating events in melanoma, they compared gene expression profiles of embryos 

and melanoma in Tg(mitfa:BRAFV600E;p53zdf1/zdf1) fish by GSEA. This comparison revealed 

an overlapping signature of 123 genes, containing markers of embryonic neural crest 

progenitors (crestin, sox10, ednrb) and melanocytes (tyr, dct). These observations 

suggested that melanocytes return to a neural crest progenitor state when they become 

melanoma, and that BRAFV600E could play a key role in this process. By reasoning that 

chemicals effective in suppressing neural crest progenitors would also represent effective 

treatments for melanoma, they set up a large-scale screen using wild type zebrafish 

embryos and in situ hybridization to evaluate crestin expression. After screening 2000 

compounds they found that one compound of unknown function, NSC210627, strongly 

reduced crestin expression [74]. NSC210627 was then found to have a similar structure 

to brequinar, a known dihydroorotate dehydrogenase (DHODH) inhibitor, and inhibited 

DHODH activity in vitro [75]. Leflunomide, another inhibitor of the metabolic enzyme 

DHODH and FDA-approved anti-arthritis drug, had an effect similar to NSC210627 in vivo, 

suppressing the expression of crestin and its targets, mitfa and sox10. Embryos treated 

with leflunomide lack melanocytes at 36–48 hpf, and exhibit a nearly complete loss of 

melanocyte progenitors at 24 hpf.  

In 2012, Patton and collaborators performed a chemical screen using changes in pigment 

cell phenotypes as readouts. To facilitate screening also in iridophores, experiments were 

performed with both wild type AB and nacre zebrafish. The fish were screened at 48, 72 

and 96 hpf for changes in melanocyte and iridophore quantity, location, and pigmentation-

iridescence. At the time of treatment, neural crest development, which starts during the 

segmentation period at about 10 hpf, is still not initiated. They screened 1280 bioactive 

compounds from the Sigma LOPAC collection and the Enzo Life Sciences Screen-WellTM 

Kinase and Phosphatase libraries. At the end, more than 50 compounds affecting 

pigmentation, migration and differentiation were identified  [76]. 
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In 2016, Hurlstone’s lab performed a chemical screen with 640 small molecules from a 

FDA approved library in combination with sub-optimal doses either of MEK inhibitor 

(PD184352) or PI3K-mTOR inhibitor (NVPBEZ235) using transgenic larvae 

overexpressing HRASG12V. Ten hatched embryos at 2 dpf were incubated with the 

different drugs in a 24-well plate for 72 h. Embryos were then transferred to 96-well plates, 

melanin content was extracted and quantified through absorbance reading at 340 nm. 

Rapamycin was confirmed as a compound that could suppress melanoma growth in vivo 

and in vitro synergistically with MEK inhibitors (MEKi) and with PI3K/mTOR inhibitors [77]. 

 

Chapter 4. Metabolic changes in cancer 

In order to sustain essential molecular processes and biological functions, normal cells in 

aerobic conditions primarily produce energy using full oxidation of glucose via oxidative 

phosphorylation in mitochondria. Under hypoxic conditions normal cells are limited to 

produce energy by breaking down glucose into lactate in the cytosol via anaerobic 

glycolysis [78]. Otto Warburg discovered that cancer cells predominantly produce energy 

by an excessive conversion of glucose to lactate even in the presence of oxygen. This 

process is called aerobic glycolysis or the “Warburg effect” [79]. It has been shown that 

several oncogenes which are activated in cancer cells such as phosphoinositide-3-kinase 

(PI3K), Myc and Ras control glucose metabolism by regulating the expression of glucose 

1 transporter (GLUT1) and its localization on the cell membrane and the influx of glucose 

that is then converted in ATP via aerobic glycolysis [80]. In general, altered glucose 

metabolism is seen in the majority of human tumors (around 90%). Aerobic glycolysis is 

required for cancer cell proliferation and could confer cancer cells the ability to adapt to 

new microenvironments when the metastatic niche formation process occurs [81]. 

Glycolysis is controlled by reversible binding of glycolytic enzymes to the cytoskeleton 

except for hexokinase, which binds reversibly on mitochondria. Hexokinases play a vital 

role in the cellular intracellular metabolism of glucose. As such, they are of fundamental 

importance to all cells. By catalyzing the ATP-dependent phosphorylation of glucose to 

yield glucose-6-phosphate, hexokinases control the first step of glyocolysis, sustaining the 

concentration gradient that allow glucose entry into cells and initiating all major pathways 

of glucose utilization [82]. Four highly homologous hexokinase isoforms, encoded by 

separate genes, have been described in mammalian tissues. Individual isoforms are 

known as HKI, HKII, HKIII and HKIV or HKA, HKB, HKC and HKD. They exhibit a number 

of close structural and functional similarities that have been attributed to a common 

evolutionary origin but they are also characterized by important differences in kinetic 

features and regulatory properties [83]. 
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AIMS 
 

The aims of my PhD project were: 

 

1) Creation of novel zebrafish models for uveal melanoma, a rare and mostly fatal cancer 

for which effective therapies are still missing.  

 

2) Realization of an in vivo high-throughput chemical compounds screen developed for 

the identification of novel lead compounds in zebrafish genetic models of UM. My 

laboratory, as a member of the UM Cure 2020 Consortium (www.umcure2020.org), 

that comprises key European Centres involved in clinical, translational and basic 

research in uveal melanoma, was directly involved in this important task. 
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RESULTS 
 

This section of the thesis presents the results I obtained during my doctoral studies, and it 

is divided into three chapters:  

 

In the first chapter, I present results regarding the generation of transgenic lines to model 

uveal melanoma, including cloning the final plasmids to be injected in zebrafish embryos, 

characterization of the lines generated through transgenesis and molecular analysis.  

 

In the second part I describe a technical protocol for retro-orbital transplantation in order 

to generate an orthotopic transplantation model of uveal melanoma in larval zebrafish.  

This work is under consideration for publication in a special issue dedicated to uveal 

melanoma of the journal Cancers. 

 

In the last and third chapter, I present an automated in vivo screen in zebrafish that 

identified clotrimazole, a FDA (Food and Drug Administration) approved drug as targeting 

a metabolic vulnerability in melanoma. This work has been published (Precazzini et al., 

2019) and the manuscript is provided in Annex I  

 

 

Chapter 1: Generation and characterization of genetic zebrafish models of Uveal 

Melanoma 

  

1.1 Generation of transgenic lines using the Gal4/UAS System 

 

One of the strengths of the zebrafish model is the easy manipulation of gene expression 

and the generation of transgenic lines that allow stable expression of specific gene 

products through germline integration. The introduction of the Gal4-UAS system in 

zebrafish has provided several advantages such as possibility to express the gene of 

interest only in specific cells. In order to use the Gal4-UAS system in the zebrafish, two 

different transgenic strains called driver and effector lines are needed. The driver line 

includes the gene for the yeast transcriptional activator Gal4, which is regulated by a 

tissue-specific promoter, while the effector line consists of the gene of interest downstream 

of the Upstream Activating Sequences - UAS. The gene of interest will be then activated 

by Gal4 that leads to targeted gene expression [10]. 

To establish a zebrafish melanoma cancer model that resembles human melanoma during 

this project the transgenic line Et(kita:Gal4TA,UAS:mCherry)hmz1 was used as driver line 

https://paperpile.com/c/UPa5Q5/Eb770
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with the kita specific melanocyte promoter and the Tg(UAS:eGFP-HRASV12)io006  used as 

the effector line (Figure 1.1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To clone plasmids carrying oncogenes/reporter genes under the UAS promoter, the “Tol2 

kit” system was used (http://tol2kit.genetics.utah.edu) [19]. 

 

1.2 Cloning procedure using the Tol2 kit system 

 

With the emergence of the ‘Tol2 kit’, the generation of expression constructs and stable 

transgenics has become more feasible and less time-consuming. Using this technology, it 

is possible to assemble up to five fragments of DNA into one construct using ready to use 

commercial reagents for multisite gateway cloning from Invitrogen.  

The most common cloning procedure involves cloning of three DNA fragments (entry 

clones) into a final destination vector. The entry clones have as component: 1) the 5' entry 

clone (p5E-XX) which contains the promoter element; 2) the middle entry clone (pME-XX) 

flanking an insert that represents coding sequence of a gene of interest or reporter; 3) 3' 

entry clone (p3E-XX) which contains the poly-A transcription terminating signal. The final 

reaction involves a recombination catalyzed by LR clonase enzyme in which the three 

fragments (promoter, coding sequence of gene of interest or reporter, and terminator) are 

assembled together and cloned into a gateway-compatible Tol2-pDest destination vector 

in order to generate the final clone [19] (see Figure 1.6 page 31). 

Figure 1.1: Zebrafish melanoma model based on the Gal4-UAS binary system.  An 

oncogenic version of HRAS fused to eGFP is expressed under the control of the melanocyte 

specific promoter of the zebrafish gene kita. HRAS contains a point mutation which changes 

Guanine to Valine in position 12 (HRASG12V) [12]. 
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My approach to generate zebrafish genetic models of UM was to create transgenic 

zebrafish lines expressing human genes carrying mutations retrieved in UM patients. I 

decided to use a vector backbone expressing GFP under a cmlc2 (cardiac myosin light 

chain 2) promoter (Plasmid nr. 395 http://tol2kit.genetics.utah.edu) as a marker of 

transgenesis. 

 

1.2.1 Design of PCR primers 

 

To enable directional cloning in the middle entry vector used for 4-plasmid recombination, 

the forward PCR primer must contain the sequence, CACC, followed by the ATG of the 

gene of interest and an additional 18-22 nt of the coding sequence. The four nucleotides, 

CACC base pair with the overhang sequence, GTGG of the pENTRTM D-TOPO® vector 

(InvitrogenTM) as seen in figure 1.3. Primers used in this project and the oncogenes that 

we used for PCR-amplification are listed in Figure 1.2 (A). Templates of UM related 

oncogenes (GNAQ, GNA11, CYSLTR2) were a gift of Sergio Roman-Roman and Marc-

Henry Stern at Istitut Curie, Paris.  

 

  

 

 

 

 

1.2.2 Production of PCR products and TOPO® Cloning reaction 

 

PCR conditions are optimized in order to obtain a single discrete band of the correct size 

for the genes of interests. After producing the desired PCR product, the next step is to 

perform TOPO cloning into the pENTRTM D-TOPO® vector (InvitrogenTM) (Figure 1.3) and 

transform the recombinant vector into OneShot® TOP10 competent E.coli cells (Life-

Technologies), following the instruction of the manufacturer.  

GNA11Q209L 

N
T
C 

Figure 1.2: Primer table and PCR amplification example (A) Table listing forward and reverse 

primers used for the amplification of the genes of interest (GOI) used in this work. Full list of primers 

used in this work can be found in M&M section 4.3. (B) Example of correct PCR amplification of the 

GNA11 mutant gene. Expected size 1080 bp. NTC= no template control 

NTC 
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1.2.3 DNA extraction, digestion and sequencing 

 

At least 15 colonies per transformation were checked. Miniprep DNA plasmids were 

analyzed by restriction digestion to confirm the correct size and orientation of the insert as 

explained in the M&M section. For example, pENTRTMD-TOPO® vector (InvitrogenTM) with 

GNA11Q209L CDS was digested with AscI and NotI (Figure 1.4).  

 

 

 

 

 

 

 
 
 
 

10000 bp 

1000 bp 

3000 bp 

Figure 1.3. The features of the pENTRTM/D-TOPO® 

attL1: Bases 569-668, TOPO recognition site 1: bases 

680-684, TOPO recognition site 2: bases 689-693, attL2: 

bases 705-804, Kanamycin resistance gene: bases 974-

1783, pUC origin: bases 1904-2577 

 

 

 

 

 A 

 

 
 

 

CDS GNA11Q209L 

KanR 

AscI  

NotI 

pENTRTM D-TOPO® 
 GNA11Q209L 

3656 bp 

1      2       3      4     5      6      7      8      9    10  

NotI + AscI    B 

Figure 1.4: Example of pENTRTM D-TOPO® vector digestion for assessing the presence of the 

desired insert (A) pENTRTM D-TOPO® GNA11Q209L with AscI and NotI digestion sites. (B) Agarose 

gel electrophoresis showing the digestion products of pENTRTM D-TOPO® with GNA11 plasmid 

digested with AscI and NotI enzymes. Bands corresponding to 2555 bp (vector) and 1101 bp (insert) 

were expected.  Insert 1,4,5 and 8 have the correct size. 
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After identifying the correct clones, constructs were sequenced. M13 Fw and M13 Rv 

primers were used for this purpose. After obtaining the entry clone, an LR recombination 

reaction using Gateway® LR Clonase® II enzyme mix is performed in order to transfer the 

GOI from the entry construct into any Gateway® destination vector of choice and generate 

a final clone. The final clone is checked through DNA miniprep digestion, agarose gel 

electrophoresis and sequencing analysis. An example for UAS:GNA11Q209L is shown  in 

figure 1.5. 

For my project pDest number 395, pDestTol2CG2 (7796 bp) from Tol2kit 

(http://tol2kit.genetics.utah.edu) was used to generate the final clones. This destination 

vector carries a transgenesis marker, eGFP driven by the cardiac myosin light chain 

promoter 2 (cmlc2 promoter).  

 

The other 3 components of the gateway reaction were plasmids number 327 p5E-UAS 

(10x UAS element and basal promoter for Gal4 response - 3127 bp), plasmid number 366 

p3E-EGFPpA (EGFP for C-terminal fusions, plus SV40 late polyA - 3634 bp) and the 

different middle entry clones in pENTRTM D-TOPO® vectors produced by the TOPO 

reaction with the PCR products of the different genes of interest. 

A schematic representation of the gateway cloning strategy is presented in figure 1.6 in 

the following page. 

1000 bp 

10000 bp 

3000 bp 

 

EcoRI  SmaI  

  

1       2       3       4      5       6       7        8      9 1       2       3       4      5       6       7        8       9 

 

Figure 1.5: Agarose gel electrophoresis showing the digestion products of T2S-cmlc2-EGFP 

UAS:GNA11Q209L-EGFP-pA  final plasmid digested with EcoRI (right) and SmaI (left) 

enzymes.. After EcoRI digestion bands of 6602 bp, 1990 bp and 50 bp are expected, if the cloning 

of the final  plasmid is correct. With the SmaI enzyme, the digestion should give 8110 bp and 532 

bp if the orientation of the insert is correct. Plasmid nr. 8, highlighted in red, was sent for further 

sequencing analysis. 

http://tol2kit.genetics.utah.edu/index.php/Main_Page
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Figure 1.6: Schematic illustration of gateway cloning strategy. Based on att site-specific 

recombination, the p5E-UAS, pENTRTM D-TOPO®GNAQQ209L and p3E-EGFPpA entry clones are 

orderly assembled and cloned into a gateway-compatible destination vector (pDestTol2pCG2) in an 

LR recombination reaction catalyzed by LR clonase to generate the final plasmid to be injected in one-

cell stage zebrafish embryo. 

The destination vector also comprises the control of cell death B (ccdB) gene, which is a lethal gene 

that targets DNA gyrase and allows the selection of viable clones containing recombinant DNA that 

leads to the insertional inactivation of ccdB and a chloramphenicol-resistance (cmR) gene as an 

antibiotic resistance marker. 
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1.3 Generation of the transgenic lines 

1.3.1 Final clones injection 

 

 After identifying the correct clone through restriction digestion and sequence analysis, we 

prepared a highly pure DNA midi-prep using PureYield™ Plasmid Midiprep System 

(Promega) and used this DNA for transgenesis in zebrafish. 

To generate the following zebrafish transgenic lines: Tg(kita:Gal4;UAS:GNAQQ209L-EGFP-

PA), Tg(kita:Gal4;UAS:GNA11Q209L-EGFP-PA), Tg(kita:Gal4;UAS:GNAQR183Q-EGFP-PA) 

and Tg(kitaGal4:UAS:CYSLTR2L129Q-EGFP-PA) I injected the Tol2-based transposon 

vectors driving the expression of EGFP fusion proteins containing oncogenic GNAQQ209L, 

GNAQR183Q, GNA11Q209L or CYSLTR2L129Q   in the Tg(kita:Gal4)hmz1 zebrafish line. To 

generate zebrafish transgenic lines the plasmids were co-injected with Tol2 transposase 

mRNA, according to the protocol described in M&M, section 1.7. To simplify, both 

constructs and transgenic lines are sometimes indicated without EGFP, but EGFP as a 

fusion to the oncogene, was always present, although the expression was often transient 

and not reliable as a marker. 

Altogether, I have generated plasmid to be injected with the Gateway cloning system and 

zebrafish transgenic lines expressing GNAQR183Q, GNAQQ209L, GNA11Q209L or 

CYSTLR2L129Q in melanocytes, as listed in table 1. 

 

List of plasmid obtained with Gateway cloning kit 

T2S cmlc2-EGFP;UAS:GNAQR183QEGFP-pA 

T2S cmlc2-EGFP;UAS:GNAQQ209LEGFP-pA 

T2S cmlc2-EGFP;UAS:GNA11Q209LEGFP-pA 

T2S cmlc2-EGFP;UAS:CYSLTR2L129Q-EGFP-pA 

 

 

1.3.2 Screening of the positive embryos 

  

The Tol2-based final construct pDestTol2CG2 (Tol2kit nr.395) has a cmlc2:egfp (cardiac 

myosin light chain 2) transgenesis marker that allows the identification of zebrafish carriers 

through expression of eGFP in the heart under cmlc2 promoter. At 3 dpf transgene carriers 

were therefore identified because of the eGFP expression (Figure 1.7) in the heart region 

and raised to adulthood. Unlike for UAS:eGFP-HRASV12 injected kita:Gal4 larvae, we did 

Table 1: List of plasmid obtained with Gateway cloning  
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not observed any abnormal pigmentation during the development of kita:Gal4 fish injected 

with any of the transgenic constructs listed in table 1. 

 

 

  

 

 

 

 

1.3.3 Identification of transgenic carriers  

  

At 3 months of age, injected fish (F0) were crossed with adult Tg(kita:Gal4) zebrafish and 

their progeny screened for successful germline transmission of the different transgenes 

through the expression of eGFP in the heart, The F1 positive offsprings were raised to 

adulthood as founders of stable GNAQQ209L, GNAQR183Q, GNA11Q209L or CYSLTR2L129Q 

transgenic lines.  

 

1.4 Analysis of kita:Gal4;UAS:GNAQQ209L, -UAS:GNAQR183Q, -UAS:GNA11Q209L or -

UAS:CYSLTR2L129Q F1 transgenic fish: pigmentation pattern during development 

  

As early as 3 days post fertilization some pigmentation differences were present between 

Tg(kita:Gal4) larvae and F1 transgenics from the lines Tg(kita:Gal4;UAS:GNA11Q209L) and 

Tg(kita:Gal4;UAS:GNAQQ209L) as seen in figure 1.8. We also observed some GFP 

expression in notochord cells (which also express Gal4 in the Tg(Kita:Gal4) line). 

Figure 1.7: Procedure for the generation of zebrafish trangenics (A) To generate zebrafish 

transgenics expressing different oncogenes, the corresponding plasmid DNA is co-injected with 

Tol2 transposase mRNA into one-cell stage in Tg(kita:Gal4) embryos. (B) GFP expression in few 

notochord cells (which also express Gal4 in the Tg(kita:Gal4) line) is still present after 24 hpf (C) 

pDestTol2CG2 has a cmlc2:egfp transgenesis marker that allows the identification of transgene 

carriers through  expression of eGFP in the heart under cmlc2 promoter. At 3 dpf transgene 

carriers were therefore identified for eGFP positive expression. 
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However, by 5 dpf GFP expression was no longer visible. This observation could be an 

indication of a silencing of the UAS transgene. 

Adult fish of the transgenic line carrying the GNA11Q209L mutation displayed defects in 

stripe pattern, more disperse melanocytes but no tumors developed in more than 1 year 

of observation (figure 1.8).  This result was not surprising since GNAQ or GNA11 mutations 

are seen also in blu nevi and are considered to be initiating or early pro-oncogenic events 

in UM tumorigenesis, but not sufficient per se to induce tumor development [37], [32]. 

Similar observations were made for Tg(kita:Gal4;UAS:GNAQR183Q) and 

Tg(kita:Gal4;UAS:CYSLTRL129Q) transgenic lines. I decided to not continue with any further 

analysis of the Tg(kita:Gal4;UAS:CYSLTRL129Q) line because mutated CYSLTR2 

represents a weaker oncogene in comparison to GNAQ or GNA11. All transgenic lines 

produced were observed until 24 months of age. 

 

 

 

 

 

Figure 1.8: Pigmentation defects in obtained transgenic lines.  As early as 3 days post 

fertilization some pigmentation differences were present between Tg(kita:Gal4) and F1 

transgenic line Tg(kita:Gal4;UAS:GNA11Q209L), Tg(kita:Gal4;UAS:GNAQQ209L) and 

Tg(kita:Gal4;UAS:CYSLTR2L129Q). The different pigmentation pattern is maintained through 

adulthood as seen in the pictures taken at 8 mpf.   

https://paperpile.com/c/UPa5Q5/p6LjX
https://paperpile.com/c/UPa5Q5/4XM8D
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1.5 Histopathological analysis  

 

Twelve transgenic F1 zebrafish per line, Tg(kita:Gal4;UAS:GNAQR183Q), 

Tg(kita:Gal4;UAS:GNAQQ209L) and Tg(kita:Gal4;UAS:GNA11Q209L),  were examined at 

eight months of age for histopathological characterization of the eye region.  

 

 

 

 

Figure 1.9: H&E staining. An example of H&E staining 

of transverse sections of 4% PFA fixed and paraffin 

embedded tissues of the eye. A thickening of the 

choroidal layer is visible in few cases (black arrows) 
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Fish were euthanized, fixed in 4%PFA and then processed for paraffin embedding, 

sectioning and stained with H&E. Around 40% of the transgenics harbored a thickening of 

the choroid. Ocular phenotype was also checked by other two members of the UMCURE 

Horizon 2020 Consortium: Prof. Sarah Coupland and Dr. Helen Kalirai, expert pathologist 

at the University of Liverpool at the Liverpool-Ocular-Oncology-Research-Group 

(LOORG), at the University of Liverpool, U.K. http://www.loorg.org/home.html.  

Only a mild thickening of the choroid layer was observed in a few cases, with most samples 

being similar to control specimens (Figure 1.9 n=3 for each transgenic line shown). 

Therefore, we concluded that there was no evidence of tumor development. At the most, 

our transgenic fish showed a mild hypertrophy (black arrows in figure 1.9) of the choroid, 

being comparable to uveal nevi [84]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.esmo.org/www.loorg.org
http://www.loorg.org/home.html
https://paperpile.com/c/meqF7k/lczlT
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1.6 qPCR for transgene expression in different fish tissue 

 

Before concluding that expression of these oncogenes in the transgenic lines did not cause 

uveal melanoma, we wanted to confirm that the oncogenes were expressed. 

 

To validate the expression of the GNAQ oncogene and of the RAS oncogene (used as 

positive control), in single or double transgenic fish, total RNA was extracted from the skin 

of 4 months-old F1 adult fish, transgenic for GNAQ or GNAQ/RAS (see section 1.8.2), 

RNA was converted to cDNA and used as a template for real-time qPCR analysis. The 

transgenic status of these fish was confirmed by PCR amplification of the human genes 

from genomic DNA (Figure 1.10). 

 

 

 

 

mRNA expression levels were determined by the SYBR green RT-qPCR. Primers for 

qPCR were designed using the Primer 3 design tool (http://primer3.ut.ee) and had the 

sequences shown in M&M section 4.3.  

Results revealed that human GNAQ mRNA expression is similar in the skin of transgenic 

fish carrying the GNAQQ209L mutation or kita:Gal4 fish. On the contrary, in fish transgenic 

for both GNAQ and RAS there was a significant increase in the GNAQQ209L mRNA level 

compared to the single transgenic fish Tg(kita:Gal4;UAS:GNAQQ209L)  as seen in Figure 

1.11. 

The same trend was observed for human RAS mRNA expression as seen in Figure 1.12. 

 

 

 

 

10000 bp 

C 

Figure 1.10: PCR amplification of GNAQ human gene from genomic skin DNA. Four samples 

and the plasmid DNA as positive control are shown. Band size 200 bp. NTC = no template control  

3000 bp 

1000 bp 

http://primer3.ut.ee/


38 
 

  

  

 

 

 

 

 

 

 

 

 

 

Figure 1.11: Expression of GNAQ mRNA measured by RT-qPCR Results are the means +- 

SD from replicates of three independent experiments. Values were normalized to rps11 mRNA 

levels. n=3; * p < 0,05, ns: not significant. Mann-Whitney test for unpaired samples was 

performed. 

Figure 1.12: Expression of RAS mRNA measured by RT-qPCR Results are the means +- SD 

from replicates of three independent experiments. Values were normalized to rps11 mRNA levels. 

n=3; * p < 0,05, ns: not significant Mann-Whitney test for unpaired samples was performed. 
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1.7 Analysis of melanocyte number  

 

The original research plan was to create transgenic zebrafish line with UM oncogene 

overexpression and to perform a chemical screen with the Prestwick library to check 

effects on uveal melanocytes quantity, proliferation and migration through the automated 

system Operetta (Perkin-Elmer). This system has also a confocal spinning disk system 

that can enable quantification of melanocytes of the eye only as seen in figure 1.13 below. 

The use of a transgenic line expressing GFP under a lens-specific promoter could help the 

identification of the eye region by Operetta, and allow automatic selection to count uveal 

melanocytes. Therefore, we performed a trial experiment with larvae from a cross between 

a transgenic fish with the green crystallin and a Tg(kita:Gal4;UAS:HRASV12) fish. 

Unfortunately the number of melanocytes detected by Operetta in the eye was too low to 

have a statistically significant amount of variation, so we decided to perform melanocyte 

counts on the entire embryo region.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Next, I wanted to investigate whether despite not seeing any important phenotype upon 

transgene expression, I would be able to see a significant variation in the number of 

melanocytes in Tg(kitaGal4;UASGNAQR183Q) or Tg(kitaGal4;UASGNA11Q209L) versus the 

Tg(kita:Gal4) control line.  

To do that I treated embryo with Phenylthiourea (PTU) 1X to prevent melanin formation 

and at 3 dpf I counted melanocytes number at the Operetta (Perkin-Elmer) as described 

in the M&M section 3.2. Fish were anaesthetized and oriented. Bright-field images 

acquisition was performed in order to monitor the embryos status and to remove the ones 

with possible morphological aberrations from the analysis. Cells were segmented using 

normalized mCherry channel and melanocytes were automatically counted.   

Figure 1.13: Examples of a transgenic line expressing 

GFP under a crystallin-specific promoter (cry) taken 

with confocal spinning disk system of the Operetta 

(Perkin-Elmer). 10X magnification. Cells detection in the 

defined region was performed using a highly inclusive 

method based on mCherry normalized signal (A) 

Melanocytes were then selected by automated pattern 

recognition and by using pseudo-colors they were 

segmented and counted (B). 

A 

B 
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Surprisingly, a significant decrease in melanocytes number was seen in the transgenic 

lines carrying either the GNA11Q209L or GNAQR183Q mutation when compared with the 

control line (figure 1.14).  

 

 

 

Figure 1.14: Melanocytes number after Operetta analysis. (A) Melanocytes were segmented 

using normalized mCherry signal and automatically counted. Example of Tg(kita:Gal4) and 

Tg(kita:Gal4;UAS:GNAQR183Q). (B) Number of melanocytes per fish area in 

Tg(kita:Gal4;UAS:GNA11Q209L) versus the Tg(kita:Gal4) or (C) Tg(kita:Gal4;UAS:GNAQR183Q) 

versus Tg(kita:Gal4). A statistically significant decrease of melanocytes is seen in both transgenic 

lines. **** = P-value< 0,0001. 

 

This decrease in melanocyte number in transgenic fish expressing oncogenic GNAQ or 

GNA11 suggests that overexpression of mutant GNAQ or GNA11 could be toxic to the 

cells and may induce a p53 dependent apoptotic death program. To further investigate this 

point we counted melanocytes in a p53/GNAQ or GNA11 mutant transgenic background 

as described in the next paragraph. In the near future I would also address this point by 

performing TUNEL Assay on 3 dpf larvae using the In Situ Cell Detection Kit (Roche).  

B 

A 

C 
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1.8 Oncogene combination  

 

Different reports in the literature suggest that GNAQ or GNA11 mutations more likely 

represent initiating or early oncogenic events in UM tumorigenesis. These mutations are 

not sufficient to promote malignant transformation of uveal melanocytes alone. Indeed blue 

nevi harbor frequent mutations in GNAQ [32], yet typically they represent stable lesions 

that rarely progress to melanoma [85]. It was to be expected that the lines generated so 

far do not show any phenotype, with the exception of abnormal cutaneous pigmentation 

during development or mild thickening of the choroidal layer. We decided to combine 

GNAQ and GNA11 oncogenic mutations with the inactivation of p53 (double transgenic 

lines, homozygous for tp53M214K mutations), or with the expression of oncogenic HRAS or 

oncogenic YAP1.  

 

1.8.1 Combination with mutant p53  

 

Similarly to all other solid cancers, multiple genetic and epigenetic changes underlie 

progression of uveal melanocytic neoplasia from benign hyperproliferation to invasive and 

metastatic spread. Of these, genetic mutations and molecular aberrations turning off a 

tumor suppressor gene have been shown to be highly correlated with the progression of 

human UM. One of the candidate tumor suppressors in UM is p53, which is a key tumor 

suppressor in the vast majority of human cancers [86]. In about 50% of different cancer 

types, direct gene mutation accounts for disrupted p53 signaling [87], whereas in many of 

the remaining cancers with wild-type p53, other genetic or molecular changes interfere 

with the tumor suppressor functions of p53 [88],[89]. 

Therefore inactivation of p53 here is used as an “enhancer” of a too subtle phenotype and 

we scored for any increase in cutaneous or uveal melanoma (frequency, age of onset, 

severity) that we observed in these double transgenic/mutant lines. 

Several data provide evidence that p53 signalling is disrupted in UM and may contribute 

to its development [90]. In order to test this hypothesis, we analyzed the consequences of 

a p53 mutation on the transformation of oncogenic GNAQR183Q and GNA11Q209L-expressing 

uveal melanocytes in zebrafish. 

Oncogenic UAS:GNAQR183Q or GNA11Q209L final construct were injected into fertilized eggs 

obtained from crosses between homozygous Tg(kita:Gal4;p53M214K/M214K) zebrafish 

mutants which have proven their value for studying the contribution of disrupted p53 

signalling to the development of different human cancer, such as CM [65] and 

rhabdomyosarcoma [91] and even in another model of UM [64].  

https://paperpile.com/c/UPa5Q5/4XM8D
https://paperpile.com/c/meqF7k/zIzhX
https://paperpile.com/c/meqF7k/7CAYD
https://paperpile.com/c/meqF7k/tp0Or
https://paperpile.com/c/meqF7k/QNmQc
https://paperpile.com/c/meqF7k/yXhVP
https://paperpile.com/c/meqF7k/cjmze
https://paperpile.com/c/UPa5Q5/UDAw8
https://paperpile.com/c/UPa5Q5/w7g7k
https://paperpile.com/c/UPa5Q5/2sNgE


42 
 

These p53 mutants carry a missense mutation (M214K) in the DBD of zebrafish p53, 

resembling mutant forms of p53 isolated from human cancer [63]. The orthologous human 

codon for TP53M214K/M214K is located in exon 7 and corresponds to methionine 246. In terms 

of structure and function, zebrafish p53 is highly related to human, p53, and p53 proteins 

from these two species share 48% identity in the amino acid sequences [92]. Thus, 

zebrafish p53 mutants were considered to be legitimate for addressing the requirement of 

p53 abrogation for UM development. 

 

At first, I wanted to see whether a variation in the number of melanocytes was visible in a 

p53 mutant background. As seen in figure 1.15 the decrease in melanocyte number 

observed in the Tg(kita:Gal4); UAS:GNA11Q209L or UAS:GNAQR183Q  in the p53M214K/M214K 

background is not significant in comparison to the p53 wt background. Therefore, I 

concluded that the reduction of melanocyte number observed in Tg(kita:Gal4) fish 

expressing mutant GNA11 or GNAQ (figure 1.14 ) was not caused by p53 activation. 

 

  

 

 

Figure 1.15: Melanocyte number by Operetta analysis. (A) Number of melanocytes per fish area 

in Tg(kita:Gal4;UAS:GNA11Q209L);p53M214K/M214K versus the Tg(kita:Gal4;UAS:GNA11Q209L) or (B) 

Tg(kita:Gal4;UAS:GNAQR183Q);p53M214K/M214K  versus Tg(kita:Gal4;UAS:GNAQR183Q) (right)  ns= not 

significant. 

 

https://paperpile.com/c/UPa5Q5/PTyHk
https://paperpile.com/c/UPa5Q5/9uRvu
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In addition, some transgenes induce melanocytic spots in a p53M214K/M214K background (for 

example: UAS:GNA11Q209L) but not in a wild type background (Figure 1.16). 

 

Sectioning a group of twelve F1 Tg(kita:Gal4;UAS:GNA11Q209L;p53M214K/M214K) or 

Tg(kita:Gal4;UAS:GNAQR183Q ;p53M214K/M214K) fish at 8 months of age revealed that 30% 

developed eye schwannomas (also called MPNST or Malignant peripheral nerve sheath 

tumor) starting from 8 months of age, i.e. with a similar frequency of the p53M214K/M214K 

mutants [63]. No UM were detected in the p53 mutant background differently from what 

Mouti observed in her work (4/15 fish resulted positive for UM [64]). 

 

Figure 1.16: A melanocyte spot in a 8 mpf and 10 mpf kita:Gal4;p53M214K/M214K fish injected 

with UAS:GNA11Q209L   

Figure 1.17: Example of formation of MPNST in Tg(kita:Gal4;UAS:GNA11Q209L;p53M214K/M214K) 

mutant zebrafish. (A) Left lateral view. zMPNST is visible. (B) Upper view. (C) H&E staining on 

reveals zMPNST in the left eye.  

 

 

https://paperpile.com/c/UPa5Q5/PTyHk
https://paperpile.com/c/UPa5Q5/2sNgE
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1.8.2 Combination with oncogenic Ras expression 

 

We next tested the ability of the UAS:HRASV12 transgene to promote uveal melanoma in 

the Tg(kita:Gal4;UAS:GNAQQ209L) or Tg(kita:Gal4;UAS:GNAQR183Q) transgenic lines. 

Double transgenic embryos were selected for positive GFP signal in the heart and in the 

notochord as seen in figure 1.18 as only the expression of RAS mantains the GFP 

expression in the notochord. 

Number of fish was counted for 12 weeks and mean values of three different families with 

the same genotype (n = 34 for each family) were used to create the survival curves. The 

double transgenic fish had a significant decreased survival rate compared to the single 

transgenics. 

 

 

 

 

 

 

 

 

 
Figure 1.19: Survival curves of Tg(kita:Gal4;UAS:GNAQQ209L) compared to the double transgenic 

Tg(kita:Gal4;UAS:RASV12;UAS:GNAQQ209L). Mean values of three families were used for the long 

rank analysis. *** p-value < 0.001. 

 

Figure 1.18: Phenotype of 3 dpf Tg(kita:Gal4;UAS:RASV12;UAS:GNAQQ209L)  embryos. GFP 

fluorescence underlies green heart and green notochord as expected from the 

Tg(kita:Gal4;UAS:RASG12V;UAS:GNAQ Q209L) genotype. mCherry fluorescence underlies the 

notochord because in the gene trap construct there is a minimal promoter for tiggy-winkle hedgehog 

before UAS:mCherry. 
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No F1 or F2 fish without RAS developed ocular or cutaneous melanoma after eight months 

of observation, but the combination between transgenes (HRASV12 plus GNAQQ209L or 

GNAQR183Q) increases melanoma formation in kita:Gal4 fish (53% (9 fish out of 17 for 

HRASV12 plus GNAQQ209L) and 65% (11 fish out of 17 for HRASV12 + GNAQR183Q) showing 

a melanoma promoting activity (Figure 1.20). The percentage of kita:RAS fish developing 

CM was similar to what reported by Santoriello et al, 2010 (around 20%). 

 

At 8 months of age we took photos to document the different pigmentation patterns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Twelve random fish, 3/12 of which having CM, were sectioned with the microtome at 8 mpf 

and stained for H&E. This analysis revealed five (42%) with uveal tumors co-existing with 

choroidal hyperplasia (Figure 1.21 A), four fish (33%) displaying choroidal hyperplasia 

without evidence of uveal malignancy (Figure 1.21 B.), while the remaining three fish (25%) 

had normal phenotypes. The occurrence of skin cutaneous or uveal melanoma/choroidal 

hyperplasia in the same fish was random and we did not see any strong correlation 

between the two pathologies. 

 

Figure 1.20: Phenotype of 8 mpf Tg(kita:Gal4;UAS:RASV12;UAS:GNAQQ209L) zebrafish. (A) fish 

1, (B) fish 2, (C) fish 3, (D) (E) (F) zoom on different body area of fish 3; head, body and fin 

respectively.  

 

Figure 1.21: H&E staining (A) Example of infiltrating UM tumor after H&E staining of transverse 

sections of 4% PFA-fixed and paraffin embedded tissues of the eye of a 

Tg(kita:Gal4;UAS:RASV12;UAS:GNAQQ209L) fish (B) Example of fish presenting  a   thickening of the 

choroidal layer (black arrow). 
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1.8.3 Combination with oncogenic YAP1 expression 

 

Recent works strongly implicate two transcriptional coactivators of the Hippo pathway, 

Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif 

(TAZ), as being critical mediators of oncogenic Gαq/11 downstream of Rho/Rac as seen 

in figure 1.22. These reports showed that constitutively activated Gαq/11 induced the 

cytoplasm to nucleus translocation of YAP/TAZ and transcription of several YAP/TAZ-

dependent genes that promote cell proliferation [38],[39]. YAP-positive nuclei were 

detected in the junctional zone between the retinal pigmented epithelium and the choroid 

in the zebrafish model for uveal melanoma described by Mouti [64]. Literature suggests 

that Trio/Rho/Rac/YAP1 is involved in UM tumorigenesis so we decided to combine the 

UM oncogenic mutations with the co-expression of oncogenic YAP1.  

 

 

To investigate the effect of YAP1 in our model, a dominant active form of human YAP 

under UAS control (UAS:YAP5SA) was somatically or germline expressed either alone or 

in combination with UAS:GNAQQ209L . YAP1S5A is a dominant active form of YAP1 in which 

five serines have been replaced by 5 Arginines, thus blocking phosphorylation of these 

sites and hence degradation through 14-3-3 binding of YAP1 [94]. 

The complete name of the plasmid is T2S-Cry:NmC-HS4-5U:eG-YAP-5SA-pA, kindly 

provided by Prof. Mochizuki (National Cerebral and Cardiovascular Center Research 

Institute, Japan) [95]. Oncogenic UAS:YAP5SA was injected into fertilized eggs obtained 

from crosses between homozygous Tg(kita:Gal4) or in Tg(kita:UAS:GNAQQ209L) to obtain 

single or double transgenics after one generation, respectively. Selection of the positive 

embryos was helped by the presence of a mCherry reporter under a lens (cry) specific 

Figure 1.22: Alterations in GPCR 

signaling in uveal melanoma. GPCRs 

(e.g., CysLT2R) activate the Gα subunit 

proteins, Gαq and Gα11, which stimulate 

downstream effector pathways including 

ERK1/2 and YAP [93]. 

  

 

 

https://paperpile.com/c/UPa5Q5/N1ocz
https://paperpile.com/c/UPa5Q5/9fYEj
https://paperpile.com/c/UPa5Q5/2sNgE
https://paperpile.com/c/UPa5Q5/JlN09
https://paperpile.com/c/UPa5Q5/N8BpY
https://paperpile.com/c/UPa5Q5/lmfg3
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promoter present in the UAS:YAPS5A construct or the already mentioned GFP reporter 

under the cmlc2 promoter for the UAS:GNAQQ209L construct. 

   

To check whether human YAP was able to activate its target genes, RNA was extracted 

from the skin of 8 months-old F1 adult transgenic fish (n=3 for each genotype), converted 

to cDNA and used as a template for real-time qPCR analysis for yap1, iqgap1 and itgb2 

gene expression, as these have been reported as YAP1 targets in a zebrafish model of 

glioblastoma by Mayrhofer et al., in 2017. 

QPCR analysis in YAPS5A and YAPS5A + GNAQ transgenic fish revealed a significant 

increase of all three selected target. Yap1 and itgb2 increase seems more relevant in the 

double transgenic line compared to the YAPS5A only line. This trend was not observed for 

iqgap1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.23: Phenotype of 3 dpf embryos belonging to different genotypes as indicated. 

Figure 1.24: Expression levels of yap1, iqgap1 and itgb2 mRNA from 8 mpf fish skin measured 

by RT-qPCR. Results show a significant increase of the expression levels of all the three target genes.. 

Results are the means +- SD from 2 replicates of three independent experiments. * P ≤ 0.05, ** P ≤ 

0.01. Values were normalized to rsp11 mRNA level.  

 

yap1 iqgap1 itgb2 
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Twelve Tg(kita:Gal4;UAS:YAPS5A) and Tg(kita:Gal4;UAS:YAPS5A;UAS:GNAQQ209L) eyes 

of F1 zebrafish were histologically examined at eight months of age.  

However, we did not observe development of UM (figure 1.25) with combinations of mutant 

GNAQ and YAP1S5A expression even though YAP1 target gene expression levels were 

increased in the skin of combined transgenic fish compared with normal skin. This could 

suggest that activating YAP1 in melanocytes expressing mutant GNAQ was not enough to 

promote uveal melanoma development, despite the increased expression of some YAP1 

target genes. 

Figure 1.25: H&E staining. Example of H&E staining of transverse sections of 4% PFA-fixed and 

paraffin embedded eye tissues from the indicated lines. In all cases no thickening of the choroidal 

layer is detected.  

 

Tg(kita:Gal4;UAS:YAP
S5A

) Tg(kita:Gal4;UAS:GNAQ
Q209P

;UAS:YAP
S5A

) Tg(kita:Gal4) 
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1.9 Conclusion & Future perspectives 

 

With the aim to engineer a genetically and histologically relevant model of human UM in 

zebrafish I started with the generation of constructs required for the creation of transgenic 

zebrafish expressing mutant human proteins known to act as oncogenes in UM. Using 

multisite gateway cloning technology, I was able to generate constructs directing the 

expression of oncogenic GNAQ, GNA11 and CYSLTR2 under the kita promoter to 

selectively target the melanocyte lineage.  

Choroidal hyperplasia was seen in a small percentage of animals in the different transgenic 

backgrounds but no tumor developed in fish expressing mutant GNAQ, GNA11 or 

CYSLTR2 validating the insufficiency of these oncogenes to promote tumorigenesis when 

expressed alone.  

Malignant transformation usually requires a second hit. Therefore combination of two 

oncogenes was performed. I was able to see malignant transformation and UM formation 

only when RAS and GNA11 mutant oncogenes were combined. Tumor development may 

be due primarily to the oncogenic activity of HRAS, rather than to mutant GNAQ/GNA11, 

although these transgenes were shown to increase melanoma occurrence in kita:RAS fish 

(see figures 1.19-21). 

Another possibility is that with the kita:Gal4 line we target a cell population that rarely gives 

rise to UM, perhaps kita may not be expressed in UM initiating cells, whereas the mitfa 

promoter, used in zebrafish by other labs to generate UM models may have a more 

persistent expression in uveal melanocytes, thus supporting UM development. [64],[62],  

[96]. 

In cutaneous melanoma, Santoriello et al., [12] showed that while both kita and mitfa 

promoters are able to drive the development of HRAS-induced cutaneous melanoma with 

similar efficiency, kita promotes melanoma much earlier (1 month) than mitfa (4 months 

on average). 

Another possibility is that we choose the wrong combinations of second “hits”. Regarding 

this last point, since 84% of UM contain inactivating mutations in BRCA1 associated 

protein (BAP1) and loss of function of Bap1 is associated with metastatic UM and loss of 

melanocytic differentiation, inactivating the tumor suppressor Bap1 may be a better choice. 

 

 

 

 

 

Figure 1.26: Structure of BAP1. BAP1 is a 729 aa protein. UCH, ubiquitin C-terminal hydrolase; 

HBM, HCF binding motif (NHHY sequence); NLS, nuclear localization signal. The gene is 

composed of 17 exons. 

https://paperpile.com/c/UPa5Q5/2sNgE
https://paperpile.com/c/UPa5Q5/SETw5
https://paperpile.com/c/UPa5Q5/TJbt8
https://paperpile.com/c/UPa5Q5/GPq4z
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As future plan, to mimic the molecular pathology of UM, we thought to combine GNAQQ209L 

and GNAQR183Q transgenic fish with a Bap1_sa24087 line. The latter is a zebrafish mutant 

line carrying a G>A mutation in the splice donor site of exon 13 of Bap1, available through 

the Sanger Institute. Unlike the p53 mutant, homozygous Bap1_sa24087 mutants die at 

around 4 dpf, thus preventing the use of homozygous mutants for line generation. 

We would like therefore to design other strategies, including the generation of new BAP1 

somatic mutant using the CRISPR/Cas9 technology. 

Based on the occurrence of BAP1 mutations in different regions of the protein, we would 

like to design single guide RNAs (sgRNAs) to be used in combination with a UAS:Cas9 

expression vector or transgenic line in order to obtain somatic mutations in Bap1 gene and 

recapitulating mutation occurring in UM in kita:Gal4 fish. Bap1 sgRNAs should direct Cas9 

activity to the conserved 3rd exon of zebrafish bap1 gene in order to generate frameshift 

mutations that will lead to a truncated protein. If used with a kita:Gal4 or mitfa:Gal4 driver 

line, the UAS:Cas9 and sgRNA targeting Bap1  will result in a somatic mutation leading to 

loss of more than 80% of the coding sequence. Exon 3 has been selected because of its 

proximity to the N-terminus of the protein and because it is present in all splicing isoforms 

of Bap1 annotated in zebrafish (http://www.ensembl.org/). The sgRNA for Bap1 construct 

can be injected in Tg(kita:GNA11;UAS:Cas9) or Tg(kita:GNAQ;UAS:Cas9) transgenic 

embryos and these should be checked for UM formation after 5 months. These 

experiments, that will be pursued in our lab in the future, should lead to the generation to 

a UM model that reproduce the major genetic alterations found in human UM. 

 

 

 

 

 

 

 

 

 

 

Figure 1.27: Outline of the experiment planned to disrupt the zebrafish bap1 gene. 

http://www.ensembl.org/)
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Chapter 2:  Retro-orbital transplantation to model UM in zebrafish 

2.1 Background 

 

Although many advances have been made in understanding the biology of UM and despite 

knowing that the mutational burden is relatively simple, the generation of an appropriate 

genetic model has proven difficult. Here I describe a novel transplantation approach in 

immunocompromised larval zebrafish that could be applied to primary and metastatic UM 

cells, as well as to PDX-derived cells, and is suitable for short-term analysis in response 

to drug treatments.  

The zebrafish xenotransplantation model is a good alternative to mouse PDXs, but human 

cells transplanted in zebrafish do not last long due to the onset of immune responses. 

Immunocompromised zebrafish for long term transplantation have recently been described 

[97]. To standardize the transplantation technique, we used a zebrafish casper;prkdcD3612fs 

mutant line [98] which lacks pigment cells and mature T and B cells. 

 

2.2. Cell lines preparation and transplantation  

 

To be able to follow the transplanted human cells at least during the first week post 

transplantation, human derived UM MP41 cells [128] were made fluorescent through 

incubation with H1-Alexa 488, 4 hours before transplantation. Cell suspension, prepared 

just before transplantation was maintained at 34°C during the transplantation procedure. 

As controls for engraftment we used ZMEL1 cells, a zebrafish melanoma cell line 

expressing mCherry [99] as no zebrafish UM cell lines are available. Zebrafish cells were 

prepared at the same concentration and kept at the same temperature as human cells. 

We transplanted approximately 50-100 ZMEL1 cells (2-5 nl) into the retro-orbital space of 

2 days post-fertilization (dpf) zebrafish larvae (Figure 2.1 B); similarly, we transplanted 

MP41 UM cells, stained with H1-488, alone or in combination with ZMEL1-mCherry cells, 

at a 50:50 ratio. After the implantation, larvae were kept in E3 containing pen/strep at 34°C. 

Fish raised at this temperature showed a mild heart oedema (Figure 2.1 C), which 

disappeared after 3 days. Around 25 embryos per cell line or line combination received 

transplants in each trial experiment (which was repeated 4 times), and more than 90% of 

larvae were correctly engrafted. The survival rate of the transplanted larvae at 3 dpt was 

85-90%.  

 

 

 

https://paperpile.com/c/UPa5Q5/Us0Q7
https://paperpile.com/c/UPa5Q5/RmdgD
https://paperpile.com/c/UPa5Q5/Us0Q7
https://paperpile.com/c/UPa5Q5/mq789


52 
 

  

Figure 2.1: Retro-ocular transplantation of fluorescent melanoma cells in Casper;prdkc-/- 

zebrafish larvae. (A) Schematic representation of the transplantation procedure, with timing, 

number of experiments and analysed samples. (B) Injection site with needle filled with ZMEL1-

mCherry fluorescent cells. (C) Transplanted Casper;prdkc-/- larvae grown at 34°C show a mild heart 

oedema. (D)  ZMEL1-mCherry transplanted larva at 1 dpt imaged with the DS-red channel. (E) MP41 

cells stained with H1-Alexa488 1 dpt imaged with the GFP channel. (F) MP41 and ZMEL1 co-

transplanted larva imaged with DS-red and GFP channels. (G-H) Confocal images of 3 dpt larvae, 

which received both cell lines. Maximal projections of 20X magnification stacks. (I) Cryostat section 

through the head of a 3 dpt zebrafish, showing fluorescent ZMEL1 (red) and MP41 (green) cells, 

counterstained with Dapi (blue). Calibration bars: 500 µm. Transplanted cells are as indicated. dpf: 

day postfertilization; dpt: day post transplantation. 
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2.3 Images acquisition and fish follow up 

 

Successfully transplanted larvae were imaged at the fluorescent stereomicroscope 1 day 

later (Figure 2.1 D-F).  Six transplanted larvae per experimental procedure were imaged 

at the confocal microscope to count fluorescent cells over time; the same larvae were 

imaged again at 3 days post transplantation (Figure 2.1 G-H.), which showed that 35,6+/-

2.72 % MP41 cells were able to survive after transplantation alone and 32.8+/-8.07 % were 

able to survive after co-transplantation with ZMEL1.  

After 3 days, H1-488 fluorescence started to diffuse out of the cells, making it difficult to 

retrieve them in live fish. By contrast, genetically engineered ZMEL1-mCherry cells were 

easily retrieved in the transplanted fish after several days. Surprisingly, ZMEL1-mCherry 

cells, which are amelanotic in culture, showed variable degrees of melanin accumulation 

when transplanted in larvae with time (Figure 2.2 B, B’, C, C’).  

To assess whether transplanted cells were able to grow and form ocular melanoma in fish, 

we raised transplanted fish up to one month post transplantation, by placing them in 3.5 L 

tanks in static fish water at 34°C, feeding them with 3 times/day with fresh Artemia salina 

and dry food from 5 dpf. At 14 dpt, all fish transplanted with ZMEL1-mCherry or ZMEL1-

mCherry plus MP41 cells developed ocular melanoma (Figure 2.2 B-C), while no visible 

tumors developed in larvae transplanted with MP41 cells alone (Figure 2.2 A-A”). Four out 

of 40 larvae showed clear metastases in the tail region (Figure 2.2 D-D’, E-E’). 
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2.4 Histological and immunohistological analysis 

Ocular tumors were subjected to histological analysis, by H&E staining of paraffin sections 

(Figure 2.2 B’-C”), which showed that tumors were composed of atypical cells, partly 

melanized, which infiltrated adjacent tissues and induced neovessels growth (Figure 2.2 

C”, yellow arrow). To understand whether human MP41 cells contributed to the 

development of the ocular tumors developing in fish transplanted with the cell mix, we used 

a human specific antibody, which does not cross react with zebrafish cells (Figure 2.3). 

Figure 2.2: Ocular tumors develop in fish following retro-ocular transplants of ZMEL1 or 

ZMEL1+MP41 cells. (A-C) fish transplanted at 2 dpf with different cells as indicated and imaged 

14 days post transplantation. Visible melanized ocular tumors were present in fish transplanted 

with ZMEL1 or ZMEL1+MP41 cells. (A’-C’) H&E staining of transverse sections as indicated in A-

C. (A”-C”) Higher magnification of the areas boxed in A’-C’. (D-E) Bright field images, and (D’-E’) 

fluorescent (mCherry) images of tail metastases in 2 fish retro-ocularly transplanted with ZMEL1 

cells at 2 dpf. Calibration bars: 100 µm for A-C; 50 µm for A’-C’; 20 µm for A”-C” and D-E’. dpt: 

days post transplantation. 
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Immunostaining of sections through 6 ocular tumors developing in fish transplanted with a 

mixture of ZMEL1-mCherry and MP41 cells showed that three of them contained a variable 

number of human MP41 cells (from 10 cells to hundreds cells, figure 2.3 C) in the ocular 

tumors, which were composed mostly by ZMEL1-mCherry cells (Figure 2.3 C’). The human 

cells were preferentially found in the center of the tumors, surrounded by zebrafish 

melanoma cells (Figure 2.3 C’ yellow stars).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: MP41 cells can survive in ocular tumors if co-transplanted with ZMEL1 cells.  

(A-C) Cryostat sections of 14 dpt zebrafish, transplanted with the cells indicated on top, and 

stained with antisera against human nuclear antigen (HNA, green fluorescence), RFP (red 

fluorescence) and Dapi (blue fluorescence). (A’, B’ C’) show images taken at low magnification 

and with the fluorescent filters indicated and the positive area (red for B’ and green + red for C’) 

is outlined by a dashed white line. HNA positive cells are only retrieved in co-transplanted fish 

(yellow small stars in inset C’). (D-E) MP41 and ZMEL1 cells stained with both human nuclear 

antigen and RFP antisera before transplantation. Calibration bar: 20 µm; dpt: day post 

transplantation. 

 

MP41 + ZMEL1 ZMEL1 MP41 
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2.5 Conclusion and future perspectives  

In this chapter I described an orthotopic transplantation approach of uveal melanoma cells 

in larval zebrafish. Retro-ocular transplantation in zebrafish immuno-deficient larvae allows 

survival of human cells for several weeks when co-transplanted with zebrafish melanoma 

cells. We discovered that human cells can survive in the immunocompromised zebrafish, 

but only when co-transplanted with zebrafish melanoma cells.  The location of human cells 

in the center of the ocular tumors, suggests that human cancer cells were protected from 

the host environment by the co-transplanted zebrafish cancer cells. The degree of 

survival/growth of human cancer cells in these tumors was very variable, from a few cells 

to many cells (figure 2.3 C). We aimed at generating an orthotopic transplantation model 

in zebrafish larvae, with a large output number and rapid generation times, useful for drug 

screening; the development of ocular tumors in which we can retrieve human cells several 

weeks after transplantation, although together with zebrafish cancer cells, is proving that 

the model can be further developed to study ocular tumor development and metastasis. 

Further improvements of the technique are in progress. These include: 1) the use of a fully 

immunocompromised zebrafish strain, i.e. the prkdc-/-, il2rga-/- strain recently described by 

[97]; 2) transplantation trials with different UM cells, expressing fluorescent proteins for 

long-term imaging; 3) time course quantification of human cell survival, proliferation and 

migration by serial imaging with the Operetta System (Perkin-Elmer); novel approaches, 

such as MicroCT recently described for orthotopic ocular transplantation in hamsters [100], 

could further improve visualization of the growing tumors;  4) drug treatment over 3-5 days 

and quantification of human cell survival, proliferation and migration by serial imaging. 

https://paperpile.com/c/UPa5Q5/Us0Q7
https://paperpile.com/c/UPa5Q5/UaBj8
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Chapter 3: Automated in vivo screen in zebrafish identifies clotrimazole as targeting 

a metabolic vulnerability in melanoma.  

 

3.1 Background 

 

No UM transgenic model are available for drug screening so far. Knowing that kita:RAS 

model besides developing CM, also develop UM with low frequency we decided to use it 

to perform a HTS drug screen. Although the screen is mostly aimed at finding drugs that 

could be used in CM, there is a possibility that the hits may have an anti-melanoma 

function also in UM. 

Therapeutic approaches for cutaneous melanoma are flourishing, but despite promising 

results, there is an increasing number of reported primary or secondary resistance to the 

growing sets of drugs approved for therapy in the clinics. Immunotherapeutic drugs have 

recently been added to the therapeutic options for metastatic cutaneous melanoma; these 

treatments achieve good responses in almost half of the patients, including complete 

clinical remission. For the remaining patients, the therapeutic options are based on 

treatments with BRAFi and MEKi, which lead to resistance in most cases. Combinatorial 

approaches may overcome resistance, as they may tackle specific weaknesses of 

melanoma cells, not sufficient on their own, but effective in combination with other 

therapies, so common approaches to avoid resistance are based on the use of multiple 

drugs, targeting different signalling pathways. To identify novel targets and effective co-

treatments, high-throughput screenings (HTS) with drugs already approved for other 

treatments have the advantage to considerably reduce the process of drug validation for 

the clinic. Zebrafish larvae are increasingly used in HTS of novel anticancer compounds, 

as they provide a phenotypic-rich assay, in which toxicity and off-target effects can be 

evaluated along with specific responses [101]. 

In this chapter I will present the results obtained using a zebrafish model which develops 

melanoma with high frequency, and is characterized by doubling the number of 

melanocytes (hyperpigmentation) already at 3 days post fertilization (dpf) as seen in figure 

3.1 [12].  

 

 

 

 

 

 

Figure 3.1: Fish phenotype. (A) 3-dpf wild-type 

embryo (B) Expression of oncogenic HRAS 

driven by the kita promoter induces 

hyperpigmentation in a 3-dpf kita:ras zebrafish 

larva. Panel enlargement representing a 

melanocyte expressing the RAS oncogene fused 

to the GFP protein. 

https://paperpile.com/c/UPa5Q5/5Uxjg
https://paperpile.com/c/UPa5Q5/GPq4z
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As the hyperpigmentation phenotype is highly correlated with melanoma development 

(over 50% of the transgenic fish develop melanoma before 4 months of age), and the 

transformed melanocytes are marked by GFP and mCherry expression (see Figure 1.1), 

we were able to develop a high-throughput screen (HTS) based on the automated 

detection of the reduction of fluorescent melanocytes caused by any of the 1280 Food and 

Drug Administration (FDA) or European Medicines Agency (EMA) approved drugs of the 

Prestwick library®. 

 

3.2 In vivo drug screening phase I: hits identification 

 

The chemical screen we developed was based on the ability of drugs of the Prestwick 

library, to reduce the hyperpigmentation phenotype visible in the zebrafish cutaneous 

melanoma model Et(kita:Gal4TA,UAS:mCherry)hmz1;Tg(UAS:eGFP-H-RASV12)io006, 

shortened in kita:ras  

 

The experimental setup of the screen is depicted in figure 3.2. below. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Most of the screen was automated and performed with Operetta, a screening apparatus 

from Perkin Elmer, as thoroughly described in the Methods section 3.2. 

An overview of the filled 384 plate with oriented and anesthetized embryos is presented 

here below in figure 3.3.  

 

Figure 3.2: Overview of the drug screening experimental setup. 20 hpf embryos were 

dechorianated and manually arrayed in a 384 well. After 48 hours of treatment, image acquisition 

was performed.  
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Analysis of the images was performed using the Harmony Software with PhenoLOGIC™, 

a supervised machine learning approach (Fig. 3.4 A-F).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: 384 plate example with oriented and anesthetized embryos. Merge of GFP, mCherry 

and brightfield channel is shown. 
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Compounds able to reduce the number of melanocytes by 60% in at least 3 replicates 

were selected as hits and evaluated in follow-up tests (Figure 3.5). This analysis showed 

that 55 molecules were able to reduce by 60% or more the number of melanocytes per 

embryo in at least 3 out of 4 replicates and therefore were selected as hits (Figure 3.5 A).  

The hits corresponded to 4.3% of the entire library. Toxicity rate (evaluated as the 

appearance of deleterious phenotypes, including growth arrest, heart oedema, body 

deformities, death) corresponded to 7% of the library. Hierarchical clustering performed 

using the ChemMine web tools (http://chemminetools.ucr.edu/) [102], showed that the hits 

cluster in five major classes with similar compound features and biological activity. The 

five classes are: 1-anthelmintic, 2-steroids, 3-antisecretory, 4-antifungal and 5-anti-

inflammatory non steroids (NSAID), (Figure 3.5 B). 

 

 

Figure 3.4: Image Analysis Steps using Harmony Software (PE). (A) Bright-field images were 

collected to monitor the embryos status in order to check the presence of possible morphological 

aberrations. The maximum projection of 4 z-stack was created for each fluorescent image. This 

was set as starting point for the image analysis process (B). The EGFP and mCherry signals of 

each pixel were normalized for the corresponding average signal of the image to normalize and 

scale the intensities of the different images to make them more comparable. This step permits to 

improve the application of the segmentation algorithms. At the same level the fluorescent region 

of the notochord was removed by filters to avoid factitious cell segmentation (C). Cells were 

segmented using normalized mCherry channel with a highly inclusive algorithm (D). Morphology, 

intensity and texture features were also calculated and used to select melanocytes with 

PhenoLogic® supervised machine learning approach. The software was thought to automatically 

select (by features differences) true melanocytes (A versus B) (E). The resulting cell segmentation 

and mCherry positive melanocytes selection is showed in (F). 

http://chemminetools.ucr.edu/
https://paperpile.com/c/UPa5Q5/W25lg
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Some of the hits have already been shown to have anti-tumoral effects, which provide 

some initial validation of our screen results. Leflunomide, a non-steroidal anti-inflammatory 

drug, was recently found to inhibit melanoma growth in a zebrafish chemical screen [74]. 

Two anthelmintic hits, mebendazole and pyrvinium pamoate, were found to inhibit the 

growth of different types of cancer, including melanoma [103]. Moreover, mebendazole is 

in phase I clinical trial in high-grade glioma patients receiving temozolomide and in clinical 

trial for recurrent/progressive pediatric brain tumors (NCT01729260, 

https://clinicaltrials.gov/ct2/home).  

Summarizing, in the first phase of the chemical screen we identified 55 small molecules 

belonging to different pharmaceutical classes, that could target signaling pathways 

unregulated in melanoma. 

 

3.3 In vivo drug screening phase II: hits re-testing 

 

In the second phase of the screen, we aimed at determining the range of concentrations 

at which selected drugs show to be active, in order to proceed to further validation and test 

combinatorial treatments. For this purpose, we selected the two best hits (i.e. those with 

the greatest ability to reduce hyperpigmentation of the kita:ras larvae) for each 

pharmacological class (Figure 3.5 B), to perform dose-response curves. Drugs were tested 

at six concentrations: 0,96 μM, 1,84 μM, 3,75 μM, 7,5 μM, 15 μM and 30 μM (Figure 3.6).  

For each drug, three biological replicates were analyzed. 

 

Figure 3.5: Primary screening results. (A) Results of primary screen visualized as Percentage of 

Control (POC). Data analysis consisted in a plate-wise normalization of the features with respect to 

the negative controls (POC), taking in account the number of melanocytes per fish area as final 

readout. The inset on the right shows ranking of compounds that significantly decreased 

melanocytes number and were selected for further dose-response curve experiments. (B) Table 

summarizing the hits selected for secondary screen and their corresponding pharmacological class. 

(C) Dose response curve of clotrimazole. 

https://paperpile.com/c/UPa5Q5/NXR4H
https://paperpile.com/c/UPa5Q5/sQ0sL
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Figure 3.6: Dose response curves of the selected ten hits. Hits are ordered as follow: (A) 

Antifungal, (B) Anthelmintic, (C) Non steroid anti-inflammatory, (D) Steroids and (E) Antisecretory. 
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After analysis of the dose-response curves and of the toxicity rate we selected the 

antifungal Clotrimazole (CTZ) as the most promising drug to use in combinatorial 

treatments. A representative CTZ dose-response curve in zebrafish larvae is shown in 

Figure 3.5 C.In order to assess the effects of CTZ on transformed melanocytes, we 

performed a melanin-content assay on treated larvae [77]. 20 hpf embryos treated with 15 

μM CTZ for 48 h showed a decrease in number of melanocytes, readily visible under the 

microscope (Figure 3.7 A). This observation was confirmed through melanin-content assay 

at 3 dpf. As shown in Figure 3.7 B, absorbance measured at 340 nm is significantly 

reduced in treated embryos. 

 

Similar results were obtained with the other drug of the antimicotic class miconazole. 

A 

Figure 3.7: Melanin decrease after clotrimazole treatment (A) Representative images of larvae, 

treated as shown. (B) Absorbance at 340 nm is measured at the Infinite M200 plate reader (Tecan). 

Following 15 µM CTZ treatment for 48 hours, a significant decrease of melanin content is found in 

treated larvae compared to DMSO treated controls. * P-value ≤ 0.05. 

Figure 3.8: Miconazole treatment decreases 

melanin content (A) Representative images of 

larvae at different magnifications, treated as 

shown. (B) Absorbance at 340 nm is measured at 

the Infinite M200 plate reader (Tecan). Following 

15 μM, 30 μM or 50 μM Miconazole treatment for 

48 hours. A significant decrease of melanin 

content is found in all treated larvae compared to 

DMSO treated controls. *** = P-value < 0.001, * P-

value ≤ 0.05. 

B 

A 

B 

https://paperpile.com/c/UPa5Q5/XJkRF
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3.4 MTT cell viability assay and in vivo screen with single inhibitors and clotrimazole 

or miconazole co-treatments 

 

To determine whether clotrimazole is able to have similar effects on cell viability in human 

melanoma cells, we performed an MTT cell viability assay [104] on normal human 

melanocytes (NHEM) and metastatic melanoma cells (A375M). We assessed that CTZ 

decreases cell viability in A375M starting from a dosage of 10 μM but not in NHEM treated 

with CTZ at the same dosage (Figure 3.9 A and B). 

Once established that treatment with CTZ affects the survival of transformed melanocytes 

in vivo and melanoma cells in vitro, we set up to perform combinatorial treatments with 

CTZ and drugs known to inhibit the activity of the oncogenes driving transformation in the 

in vivo and in vitro models.  In the melanoma cell line A375M, the driving oncogene is 

BRAFV600E [105]; therefore we selected a MEK inhibitor, trametinib which is already used 

to treat melanoma patients positive for BRAF activating mutations, as the drug to test in 

combination with CTZ. MTT Viability Assay with trametinib showed that the MEK inhibitor 

has no effect on normal melanocytes (Figure 3.9 C). On the other hand, trametinib 

treatment affects melanoma cell viability starting from 0,1 μM (Figure 3.9 D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Clotrimazole and Trametinib affect survival of A375M melanoma cells. MTT 

Assays for survival analysis upon Clotrimazole treatment in NHEM (A) and in A375M (B) cells 

with respect to their DMSO-treated controls, * = P-value < 0.01. Normal melanocytes are not 

affected by the treatments. A375M viability is affected starting from 10 µM CTZ treatment. We 

selected 20 µM as optimal dose for further experiments.  MTT Assays for survival analysis upon 

trametinib treatment in NHEM (C) and in A375M (D) cells respect to their DMSO-treated controls, 

* = P-value < 0.01. Normal melanocytes are not affected by the treatment. A375M viability is 

affected starting from 0,1 µM Trametinib treatment. 

https://paperpile.com/c/UPa5Q5/P2IwL
https://paperpile.com/c/UPa5Q5/DothW
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Furthermore, we performed the MTT cell viability assay in human cells using trametinib in 

combination or not with CTZ and found that CTZ is able to decrease the effective dose of 

trametinib in melanoma cells (Figure 3.10 B). Trametinib and CTZ, when combined, 

significantly decrease the viability of A375M cells but not of normal melanocytes (Figure 

3.10 A), reinforcing the concept that CTZ has this effect on cancer cells but not on normal 

cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the kita:ras model, melanoma development is driven by HRASV12 expression. Therefore 

we selected a farnesyltransferase inhibitor, lonafarnib as the drug to test in combination 

with CTZ (https://pubchem.ncbi.nlm.nih.gov/compound/Lonafarnib). We performed 

treatment of kita:ras embryos with different doses of lonafarnib, alone or in combination 

with CTZ. The results of these treatments show that lonafarnib is able to reduce the 

number of ras transformed melanocytes of approximately 30% with concentrations 

between 15 μM and 20 μM (Figure 3.11 A). However, when it is combined with 30 μM 

CTZ, it is much more effective and can achieve a reduction of melanocyte number of 50% 

(Figure 3.11 A and 3.11 B).  

Figure 3.10 Effect of combinatorial treatment of A375M melanoma cells with Clotrimazole and 

Trametinib. MTT survival analysis upon Clotrimazole and Trametinib co-treatment in 

NHEM (A) and in A375M (B) cells respect to their DMSO controls. **** = P-value < 0.0001 for CTZ 

5 µM vs CTZ 5 µM + all the three different combinations of Tramentinib. ** = P-value < 0,01 for 

trametinib alone vs trametib co-treatments with 5 µM CTZ. Co-treatments show that CTZ is able to 

reduce the effective dose of Tramenitib in A375M but no effects are seen in normal melanocytes. 

Tram = Trametinib, CTZ = Clotrimazole 

B A 

https://pubchem.ncbi.nlm.nih.gov/compound/Lonafarnib
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Figure 3.11: Effect of single and combined treatments of kita:ras larvae on melanocyte 

number. (A) Number of melanocytes per fish area. Treatments are as shown. Combinatorial 

treatments with CTZ reduces the effective dose of LNF. (N > 7). *** = P-value < 0.001 for CTZ 30 μM 

compared to CTZ 30 μM + LNF 7,5 μM; **** = P-value < 0.0001 for LNF 7,5 μM versus CTZ 

30 μM + LNF 7,5 μM. (B) Examples of different melanocytes segmentation following different 

treatments as shown. CTZ= Clotrimazole, LNF = Lonafarnib. 
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Similar effects were obtained with co-treatment of kita:ras larvae with another hit of the 

library of the same class, miconazole, in combination with lonafarnib (Figure 3.12). 

 

3.5 Investigation on the mechanism of action of clotrimazole in melanoma 

 

Previous work has indicated that CTZ may affect some key effectors of the glycolytic 

pathway [108], [81]. Glycolysis is one of the two major-energy producing pathways in 

mammalian cells. During glycolysis, the breakdown of glucose via pyruvate and ultimately 

to lactate results in a concomitant release of two H+ at physiological pH and acidification 

of the extracellular medium surrounding the cell, known as ECAR (extracellular 

acidification rate).  

Figure 3.12: Effect of single and combined treatments of kita:ras larvae on melanocyte 

number. (A) Percentage of reduction of melanocytes number after different treatments. 

Treatments are as shown. (N>8). *** = P-value < 0.001 for MICO 30 μM compared to MICO 30 

μM + LNF 7.5 μM; **** = P-value < 0.0001 for LNF 7.5 μM versus MICO 30 μM + LNF 7.5 μM. 

(B) Examples of different melanocytes segmentation following different treatments as shown. 

MICO = Miconazole, LNF = Lonafarnib 

https://paperpile.com/c/UPa5Q5/xYru1
https://paperpile.com/c/UPa5Q5/yPqEG
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We performed different tests using the Agilent Seahorse XFp apparatus to explore the 

possibility that CTZ treatment is affecting the energy metabolism of human melanoma 

cells. The Cell Energy Phenotype Test measures the metabolic phenotypes and metabolic 

potential of the cells under study. This test showed that the A375M melanoma cells have 

a more glycolytic phenotype than NHEM (Figure 3.13 C). Upon treatment with CTZ, NHEM 

reacts to oligomycin/FCCP influx by potentiating glycolysis, similarly to the DMSO treated 

cells, albeit with much lower yield (Figure 3.13 A). By contrast, A375M cells treated with 

CTZ are unable to potentiate glycolysis upon oligomycin/FCCP treatment, suggesting that 

glycolysis is impaired by CTZ treatment (Figure 3.13 B). 

To further confirm this observation, we performed the glycolytic stress test and the mito-

stress test. In the glycolytic stress test, glucose is added to stimulate energy production 

(Figure 3.13 D, E). NHEM cells have a low glycolytic rate, and both DMSO and CTZ treated 

cells respond to glucose, oligomycin and 2DG addition in a similar way (Figure 3.13 D). 

CTZ treated A375M cells respond less to glucose addition and they do not respond to 

oligomycin addition by potentiating glycolysis suggesting that the glycolytic pathway could 

be impaired (Figure 3.13 E). Glycolytic reserve (calculated as the difference between 

ECAR after oligomycin addition and ECAR after glucose addition), is positive in DMSO-

treated A375M cells but it becomes negative in CTZ-treated cells (Figure 3.13 F), 

suggesting that CTZ-treated cells do not have glycolytic reserve as they cannot harness 

glycolysis for further energy production. 

The mito-stress test shows that NHEM cells, which are quiescent (Figure 3.13 C), respond 

to the test weakly but consistently with the expected responses, regardless of DMSO and 

CTZ treatment (Figure 3.13 G). The fraction of basal oxygen consumption rate (OCR) 

contributing to ATP-coupled respiration (revealed by oligomycin sensitive OCR) in DMSO-

treated A375M cells was attenuated, but not abrogated, indicating that there is a certain 

amount of proton leaks coupled to oxygen consumption rate not used in cellular 

respiration. 

On the other hand, CTZ-treated A375M cells (Figure 3.13 H’) start with a very low OCR 

(similar to NHEM), which is further reduced after oligomycin treatment and respond very 

weakly to FCCP and to rotenone/antimycin A. This test suggests that CTZ-treated A375M 

cells probably to not have functioning mitochondria to harness them for cellular respiration 

and ATP production, so that when glycolysis is impaired by CTZ treatment, A375M cells 

have no way to produce energy and die. 

Thus, testing energy production of normal melanocytes and A375M melanoma cells 

revealed that A375M cells have a more glycolytic energy profile and that upon treatment 

with CTZ their energy production rate is greatly reduced. CTZ-treated A375M cells, unlike 

DMSO treated A375M cells, are unable to potentiate glycolysis upon oligomycin treatment 
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(Figure 3.13 E), as they do not have spare capacity to produce energy through glycolysis 

(Figure 3.13 F). Therefore, CTZ treatment of A375M cells is greatly impairing glycolysis, 

which is their only source of energy.  
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3.6 Clotrimazole treatment impairs hexokinase activity in kita:ras zebrafish  

 

One group of genes, reported targets of CTZ, are hexokinases, key enzymes in the control 

of carbon fluxes because they catalyze the first, rate-limiting, step of glycolysis [108]. There 

are several hexokinase genes in zebrafish [104], but the most important for glycolysis are 

hexokinase I and II (hk1 and hk2). We checked the expression of these genes in kita:ras 

zebrafish larvae. As described already for other cancer models [109], expression of hk1 

and hk2 is significantly increased in kita:ras larvae compared to kita controls (Figure 3.14 

A).  

Treatment with CTZ did not change the expression levels of hk1 and hk2 in kita:ras larvae 

(Figure 3.14 B). To investigate if the treatment with CTZ impaired HK activity by 

destabilizing protein levels or localization, we performed western blot analysis of hk2 in 

whole larvae protein extracts and in the mitochondrial fraction (Figure 3.14. C). As shown 

in figure 3.14 C, hk2 protein levels were not decreased upon CTZ treatment in the total 

protein extract. However, CTZ significantly decreases the levels of hk2 protein in the 

mitochondrial fraction. Next, we performed an hexokinase assay (Elabscience, no. E-BC-

K121) using DMSO and CTZ treated kita:ras larvae. Protein extracts were prepared 

following the manufacturer’s protocol and they were used to assay the ability of CTZ to 

inhibit the production of NADPH in a coupled reaction with glucose-6-phosphate 

dehydrogenase, provided with the kit. We found that CTZ treatment significantly reduces 

NADPH levels, and therefore hexokinase activity (Figure 3.14 D).  

Figure 3.13: Treatment with clotrimazole differentially affects cellular metabolism in A375M 

and NHEM. The oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR) 

are measured by the XP Seahorse apparatus. Cell energy phenotype profile in NHEM (A) and 

A375M (B) treated or not with CTZ. (C) Energy phenotype assay performed on A375M and 

NHEM cells after 4 h treatment with 20 μM CTZ or DMSO. Squares with paler colours indicate 

the basal conditions, darker colours indicate post-stress (Oligomycin + FCCP) conditions. 

Glycolytic stress test performed on NHEM (D) and A375M (E) treated or not with 20 μM CTZ for 

4 h. (F) Glycolytic reserve values were obtained from the analysis of the glycolytic stress test, by 

subtracting the values of ECAR after oligomycin addition to those obtained after glucose injection. 

Mitochondrial stress test performed on NHEM (G) and A375M cells (H) after 4 h treatment with 

20 μM CTZ or DMSO. (H1) represents A375M CTZ treated with a smaller scale respect to H. 

Graphs are representatives of more than 3 different experiments, performed in duplicate and 

normalized to the number of cells counted by Operetta after the analysis.  

https://paperpile.com/c/UPa5Q5/vFL0R
https://paperpile.com/c/UPa5Q5/OWTLH
https://paperpile.com/c/UPa5Q5/DKxdB
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Our results suggest that treatment with CTZ impairs 

aerobic glycolysis of oncogene-transformed 

melanocytes, and that in zebrafish kita:ras larvae 

clotrimazole works by reducing hexokinase activity, 

which is increased through transcriptional 

upregulation in melanoma (Figure 3.14 E).  

 

Figure 3.14: Clotrimazole reduces hexokinase activity in kita:ras larvae. (A) qPCR analysis 

of hk1 and hk2 expression in kita:ras larvae compared to kita:Gal4 controls. Increase of expression 

of both genes in the melanoma model **** = p-value < 0,0001. (B) qPCR analysis 

of hk1 and hk2 expression in kita:ras larvae treated with DMSO or clotrimazole, as indicated. 

Treatment with CTZ did not change the expression levels of hk1 and hk2. n=3. Each sample 

consisted of 20 larvae. (C) Western blot analysis of protein extracts prepared from zebrafish larvae 

treated with DMSO or CTZ shows a decrease of hk2 expression in the mitochondrial fraction. 

Representative image of 3 independent experiments. (D) Hexokinase assay in DMSO and CTZ 

treated kita:ras larvae. Each dot represents a pool of 20 embryos. CTZ treatment significantly 

reduces NADPH production, as measured by temporal changes in the absorbance at 340 nm. A 

parametric unpaired t-test was performed for statistical analysis * p < 0.05. 

Figure 3.14: (E) Model depicting the synergy between CTZ 

and LNF in reducing melanoma cell viability. 
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3.7 Conclusion and future perspectives 

 

In this chapter I described how we have been able to use the same larval zebrafish model 

to go from screening of a large number of FDA/EMA approved compounds to test one of 

them in combinatorial drug treatment and finally used the same model to investigate the 

mechanism of action of the most promising anti-melanoma compound identified with the 

screen. In addition, most of the steps were also validated in human melanoma cells, 

providing support to the hypothesis of conservation of melanoma metabolic dysfunctions 

between these two models. 

One of the most widely used approach to identify novel targets and effective co-treatments 

is in vitro high-throughput screening (HTS). High numbers of molecules can be tested 

using biochemical or cell-based assays [110]. Zebrafish represents the in vivo model that 

encompasses high capabilities for HTS of chemical compounds [111]. The zebrafish is an 

ideal system because embryos develop externally and mating gives a high number of 

eggs.  Chemical screens are carried out on embryos or larvae, given their amenability to 

large-scale, high-throughput manipulation and analysis. We were able to develop and 

perform an almost fully automated phenotypic drug screen on a zebrafish model of 

melanoma using Operetta (Perkin Elmer), based on quantitative evaluation of the number 

of GFP-expressing melanocytes. There is only one report of a semi-automated imaging 

assay performed in zebrafish larvae with a similar apparatus to identify compounds that 

affect hematopoiesis during development  [112]. 

We performed a screen of 1280 compounds, most of them approved by FDA/EMA for use 

in patients, and identified 55 hits able to reduce the number of Ras-transformed 

melanocytes, without affecting normal melanocytes in control embryos. One of them, 

clotrimazole, and another hit of the antifungal class, miconazole, were further studied and 

validated in combination with oncogene targeting drugs, in vivo and in vitro. 

Interestingly, clotrimazole was able to synergize with both lonafarnib and trametinib in 

reducing the viability of transformed melanocytes, showing great potentials for 

combinatorial therapy across different models, species and oncogenic drivers. This 

synergy between drugs targeting oncogenic signalling pathways and a drug affecting 

abnormal metabolism revealed a selective vulnerability of melanoma cells, which is 

illustrated in Figure 3.14 E.  

Our results provide further evidence that aerobic glycolysis may represent a cancer-

specific Achilles’s heel. Similar effects were obtained using another azole compound, 

miconazole, thus suggesting that the potential of this class of antifungal compounds to be 

developed further for combinatorial therapies in melanoma is high, despite the mild toxicity 

revealed in some cases [113]. Our results, as those obtained by others, strongly 

https://paperpile.com/c/UPa5Q5/rh4gJ
https://paperpile.com/c/UPa5Q5/4MsXN
https://paperpile.com/c/UPa5Q5/X9Nqe
https://paperpile.com/c/UPa5Q5/SICtj
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encourage the development of non-toxic azole derivatives to use in combinatorial cancer 

treatments with minimal effects on non-tumoral cells. 

Moreover we will retest the 55 hits found after the primary screen phase and test them in 

UM cells and UM zebrafish models when they will be available hoping that the two drugs 

that we identified will target a metabolic vulnerability also in UM cells.   
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DISCUSSION 

 

Melanoma is the malignant transformation of melanocytes. Melanocytes are cells of 

neuroectodermal origin that reside throughout the skin but also in layers of tissues 

overlying and protecting internal organs, like the uvea. Skin melanocytes can give rise to 

cutaneous melanoma (CM) while the ones residing in the uvea can give rise to uveal 

melanoma (UM).  

Cutaneous melanoma carries a high mutational burden probably due to the accumulation 

of UV induced passenger mutation. BRAFV600E and NRASQ61K mutations are well 

documented but other somatic changes play an important role during tumorigenesis, too. 

Despite their shared melanocytic origin, different mutational events drive uveal melanoma 

formation. Gain of function mutation in the G-proteins GNAQ and GNA11 are found in 

more than 80% of patients (www.cbioportal.org) and represent the driver mutations in UM 

resulting in the constitutively activation of the MAPK kinase pathway, among others. This 

disease is still difficult to treat and presents a high propensity for liver metastasis resulting 

in poor prognosis of 87% of deaths within a year from the diagnosis [114]. 

Much progress is needed for treating this type of disease. Animal models are required in 

order to employ them in preclinical studies and high-throughput assays for drug screening 

approaches.  

My approach to generate zebrafish genetic models of UM was to create transgenic 

zebrafish lines expressing human genes carrying mutations retrieved in UM patients in 

melanocytes, including uveal melanocytes, so I focused on generating transgenic 

constructs to express GNAQQ209L, GNAQR183Q, GNA11Q209L and CYSLTR2L129Q under the 

kita promoter, known to be expressed in all melanocytes, using the Gal4-UAS system.  

Cloning of the final plasmids carrying a GFP tag at the carboxy-terminal to be injected in 

zebrafish embryos was performed using Gateway cloning and a EGFP tag under a cardiac 

promotor to facilitate the identification of the transgenic generation. Lines generated 

through transgenesis were characterized and molecular analysis was performed.  

When expressed alone, the selected oncogenes did not lead to tumor formation; this 

observation is  consistent  with  the  known  need  for cooperating mutations in human UM 

[115]. The fact that no UM develops when these mutant genes are expressed in uveal 

melanocytes could be due to the inability of the oncogenes to transform them. One of the 

most debated concepts in cancer research indeed is defining the requirements for 

oncogenes to transform. Different works in the literature have revealed that not all cells 

respond to oncogenes by generating cancer. Very efficient tumor suppressor mechanisms 

exist that control the cell response to oncogenes, making them non dangerous, and these 

http://www.cbioportal.org/
https://paperpile.com/c/UPa5Q5/3SVf6
https://paperpile.com/c/UPa5Q5/HHGhY
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can include apoptosis and cellular senescence. That is one of the reasons why tumors 

usually develop only following two causative hits: a mutation that transform a cellular gene 

in an oncogene, and then, a mutation that inactivates a tumor suppressor.  

Santoriello et al., showed that kita expressing melanoblasts can be efficiently transformed 

by the HRAS oncogene in the presence of active p53 and give rise to melanoma with a 

higher efficiency and much lower latency than mitfa expressing melanoblasts and 

melanocytes. The HRAS oncogene is one of the few oncogenes requiring no other hits to 

give rise to cancer, at least in zebrafish melanocytes, but it is not so in all cells (M.C. Mione, 

personal communication). Instead, the difference in latency between the two promoters, 

kita and mitfa, may be due to the higher levels of HRASV12 expression driven by the kita 

promoter and/or to different cell specificity of the kita and mitfa promoters as shown in [12], 

figure S4. 

In the transgenic models that I created an opposite situation could happen. Mutant GNAQ, 

GNA11 and CYSLTR2 could be expressed at a much lower level with the kita than with 

the mitfa promoter. So that could be one of the reasons why I was not able to see neoplasia 

formation, also in a p53 mutant background, whereas others [64], [96] have reported the 

induction of UM with the same oncogenes expressed under the mitfa promoter in a p53 

mutant background. Disappointingly also the co-expression of an active form of Yap1 was 

unable to boost UM formation and only co-expression with oncogenic RAS was successful. 

In addition to this, lack of phenotype might be due to the allelic status of the transgenic 

fish, where a new allele harboring the oncogenic mutation in GNAQ, GNA11 or CYSLTR2, 

is compensated by two wild type alleles of the endogenous genes. Probably a homozygous 

state could increase the amount of mutant gene, leading in this case to an observable 

phenotype. 

As described in the results section, we were not able to see positive GFP signal of fusion 

proteins with GNAQ/GNA11/CYSLTR2 after 5 days post fertilization probably because of 

silencing of the UAS-driven transgene; this could be the reason why no increased 

expression of the GNAQ was detected after qPCR analysis in eyes and skin tissue derived 

from Tg(kita:Gal4;UAS:GNAQQ209L). Each UAS element is indeed a 17 base pairs long, 

roughly palindromic, in the form of CGG-N11-CCG. The CpG dinucleotides are essential 

for Gal4 binding [116] and unfortunately serve as targets for methylation [117]. The 

Gal4/UAS system was first adapted to zebrafish by Scheer and Campos-Ortega [10], who 

assayed reporter expression under the control of 5 UAS copies (5X UAS). Still this system 

suffered from low gene induction, mosaic expression and low transgenic efficiency. To 

compensate for the low expression, Köster and Fraser [118] used the potent Gal4-VP16 

fusion protein for transcriptional activation and modified constructs designed for over 

expression screens in Drosophila that contained fourteen tandem copies of a synthetically 

https://paperpile.com/c/UPa5Q5/2sNgE
https://paperpile.com/c/UPa5Q5/TJbt8
https://paperpile.com/c/UPa5Q5/aqhOY
https://paperpile.com/c/UPa5Q5/AxaEv
https://paperpile.com/c/UPa5Q5/Eb770
https://paperpile.com/c/UPa5Q5/BqzPm
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generated upstream activating sequence (14X UAS) [119]. While this approach resulted 

in robust expression, a high level of toxicity was observed and stable transgenic lines were 

not generated. Some efforts have been made toward optimizing the Gal4/UAS system. 

Using a luciferase-based assay in cultured zebrafish fibroblasts, Distel et al. demonstrated 

that expression from UAS constructs increased linearly from 1 to 5 UAS copies until 

levelling off, indicating that fewer than 14 copies of the UAS can provide an effective 

substrate for Gal4-VP16 in zebrafish cells and in transgenic animals [71] with lower toxicity 

effects.  

In general one drawback of using the Gal4/UAS system to create transgenic lines is that 

gene silencing can occur over time through methylation probably due to the high GC 

content of the UAS sequence and the use of high copy numbers. Indeed, comparison of 

4xUAS with 14xUAS showed that low copy number UAS constructs are less vulnerable to 

methylation induced silencing. 

 

In the effort to generate zebrafish models of UM, I also developed a technical protocol for 

retro-orbital transplantation in order to generate an orthotopic transplantation model of 

uveal melanoma in larval zebrafish. The model we created differs from previous 

transplantation approaches in larvae obtained so far [120] as it places UM cells 

orthotopically, in the eye region of immunocompromised larvae; it also differs from a recent 

report of retro-orbital transplantation of tumor cells (which did not include uveal melanoma 

cells) reported by Yan et al. [97], as it is carried out in larvae and not in adult fish. We also 

used a new, mostly nuclear, vital fluorescent staining (H1-488), to label human cells before 

transplantation, which facilitates visualization and counting of transplanted cell, and 

perforemed immunostaining with human-specific antibody to visualize human cells in 

ocular tumors arising in co-transplanted zebrafish. For the future I aim at generating 

cellular clones stably expressing nuclear eGFP by viral transduction with a PGKH2BeGFP 

and then isolate the positive cells by FACS in order to visualize the stably transduced and 

transplanted cells within the embryo.  

A higher number of human cell lines will be used for further experiments. In particular we 

would try transplantation with more aggressive UM human cell lines like OMM2.5 or 

OMM2.3 obtained from two different liver metastasis from the same patient, with these 

more aggressive cells we hope to achieve long survival of human UM cells alone in retro-

orbital transplants.  

Our larval model can be used for testing the effects of drugs and drug combinations on 

cell survival, migration and proliferation by observation of individual transplanted larvae at 

the beginning and at the end of the treatment. The quantification of these parameters could 

https://paperpile.com/c/UPa5Q5/RtWJd
https://paperpile.com/c/UPa5Q5/Do44R
https://paperpile.com/c/UPa5Q5/CkF7U
https://paperpile.com/c/UPa5Q5/Us0Q7
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be easily automated, as we recently showed for the compound screen performed in the 

kita:RAS zebrafish melanoma model [72]. 

In the last and third results chapter, I presented a semi-automated in vivo screen in 

zebrafish that identified clotrimazole, a FDA (Food and Drug Administration) approved 

drug as targeting a metabolic vulnerability in melanoma.  

A major goal in the field of cancer treatment is the identification of drugs that may lead to 

safe and enduring treatment of aggressive melanoma.  Metastatic melanoma treatment is 

now facing an important checkpoint: different therapies have proven effective either in 

driving rapid and more or less complete remission (including immunotherapy) or in 

inducing rapid abrogation of metastases (including BRAFi), but unfortunately almost all 

therapies are followed by return of the disease and widespread development of resistance 

to both chemotherapy and targeted therapies. Due to the increased therapeutic options 

and to their improved effectiveness, cancer is appearing more and more as a chronic 

disease that we need to control before conquering. As well as reducing the mutagenic 

potentials of inhibitor treatments and the metabolic escape routes developed by cancer 

cells in response to therapy, combinatorial treatments, able to control metastases and 

reduce toxicity, are emerging as the most promising approaches in cancer treatment.  

Our final hit clotrimazole, was previously found to reduce the viability of melanoma cells. 

Previous work performed mostly in cultured cells [121], [122], [123], has highlighted the 

anti-melanoma activity of clotrimazole. Moreover, clotrimazole had already emerged as a 

hit in a compound screen previously performed on zebrafish, focusing on pigment cell 

phenotype and development [76]. 

Clotrimazole has been suggested to exert its anti-cancer activity by affecting energy 

metabolism of cancer cells. These conclusions were supported by several reports in 

different cancer lines, and different enzymatic assays suggested that clotrimazole may be 

responsible of inactivating hexokinases (HKs), the enzymes responsible of the first 

enzymatic step in glycolysis. Reduced activity was shown to be due to dislocation of HKs 

from the mitochondrial outer membrane [106], or in other cases to downregulation of HK 

expression, or to switch to less active isoforms, with the latter two mechanisms being 

indirectly mediated by CTZ. Here we found that CTZ reduces the levels of HKs associated 

to the mitochondrial fraction in zebrafish kita:ras larvae, rather than reducing the 

expression levels of the enzymes. These results were in line with data obtained in different 

cancer cell lines, where treatment with CTZ decrease mitochondrial HK2 expression [124].  

HKs are key players in cancer metabolism. Among the different HKs, HK1 is the most 

highly expressed in adult tissue, whereas HK2 is abundant in embryonic and cancerous 

cells [109].  So far, observations on the activity of clotrimazole suggest that it has deeper 

https://paperpile.com/c/UPa5Q5/StTcH
https://paperpile.com/c/UPa5Q5/JzHFu
https://paperpile.com/c/UPa5Q5/J9vd1
https://paperpile.com/c/UPa5Q5/qkLmH
https://paperpile.com/c/UPa5Q5/PPeca
https://paperpile.com/c/UPa5Q5/xYru1
https://paperpile.com/c/UPa5Q5/rYJ7Y
https://paperpile.com/c/UPa5Q5/DKxdB
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effects on cancer cells displaying the Warburg effect [81]. Indeed, A375M cells show a 

strong glycolytic phenotype [72]; the effects of CTZ on kita:ras larvae support the 

hypothesis that also in zebrafish, ras-transformed melanocytes may switch to aerobic 

glycolysis at the earliest stages of transformation, as a direct response to oncogenic ras. 

Further work is required to investigate the occurrence of a metabolic switch in this model. 

 

In conclusion, my work has made progresses towards the generation of transgenic 

zebrafish models that display either benign or malignant stages of UM development. 

Moreover, we developed a protocol for retro-orbital transplantation of human UM cells in 

larval zebrafish, that, when optimized, may prove useful for testing drug treatments in vivo. 

Lastly, I was one of the first able to perform a 384-wells HTS chemical screen. We validate 

the action of clotrimazole and miconazole, both antifungine common drugs, as possible 

candidates to be repurposed and used in combination with other drugs currently used in 

the clinic to fight CM and possibly UM.  

 

https://paperpile.com/c/UPa5Q5/yPqEG
https://paperpile.com/c/UPa5Q5/StTcH
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MATERIAL AND METHODS 
 

1 Animal handling and generation of transgenic lines 

1.1 Zebrafish rearing 

Zebrafish (Danio rerio) were raised and maintained in the Model Organism Facility (MOF) 

at CIBIO Department (Department of Cellular, Computational and Integrative Biology) 

under standard conditions [125]. Experimental procedures on zebrafish were performed in 

accordance with the European law on Animal Protection and authorization no. 75/2017-

PR from the Italian Ministry of Health. Water was kept at a temperature of 28.0°C and a 

pH value of 6.2-7.5 under a 12 h dark/light cycle in a partially recirculating system 

(Tecniplast). Maximal density of fish per tank (3,5 L) is 17. 

 

1.2 Breeding and embryo collection  

 

In the late afternoon a mating cage was placed inside a slightly larger container and filled 

with water. Adult females and males typically in a 3:2 ratio, were separated by plastic 

dividers. At the start of the light cycle next morning, dividers were removed to induce 

mating. The fertilized eggs fall through the grill bottom of the inner box and are then 

collected in E3 fish water (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2 × 2H2O, 0.33 mM 

MgSO4 × 7H2O, 0.0002% methylene blue, pH 6.5). 

       

1.3 Anaesthesia 

 

The most common anaesthetic agent currently used is tricaine methanesulphonate, also 

called tricain or MS-222 (Sigma Aldrich), in an aqueous solution. Anaesthesia is rapidly 

induced following the immersion of the fish in a buffered solution containing tricaine at a 

concentration around 100-200 mg/L. Where maintenance of anaesthesia is required the 

dose is lowered to 50-100 mg/L. 

 

1.4 List of the transgenic fish 

 

Here a table of all the transgenic lines used during this project: 

 

https://paperpile.com/c/UPa5Q5/BAYgH
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Transgenic line (full name) Short name Features 

Et(kita:GalTA4,UAS:mCherry)hzm1 

ZDB-ALT-090702-3 

Kita:Gal4 

 

Driver line expressing the 

transactivator GAL4 driven by the 

c-kit (kita in fish) promoter. Kita 

drives the expression of mCherry 

in the notochord  [126] 

Tg(UAS:eGFP-HRASGV12)io006 

 

ZDB-ALT-090702-2 

UAS:Ras Responder line expressing the 

human activated form of HRAS. 

This oncogene has a point 

mutation and it is fused with GFP; 

its expression is driven by UAS, 

which is inactive without Gal4 [12].  

Et(kita:GalTA4,UAS:mCherry)hzm1;

Tg(UAS:eGFP-HRASGV12)io6 

Kita:Ras This double transgenic line was 

obtained by crossing kita:Gal4 with 

UAS:Ras. It expresses both 

mCherry and GFP fluorescence 

together with HRAS oncogene 

under the kita promoter that drives 

tumor formation [12]. 

Et(kita:GalTA4,UAS:mCherry)hzm1; 

Tp53M214K/M214K 

Kita:Gal4; Tp53M214K/M214K This transgenic line was 

established by crossing Kita:Gal4 

with Tp53M214K/M214K and it was 

subsequently genotyped for 

tp53M214K/M214K. 

Tg(UAS:eGFP-HRASGV12)io6; 

Tp53M214K/M214K 

 

UAS:Ras;Tp53M214K/M214K This transgenic line was 

established by crossing UAS:Ras 

with Tp53M214K/M214K and it was 

subsequently genotyped for 

p53M214K/M214K. 

 

Et(kita:GalTA4,UAS:mCherry)hzm1;

Tg(UAS:eGFP-HRASGV12)io6; 

Tp53M214K/M214K 

 

Kita:Ras; Tp53M214K/M214K This double transgenic line was 

established by crossing Kita:Gal4; 

Tp53M214K/M214K with UAS:Ras; 

Tp53M214K/M214K. Fish from this line 

express both mCherry and GFP 

fluorescence together with HRAS 

oncogene under the kita promoter 

that drives melanoma 

development much faster in this 

mutated background of p53. 

roy-/- ; nacre -/- Casper The compound roy;nacre double 

homozygous mutant, named 

casper, shows the effect of 

combined melanocyte and 

iridophore loss in which the body of 

the adult fish is largely transparent  

[127]. 

Casper;prkdcD3612fs 

 

ZDB-GENE-030131-9008 

Prkdc-/- This trangenic cell line lacks 

pigment cells and mature T and B 

cells and was used for 

tranplantation experiments 

decribed in Chapter 2. 

https://paperpile.com/c/UPa5Q5/PAhfZ
https://paperpile.com/c/UPa5Q5/GPq4z
https://paperpile.com/c/UPa5Q5/GPq4z
https://paperpile.com/c/UPa5Q5/4ocDh
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Et(kita:GalTA4,UAS:mCherry)hzm1;

Tg(UAS:eGFP-GNAQQ209L); 

Tp53M214K/M214K 

 

Tg(kita:GNAQQ209L)  

*Also with GNAQR183Q 

mutation  

This double transgenic line was 

obtained by crossing kita:Gal4 with 

UAS:GNAQ. It expresses both 

mCherry and GFP fluorescence.  

Et(kita:GalTA4,UAS:mCherry)hzm

1;Tg(UAS:eGFP-GNAQQ209L); 

Tp53M214K/M214K 

Tg(kita:GNAQQ209L);Tp53M214

K/M214K 

*Also with GNAQR183Q 

mutation 

This double transgenic line was 

obtained by crossing kita:Gal4 with 

UAS:GNAQ; Tp53M214K/M214K. It 

expresses both mCherry and GFP 

fluorescence. 

Et(kita:GalTA4,UAS:mCherry)hzm1;

Tg(UAS:eGFPHRASGV12)io6;UAS-

eGFP-GNAQQ209L) 

Tg(kita:Ras;GNAQQ209L) 

*Also with GNAQR183Q 

mutation 

This transgenic line was obtained 

by crossing progeny of 

kita:Gal4;UAS:Ras  inj with 

UAS:eGFP-GNAQQ209L.It 

expresses both mCherry and GFP 

fluorescence together with HRAS 

oncogene under the kita promoter 

that drives tumor formation 

Et(kita:GalTA4,UAS:mCherry)hzm1;

Tg(UAS:eGFP-GNA11Q209L); 

Tp53M214K/M214K 

 

Tg(kita:GNA11Q209L) This double transgenic line was 

obtained by crossing kita:Gal4 with 

UAS:GNA11. It expresses both 

mCherry and GFP fluorescence.  

Et(kita:GalTA4,UAS:mCherry)hzm

1;Tg(UAS:eGFP-GNA11Q209L); 

Tp53M214K/M214K 

Tg(kita:GNA11Q209L);Tp53M21

4K/M214K 

This double transgenic line was 

obtained by crossing kita:Gal4 with 

UAS:GNA11;Tp53M214K/M214K. It 

expresses both mCherry and GFP 

fluorescence. 

Et(kita:GalTA4,UAS:mCherry)hzm1;

Tg(UAS:eGFP-HRASGV12)io6;UAS-

eGFP-GNA11Q209L) 

Tg(kita:Ras;GNA11Q209L) This transgenic line was obtained 

by crossing progeny of 

kita:Gal4;UAS:Ras  inj with 

UAS:eGFP-GNAQQ209l.. It 

expresses both mCherry and GFP 

fluorescence together with HRAS 

oncogene under the kita promoter 

that drives tumor formation 

Et(kita:GalTA4,UAS:mCherry)hzm1;

Tg(UAS:eGFP-CYSLTR2L129Q);  

 

Tg(kita:CYSLTR2L129Q)  

 

This double transgenic line was 

obtained by crossing kita:Gal4 with 

UAS:CYSLTR2. It expresses both 

mCherry and GFP fluorescence.  

Et(kita:GalTA4,UAS:mCherry)hzm

1;Tg(UAS:eGFP-CYSLTR2L129Q); 

Tp53M214K/M214K 

Tg(kita:CYSLTR2L192Q);Tp53
M214K/M214K 

 

This double transgenic line was 

obtained by crossing kita:Gal4 with 

UAS:CYSLTR2; Tp53M214K/M214K. It 

expresses both mCherry and GFP 

fluorescence. 
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1.5 Genotyping of zebrafish 

 

The adult zebrafish were genotyped using a method called fin clipping. After anesthetizing 

the fish with MS-222 (Sigma Aldrich) a small piece of the caudal fin was cut off with a 

scalpel. Before the surgery, small individual tanks containing clean water should be set up 

for the recovery of the fish. In order to identify the fish, they are housed singly until the 

PCR analysis is completed. The DNA was extracted from the caudal fin using 150 μl NaOH 

50 mM, cooked for 15 minutes at 95°C and then neutralized with 50 μl of Tris-HCl 200 mM. 

DNA was then amplified with PCR and stored at -20°C until further use. 

  

1.6 PCR 

The amplification of DNA fragment by polymerase chain reaction (PCR) allows the use of 

a mixture containing a heat stable DNA polymerase, four deoxyribonucleoside 

triphosphates (dATP, dCTP, dGTP, dTTP), a set of primers that are each complementary 

to the DNA fragment and that acts as the precursor for DNA synthesis and the DNA 

template. A typical PCR reaction is run for 25-35 cycles. In order to monitor the 

performance of the PCR, both positive and negative controls should be included in the run 

as the first confirms that the PCR works and the later confirms that the amplification is free 

of contamination. Depending on the procedure desired amplicons can be then purified 

from PCR mixture using the Wizard SV Gel and PCR Clean-Up System (Promega) 

according to the manufacturer’s instruction.    

1.7 Generation of fish with somatic transgene expression 

      

Fish with mosaic somatic plasmid expression were generated through co-injection of 0.25 

ng/μl of plasmid DNA and 0.25 ng/μl mRNA encoding Tol2 transposase that was 

generated by in vitro transcription by using SP6 RNA polymerase following the instruction 

of mMESSAGE mMACHINE™ SP6 Transcription Kit (InvitrogenTM). Injection was 

performed in one-cell-stage embryos obtained from natural spawning. All injection 

solutions were assembled on ice just before the injection procedure. Injection needles 

were calibrated to deliver a final volume of 2 nl of the injection solution into the cytoplasm 

of one-cell stage zebrafish embryos using an Eppendorf FemtoJet® microinjection station 

(Eppendorf).  
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1.8 Generation of stable transgenic lines 

 

Transgenic fish carriers were selected by fluorescence using either eGFP filter to detect 

eGFP fluorescence or DsRed filter to detect mCherry fluorescence under the fluorescence 

stereomicroscope (Leica MZ 16F) between 2-5 dpf, and then crossed to wild-type strains 

as adults to generate F1. For imaging, embryos or fish were carefully oriented within a 

drop of 3% (v/v) methylcellulose (Sigma-Aldrich) in E3 fish water on a microscopic slide. 

Images were then processed using the LAS X software (Leica).   

2 Cloning procedure with the Gateway approach  

2.1 The Tol2 kit 

 

The components included in the Tol2 kit are chosen to be useful in expression constructs 

for transient or stable transgenesis in zebrafish. The Tol2 kit is largely based on the 

gateway cloning system, which is founded on the att site-specific recombination system of 

the lambda phage. The most common cloning procedure includes three different DNA 

fragments: the 5’entry clone that can include different regulatory elements or promoters 

(CMV/SP6, hsp70, UAS), the middle entry clone that contains the gene of interest and the 

3’ entry clone that contains the polyA tail and usually a reporter constructs (EGFP or 

mCherry). In a final reaction driven by the LR clonase enzyme, the three fragments 

(promoter, gene of interest and reporter) are assembled together and cloned into a Tol2-

pDestination vector to generate the final expression vector. 

 

2.2 TOPO® cloning procedure  

 

In order to create our Entry clones we used the pENTRTM Directional TOPO® Cloning Kit 

(InvitrogenTM). PCR primers are designed including the 4 base pair sequences CACC 

necessary for directional cloning on the 5’ end of the forward primer. GoTaq polymerase 

is used in order to produce a blunt-end PCR product. Agarose gel electrophoresis is used 

to check the integrity and the yield of the PCR product. The amplified PCR product is 

added to a mix containing salt solution, the TOPO® Vector and water to a final volume of 

5 μl. The reaction is incubated for 20’’ at RT and subsequently placed on ice. 2 μl of the 

reaction are added to a vial of OneShot® TOP10 chemically Competent E.coli cells (Life 

Technologies) and left in ice for 20’. Cells undergo heat-shock for 30’’ at 42°C. The vial is 

put back to ice. 250 μl of S.O.C Medium are added (Sigma-Aldrich). At this point the tube 

is left for 1h at 37°C in a shaking incubator (200 rpm).  
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50-200 μl of each transformation are plated on kanamycin plates and incubated overnight 

at 37°C. The next day 10-15 colonies are picked up for analysis. They are cultured 

overnight in LB medium with 100 g/ml of kanamycin. The day after plasmid DNA is isolated 

following the manufacturer’s instruction of the QIAprep Spin Miniprep Kit (Qiagen). 

       

2.3 Enzymatic digestion and sequencing of the clones  

Plasmids were analyzed by restriction digestion to confirm the correct orientation of the 

insert. Ape Software was used to analyze sequences. A total of 10 units (1 μl) of restriction 

enzyme (10,000 units/ml) was added to a reaction mixture consisting of 1 μg of plasmid 

DNA, 5 μl of 10x restriction enzyme buffer, and appropriate volume of nuclease-free water 

(Ambion) up to 20 μl. Reaction was incubated for 3 hours at 37 °C. To confirm proper 

cutting of plasmid DNA, agarose gel electrophoresis run in TAE 1X was performed. After 

identifying the corrects clones the construct can be sequenced to confirm that the gene is 

cloned in the correct orientation. M13 Fw and M13 Rv primers are used for this purpose 

(Fw 5’-TGTAAAACGACGGCCAGT-3’ and   Rv 5’-CAGGAAACAGCTATGAC-3’). 

 

After obtaining the entry clone an LR recombination reaction using Gateway® LR 

Clonase® II enzyme mix is performed in order to transfer the GOI from the entry construct 

into any Gateway® destination vector of choice to generate an expression clone.  

The complete list of the plasmids obtained with the Gateway cloning kit is presented below: 

 

 

 

 

 

 

 

3 Chemical screen  

3.1 Chemical library  

 

A collection of 1280 off-patent small molecules, 95% approved drugs (FDA, EMA and other 

agencies) from the Prestwick library were screened. Drugs have high chemical and 

pharmacological diversity, as well as known bioavailability and safety in humans 

(http://www.prestwickchemical.com/libraries-screening-lib-pcl.html). 

 

List of plasmid obtained with Gateway cloning kit 

T2S cmlc2-EGFP;UAS:GNAQR183QEGFP-pA 

T2S cmlc2-EGFP;UAS:GNAQQ209LEGFP-pA 

T2S cmlc2-EGFP;UAS:GNA11Q209LEGFP-pA 

T2S cmlc2-EGFP;UAS:CYSLTR2L129Q-EGFP-pA 

Table 1: List of plasmid obtained with Gateway cloning kit and used for injection in zebrafish embryo. 

http://www.prestwickchemical.com/libraries-screening-lib-pcl.html
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3.2 Automated chemical screen of embryos in 384-well plates 

 

The transgenic line Et(kita:Gal4TA,UAS:mCherry)hmz1;Tg(UAS:eGFP-H-RASV12)io006 was 

used for the primary screen. The chorion of 20 hpf embryos was enzymatically removed 

using protease from Streptomyces griseus (0.025 mg/mL for 10 min) (Sigma-Aldrich). 

Embryos were manually arrayed into 384-well plates (Corning®) in 70 μL of E3 fish water 

(5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2 × 2H2O, 0.33 mM MgSO4 × 7H2O, 0.0002% 

methylene blue, pH 6.5). At 20 hpf embryos were incubated with drugs of the Prestwick 

library (four replicates for each drug) at a 15 μM final concentration for 48 h. Molecules 

were aliquoted in the 384 wells plate using Tecan Evo200 Robotic station (Tecan) of the 

HTS Facility at CIBIO Department (University of Trento). 0.15% DMSO was used as 

negative control (32 replicates per plate). In total 5632 embryos were screened. At the end 

of the treatment, larvae were anesthetized with 1x MS-222 (Sigma-Aldrich), and manually 

positioned on their side in the upper left corner along the diagonal of the well.  

Image acquisition was performed by Operetta High Content System (Perkin Elmer). The 

region of interest was acquired in one field of view with a 10X objective (NA = 0.4) and 

included the head and the yolk while the tail was excluded. The images were acquired in 

Widefield mode with three channels: brightfield, 460-490 Ex/500-550Em for EGFP and 

520-550Ex/590-640Em for mCherry as seen in figure 3.4 in the results section chapter 3. 

Four z-stacks with 30 μm steps were sufficient to obtain a representative image for each 

fish with the exception of the most aberrant phenotypes. The resulting maximum projection 

was analysed using Harmony® software (Perkin Elmer). Images were pre-processed by 

filtering and smoothing. Signal normalization was performed to reduce artefacts and 

increase the inter-plate comparability. Fish region was defined using the EGFP diffuse 

signal and the portion of notochord was removed using a normalized intensity threshold to 

avoid unspecific segmentation in the next steps. Cell detection in the defined region was 

performed using a highly inclusive method based on the mCherry normalized signal. 

Multiple properties of the cells were calculated and melanocytes were selected by 

automated pattern recognition relying on supervised machine learning (PhenoLOGIC™ 

Perkin Elmer). Based on the selected training objects, a linear combination of properties 

is identified which best separates the training samples (A versus B) seen in figure 3.4 in 

the results section chapter 3.  

Data analysis consisted in a plate-wise normalization of the features compared to the 

negative controls (percentage of control, POC), taking in account the number of 

melanocytes per fish area as final readout. Embryos showing a severe toxic phenotype 

were automatically detected and excluded from the selection process. In the absence of a 

real positive control, we relied on the variability of negative controls to evaluate the 
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robustness of the screening. Considering the complexity of the model, an acceptable CV 

(<20%) was obtained for the following features in each plate: mCherry whole image 

intensity, mCherry cell intensity, eGFP cell intensity, number of melanocytes selected, fish 

area, number of melanocytes/log10 fish area. The resulting cell segmentation and 

mCherry positive melanocytes selection is shown Results figure 3.4.  

 

3.3 Chemicals  

 

Clotrimazole and Miconazole were obtained from Acros OrganicsTM (Canada). Lonafarnib 

and Trametinib were obtained from Selleckchem (Munich, Germany). All the drugs were 

dissolved in Dimethylsulfoxide (Sigma-Aldrich). 

 

3.4 Larval melanin content assay 

 

Larvae were anaesthetized with 1x MS-222 (Sigma-Aldrich) and transferred to 1,5 ml 

Eppendorf (n=20 per condition). Water was removed by careful aspiration and 200 μl of 

1M NaOH were added. Eppendorf were maintained in agitation at 37°C until animals were 

completely dissolved. Absorption was then measured at 340 nm in a 96-well plate reader 

at the Infinite M200 plate reader (Tecan). Casper values were subtracted to remove the 

signal coming from the dark pigmentation of the eyes. 

 

4 In vitro and molecular biology experiments  

4.1 Cell Culture Conditions 

 

NHEM or Normal Human Epithelial Melanocytes cells were grown in DMEM medium 

supplemented with 10% FBS, 2 mM L-Glutamine and 2 mM of Penicillin/Streptomycin. 

A375M cutaneous melanoma cells were cultured in RPMI medium +10% FBS, 2 mM L-

Glutamine and 2 mM of Penicillin/Streptomycin. All the cell culture reagents were obtained 

from Gibco (Life Technologies, Thermo Fisher Scientific, Milan, Italy).  

Human MP41 cell line was established from PDX tumor derived from primary uveal 

melanoma. They carry a GNAQ mutation at codon 626. [128]. This cell line is maintained 

in RPMI-medium (Gibco-Thermo Fisher Scientific, Milan, Italy) supplemented with 20% 

fetal bovine serum (FBS, Sigma-Aldrich), 2mM L-glutamine (Gibco) and a mixture of 

100U/ml Penicillin/ 100μg/ml Streptomycin (Gibco). Cells were maintained at 37˚C in a 

humidified atmosphere containing 5% CO2. 

ZMEL1-mCherry cells were obtained from Richard White (Memorial Sloan Kettering 

Cancer Center, NY, USA) while MP41 cells were from Institut Curie, France. The ZMEL1 

https://paperpile.com/c/UPa5Q5/oLkPM
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cell line was previously generated from a melanoma derived from a 6 months old 

Tg(mitfa:BRAFV600E;p53zdf1/zdf1;mitfa-/-) fish [99]. It is maintained in DMEM medium (Gibco-

Thermo Fisher Scientific, Milan, Italy) supplemented with 10% fetal bovine serum (FBS, 

Sigma-Aldrich), 2mM L-glutamine (Gibco) and a mixture of 100U/ml Penicillin / 100μg/ml 

Streptomycin (Gibco) at 28˚C.  

Mycoplasma test was performed monthly as scheduled by our CIBIO Cell Technology 

Facility (PlasmoTest™Mycoplasma Detection Kit, InvivoGen, Toulouse, France). 

Experiments were done within one month from the thawing procedure. 

 

4.2 Cell viability assay  

 

Cells were seeded in a 96 well-plate (20.000 cells/well). After 24 hours if cells appeared 

70% confluent they were treated with different concentrations of drugs for 48 h. Medium 

was removed and wells were washed with 1X PBS (Thermo-Fisher). 10 μl of MTT reagent 

(Sigma-Aldrich) (5 mg/ml solution in 1X PBS) were added to 90 μl of fresh medium. Cells 

were incubated for 3 hours. Afterwards, medium was accurately removed, cells were lysed 

in 100 μl of DMSO (Sigma-Aldrich), and a colorimetric measure was performed at the 

Infinite M200 plate reader (Tecan). Viability was calculated as a % ratio of viable cells 

treated with the indicated drug respect to a DMSO-treated control. 

 

4.3 RNA extraction and Quantitative PCR 

 

Total RNA was extracted from zebrafish larvae using the TRIzolTM Reagent (InvitrogenTM) 

and the RNeasy Mini Kit (Qiagen), following the manufacturer’s instruction. Twenty larvae 

per sample were used, in a final volume of 300 μl of TRIzolTM. RNA was treated with RNase 

free DNaseI (Qiagen). RNA concentration was quantified through Nanodrop2000TM 

(Thermo Fisher). cDNA was synthetized from total RNA (500 ng) using SuperScript VILO 

(InvitrogenTM) according to the manufacturer’s instructions. Quantitative Real-time PCR 

was performed with a CFX96 Real-Time PCR Detection System thermocycler (Bio-rad) 

using the 2x qPCRBIO SyGreen (PCR Biosystems).  

Primers, designed using Primer 3 are listed in table 2.  

 

Gene name NCBI Gene-ID Primer (5’-3’) Primer sequence 

rps11 406686 DrRps11-Fw ACAGAAATGCCCCTTCACTG 

rps11 406686 DrRps11-Rv GCCTCTTCTCAAAACGGTTG 

hk1 406791 DrHXK1-Fw GGTGAATTGGACGAAGGGCTTTAA 

hk1 406791 DrHXK1-Rv CCTCTTGATCCCCTCTCTCAGAAG 

hk2 406339 DrHXK2-Fw AAAACTCGCGGGATCTTCGA 

https://paperpile.com/c/UPa5Q5/mq789
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For any sample the expression level was analyzed using the CFX ManagerTM Software 

(Bio-rad). All the genes were normalized to expression of DrRps11 as an endogenous 

control. 

 

4.4 Lysate preparation and western blot analysis 

 

Forty 3 dpf embryos were transferred in a 1,5 ml Eppendorf tube filled with 500 μl with 

Deyolking buffer (55 mM NaCl, 1.8 mM KCl, 1,25 mM NaHCO3, 1 mM EDTA, Phosphatase 

Inhibitor (Roche) and Protease Inhibitor (Roche)) and pipetting 4-5 times with a narrow tip 

was performed in order to disrupt the yolk sac. One tablet of Protease Inhibitor and one 

tablet of Phosphatase Inhibitor are sufficient for a volume of 10 ml solution. Roche 

manufacturer instructions do not show the exact concentration because of patenting. For 

total lysate extraction embryos were homogenized using a small pestel, briefly centrifuged 

to pellet not homogenized material, transferred in a new tube and resuspended in 200 μl 

of Sample Buffer 1X (2% SDS, 10% glycerol, 60 mM Tris pH 6.8). They were subsequently 

maintained in agitation for 1 h at 4 °C. Lysates were then centrifuged at 15,000 x g for 20 

min at 4 °C and after determining protein concentration with Pierce™ BCA Protein Assay 

Kit (Thermo Fisher) 30 µg of protein were loaded on 10 % SDS-PAGE gels followed by 

electroblotting onto nitrocellulose membranes.  

To prepare mitochondria enriched protein fractions, forty embryos were homogenized as 

previously mentioned and resuspended in isolation buffer (20 mM Hepes, pH 7.4, 10 mM 

KCl, 1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM dithiothreitol, 250 mM sucrose) in ice for 

3 min. The homogenate was centrifuged twice at 1500 ×g at 4 °C to remove unbroken cells 

and nuclei. Supernatant is transferred in a clean 1,5 ml Eppendorf tube after the first 

hk2 406339 DrHXK2-Rv CTCAATGCCAAACGATCACTTTCA 

HKII 3099 HsHXK2-Fw GATTTCACCAAGCGTGGACT 

HKII 3099 HsHXK2-Rv CCACACCCACTGTCACTTTG 

GAPDH 2597 HsGAPDH-Fw GTGAAGGTCGGAGTCAACG 

GAPDH 2597 HsGAPDH-Rv GGTGAAGACGGCCAGTGGACTC 

GNAQ 2776 HsGNAQ-Fw TTTGTCTTTGCTGCCGTCAA 

GNAQ 2776 HsGNAQ-Rv GCTGAACTTGTGGCCGTTTA 

YAP1 10413 HsYAP1-Fw CGCCAGTCCTCTTACGAGAT 

YAP1 10413 HsYAP1-Rv GGCTGGGTTCATGATGTTCT 

ITGB2 3689 HsITGB2-Fw GGGACTACCCATCTGTTGGA 

ITGB2 3689 HsITGB2-Rv ATAAAGTTCGGGAGGGCATC 

IQGAP1 8826 HsIqGAP1-Fw GGCCAAGAGTGAGAAAGTGG 

IQGAP1 8826 Hs-IqGAP1-Rv ATCCCTTGTTCTGAGCCTGA 

H-RAS 3265 Hs-HRAS-Fw GATCCCAGTGTGGTGGTACA 

H-RAS  3265 HS-HRAS-Rv ATCAATGACCACCTGCTTCC 

Table 2: List of the primers used in this work. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-lysate
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centrifugation step. The mitochondria-enriched fraction was then pelleted by centrifugation 

at 12,000 × g for 30 min and then resuspended in 50 μl Sample Buffer 1X. Protein 

concentration was measured as mentioned above. 30 µg of protein were loaded on 10 % 

SDS-PAGE gels followed by electroblotting onto nitrocellulose membranes.  The 

membranes were probed with antibodies against the following proteins: Hexokinase 2 

(1:5000) (GeneTex), and VDAC (1:1000) (Cell-Signaling) and actin (1:1000) (MP 

Biomedical) served as a loading control for mitochondrial and total fraction respectively. 

Proteins were visualized with the ChemiDoc™ XRS+ System (Bio-rad) using a 1:10000 

dilution of Polyclonal goat anti-mouse immunoglobulins HRP (DAKO) or 1:10000 dilution 

Polyclonal goat anti-rabbit immunoglobulins HRP (DAKO). 

 

4.5 Hexokinase Assay  

  

The ability of clotrimazole to modulate HK activity was evaluated by using the Hexokinase 

Assay Kit (Elabscience). Specifically, cells were treated with clotrimazole at 20 μM for 48 

h and the effect was compared to that of control cells (i.e. cells treated with DMSO). 

Utilizing the reaction with glucose 6-phosphate dehydrogenase (G-6-PD), and providing a 

sufficient amount of substrate, HK activity can be calculated by measuring the increase 

value of absorbance at 340 nm. Adherent cells were detached with a cell scraper and then 

collected by centrifugation at 1000 rpm for 10 min. Pellet was resuspended in 1 ml of cold 

PBS 1X and centrifuged again for 10 min at 1000 rpm. Cells were resuspended in PBS 

1X. Larvae were homogenized in PBS 1X on ice. Homogenate is centrifuged at 2500 rpm 

for 10 min. For A375M and NHEM cells or larvae reagents of the HK assay are mixed 

according to the manufacturer’s instructions. Spectrophotometer Infinite M200 (Tecan) is 

preheated at 37˚C and wavelength is read at 340 nm at 30 s and 150 s after adding the 

reagents. 

 

4.6 BCA assay 

 

The calibration curve has been done using increasing concentrations (0,125, 0,25,0,5, 1 

and 2 mg/ml) of bovine serum albumin (BSA, Pierce) in a total volume of 25μl (BSA + 

water + lysis buffer). 5μl of sample are diluted with water to have a final volume of 25 μl. 

200 μl of BCA reaction mix were prepared diluting reagent A and B in a 1:50 ratio. Plate is 

incubated at 37 ̊ C for 30 minutes. Absorbance is read at 595 nm in the Spectrophotometer 

(Tecan). The calibration curve is created using Microsoft Excel and protein concentration 

is obtained for each sample. 
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5 Histology 

5.1 Chemical fixation of adult zebrafish and pre-mounting tissue processing 

 

Adult fish were sacrificed by anaesthetic overdose (0,4% tricaine), heads were dissected 

and conserved using 4% (w/v) paraformaldehyde in 1x phosphate buffer saline (PBS) at 

4°C for 24 hours. Following fixation, fish were washed with ddH2O (3x1 minute) then 

decalcified in 0.25 M EDTA pH8 at RT for 3 days on a rotating surface. After EDTA 

treatment, fish were re-washed with 1x PBS (3x1 minute), transferred to 70% EtOH and 

stored at 4°C before paraffin embedding.  Samples were placed in pre-labelled embedding 

cassettes and processed manually. Briefly, samples were initially dehydrated through a 

series of increasing concentrations of EtOH up to 100%. This was followed by xylene 

immersions which gradually replace EtOH and facilitate paraffin wax infiltration through 

the tissues at the final stage of processing. Briefly: 70% EtOH 2*15, 90% 2*15, 100% 2*15, 

Xylene 2*1; 60°C prewarmed paraffin (Diapath).  

         

5.2 Embedding and sectioning 

      

Following processing, paraffin-infiltrated tissues were carefully oriented in plastic molds 

containing hot paraffin wax using an embedding station (BioOptica) then allowed to set on 

a cold plate for 1 hour. Sections were cut at a thickness of 7 μm using RM2245 microtome 

(Leica) then stretched on a warm distilled water and bath set at 40°C from which they were 

guided on labelled pre-treated glass slides (Thermo Fisher Scientific) and allowed to 

further adhere on a hot plate. Sections were left to dry overnight at 37°C then stored at 

room temperature.  

 

5.3 H&E staining 

 

For histological analysis 7 μm sections were stained with heamatoxylin (Sigma-Aldrich) 

and eosin (Sigma-Aldrich) through incubation in Xylene (Sigma-Aldrich) 2*5 min, 100% 

EtOH 1 min, 95% EtOH 2*1 min, 70% 1 min, tapwater 2*1 min, hematoxylin 4 min, tapwater 

2*1 min eosin 30 sec-1 min, 70% EtOH 2*1 min, 95% EtOH 2*1 min, 100% EtOH. 

 

6 Imaging 

6.1 Microscopes 

 

We used the stereomicroscope (Leica MZ 16F) equipped with epifluorescence for 

selection of positively transplanted larvae using eGFP filter to detect eGFP fluorescence 
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and DsRed filter to detect mCherry fluorescence. Some images of this work were acquired 

using the LAS X software. 

For confocal image acquisition anesthetized larvae were mounted dorsal side up as 

described by [129]. Z-stack images were acquired with confocal microscope (Leica TCS 

SP5). Larvae were mounted dorsal side down in 1% low melting point agarose (Life 

Technologies) in glass-bottom dishes (MatTek) filled with E3 containing 0.2 g/L tricaine 

(MS222, Sigma Aldrich).  

 

6.2 Staining with H1-Alexa 488 

   

Staining of MP41 cells was performed using the Histone-H1 Alexa Fluor 488®dye (cat n° 

H13188) which produces fluorescent conjugates that are brighter and much more 

photostable than those of fluorescein. Before transplantation in zebrafish embryos cells 

were incubated for 4 hours with Histone-H1 Alexa Fluor 488® dye at a final concentration 

of 5 μg/μl in medium at 37°C in a 5% CO2 incubator. 

  

7 Transplantations experiments 

7.1 Xenografts into zebrafish embryos 

 

 Xenografts were performed at 2 days post-fertilization in Casper;prkdcD3612fs mutant fish 

[93]. Before transplantation, fluorescent cells were grown to 70-90% confluence, 

trypsinized (0,25% trypsin-EDTA) (Gibco), centrifuged at 1200 g for 4 minutes, washed 

with PBS 1X, counted, and finally resuspended in 2% polyvinylpyrrolidone-40 (PVP-40, 

Calbiochem, San Diego, USA). Dechorionated embryos were then anaesthetized using 

1X Tricaine (MS222 Sigma-Aldrich) in E3 medium and disposed on a previously prepared 

1.5% agarose dish. 10 μl of cell suspension was then loaded into the needle previously 

prepared using borosilicate capillary without filaments. The loaded needle was then 

inserted into a micromanipulator (Eppendorf) and injections were performed into the left or 

right retro-orbital space substantially as described in [92] with the difference that the 

volume of cells injected was calibrated to be approximately 2 nl (corresponding to a max 

of 50 cells/embryo). The micromanipulator was set with the following parameters: pressure 

of injection ~ 3-4 PSI, time of injection: 0.1-0.2 s. 

  

7.2 Transplanted fish follow up  

 

Images were obtained immediately after transplantation with a Leica MZ10F stereo 

fluorescent microscope by positioning the embryos in 3% methylcellulose (Sigma Aldrich). 

https://paperpile.com/c/UPa5Q5/O1dlt
https://paperpile.com/c/UPa5Q5/RmdgD
https://paperpile.com/c/UPa5Q5/Us0Q7
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After transplant and image acquisition, embryos were maintained in E3 medium at 34°C 

and selected larvae were imaged at the confocal microscope the following days. Larvae 

were kept in E3 medium plus Pen/Strep at 34°C for 3 days and then placed in the acquaria, 

and grown at 34°C for assessing tumor development. Growing fish were examined twice 

a week under a fluorescent stereomicroscope upon mild anaesthesia with 0.16g/L tricaine 

to observe fluorescent tumoral cells or melanoma growth. 

  

7.3 Immunostaining on cryostat sections 

 

For immunostaining with the Human Nuclear Antigen antibody (Abcam, ab191181) or RFP 

antisera (Abcam, ab69341), larvae were equilibrated in 20% sucrose after 4% (w/v) PFA 

fixation, 10 μm thick sections were cut at a cryostat and collected on SuperFrost Ultra 

Plus™ Adhesion Slides (ThermoFisher). Sections were treated with 1% SDS in PBS for 

15 min before incubation with HNA Ab diluted to 0.5 μg/μl, and RFP Ab diluted 1:100, 

followed by incubation with an anti-mouse secondary ab conjugated with Alexa-488 and 

anti-rabbit, conjugated with alexa-546. 

 

8 Seahorse XFp 

8.1 Agilent Seahorse XF cell energy tests 

 

XFp cell energy phenotype test kit including oligomycin, carbonylcyanide p 

trifluoromethoxy-phenylhydrazone (FCCP), XFp glycolysis stress test kit including 

glucose, oligomycin, 2-deoxyglucose (2-DG) and XFp Mito Stress test kit including 

oligomycin, carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP) and 

Rotenone/antimycin A were obtained from Seahorse Bioscience Inc. (Billerica, MA, USA). 

XFp cell culture plates, sensor cartridges and XFp base medium were also purchased from 

Seahorse Bioscience Inc. The Agilent Seahorse XFp Sensor Cartridge is hydrated in 

Agilent Seahorse XFp Calibrant at 37°C in a non-CO2 incubator overnight. A375M and 

NHEM cells are plated in the Agilent Seahorse XFp Cell Culture Miniplate at the desired 

density (15.000 for A375M or 20.000 for NHEM) using the appropriate cell culture growth 

medium. The next day cells are washed with the assay medium and old medium is 

replaced to a final volume of 180 μL per well. The Agilent Seahorse XFp Cell Culture 

Miniplate is put into a 37°C non-CO2 incubator for 1 h before the assay. 

 

8.2 Cell energy phenotype test 

This assay gives an indication of the preferred energetic metabolic pathway used by the 

cells under investigation. This is done by measuring oxygen consumption rate (OCR) and 
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extracellular acidification rate (ECAR) at basal condition and after stress (inhibiting 

mitochondrial energy production). The assay medium is prepared by supplementing 

Agilent Seahorse XF Base Medium with 1mM pyruvate, 2mM glutamine, and 10mM 

glucose bringing the pH to 7.4 with 0.1 N NaOH. Oligomycin and FCCP were diluted in the 

assay medium following Agilent Seahorse XFp Cell Energy Phenotype Test User Guide 

and the final mix was loaded into port A. The machine was calibrated and the assay was 

performed using cell energy phenotype test assay as suggested by the manufacturer 

(Seahorse Bioscience, Billerica, MA, USA). ECAR was measured under basal conditions 

followed by the addition of oligomycin and FCCP. 

 

8.3 Glycolysis stress test assay 

 

The assay medium is prepared by supplementing Agilent Seahorse XF Base Medium 2mM 

glutamine, bringing the pH to 7.4 with 0.1 N NaOH. Cells are placed in 37°C incubator with 

5% CO2. Glucose, oligomycin, and 2-DG were diluted in the assay medium following 

Agilent Seahorse XFp Glycolysis Stress Test User Guide and loaded into ports A, B and, 

C, respectively. The machine was calibrated and the assay was performed using glycolytic 

stress test assay protocol as suggested by the manufacturer (Seahorse Bioscience, 

Billerica,MA, USA). ECAR was measured under basal conditions followed by the 

sequential addition of glucose, oligomycin, and 2-DG. 

 

8.4 Mito stress test assay 

 

The assay medium is prepared by supplementing Agilent Seahorse XF Base Medium with 

1mM pyruvate, 2mM glutamine, and 10mM glucose bringing the pH to 7.4 with 0.1 N 

NaOH. Cells are placed in a 37°C incubator with 5% CO2. Oligomycin, FCCP and, 

Rotenone A were diluted in the assay medium following Agilent Seahorse XFp Mito Stress 

Test User Guide and loaded into ports A, B and C, respectively. The machine was 

calibrated and the assay was performed using mito stress test assay protocol as 

suggested by the manufacturer (Seahorse Bioscience, Billerica, MA, USA). ECAR was 

measured under basal conditions followed by the sequential addition of oligomycin, FCCP 

and Rotenone A. 

 

8.5 Data analysis 

 

The XF report generator automatically calculates the XF cell energy phenotype profile. 

Energy Phenotype Test, Glycolysis stress and Mito stress data from the Seahorse Wave 
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controller Software (Agilent) have been exported to Excel and GraphPad Prism 6 for 

further analysis. 

 

9 Statistics 

 

All the qPCR graphs and the statistical analysis (Mann-Whitney - nonparametric test, no 

Gaussian distribution, two-tailed, interval of confidence: 95%) or ANOVA test were 

generated and calculated using GraphPad Prism software version 6.0. For all experiments 

a minimum of three fish or groups per genotype was used, unless differently specified. 

Details regarding number of samples used and statistical analysis are provided in the 

figure legends.  

For the survival curve the Long Rank test was performed. Three families for each genotype 

were used for the analysis. 

 

10 Key resources table 

 

Detailed information about the materials used during this project are listed in the key 

resources table below: 

 

Reagent or resource Source Identifier 

Antibodies 

Hk2 GeneTex Cat#: GTX124375 

Actin  MP Biomedical  Cat#: 691001 

VDAC Cell Signaling  Cat#: 4661P 

Polyclonal goat anti-mouse immunoglobulins HRP DAKO Cat#: P0447 

Polyclonal goat anti-rabbit immunoglobulins HRP  DAKO Cat#:P0448 

Human nuclear antigen  Abcam Cat#:191181 

Anti-RFP  Abcam Cat#:62341 

Alexa Fluor® 488 Abcam Cat#:150113 

Chemicals, Peptides, and Recombinant Proteins 

Lonafarnib Selleckechem S2797  CAS 193275-84-2 

Trametinib  Selleckechem S2673 CAS 871700-17-3 

Miconazole nitrate salt Acros OrganicTM 291830010 CAS 22832-87-7 

 

Clotrimazole Acros OrganicTM 

 

455460250 CAS 23593-75-1 

PFA (Paraformaldehyde) Sigma-Aldrich Cat#: P6148 CAS 30525-89-4   

Dimethylsulfoxide Sigma-Aldrich Cat#: D8418 CAS 67-68-5 

Tricaine methanesulfonate Sigma-Aldrich Cat#: E10521 CAS 886-86-2 

MTT Sigma-Aldrich Cat#: M5655 CAS 298-93-1 

Protease from Streptomyces griseus Sigma-Aldrich Cat#: P5147 CAS 9036-06-0 

PhosphoSTOP Easy Pack Roche Cat#: 04906845001 
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Complete Mini Easy Pack Roche Cat#: 04693124001 

Trizol  InvitrogenTM Cat#: 15596026 

PTU (1-phenyl-2-thiourea) Sigma-Aldrich Cat#: P7629 CAS 103-85-5   

RNase-free DNase InvitrogenTM Cat#: 10977035 

Eosin Sigma-Aldrich Cat#: 861006 CAS 548-24-3 

Hematoxylin  Sigma-Aldrich Cat#: H3136 CAS 517-28-2 

Xylene Sigma-Aldrich Cat#: 214736 CAS 1330-20-7 

Critical Commercial Assays 

pENTRTM Directional TOPO® Cloning Kit InvitrogenTM K2400-20 

Gateway® LR ClonaseTM II Plus Enzyme Mix InvitrogenTM Cat#: 11791020 

SOC Medium  Sigma-Aldrich Cat#: S1797 

One Shot™ TOP10 Chemically Competent E. coli InvitrogenTM Cat#:C404003 

QIAprep Spin Miniprep  Qiagen Cat#:27104 

Prestwick chemical library® Prestwick Chemical  

RNeasy Mini Kit Qiagen Cat#: 74106 

PureYield™ Plasmid Midiprep System  Promega Cat#: A2492 

SuperScript® Vilo cDNA Kit InvitrogenTM Cat#: 11754050 

GoTaq®  qPCR Master Mix Promega Cat#: A6001 

PlasmoTest™Mycoplasma Detection Kit InvivoGen rep-pt1 

PierceTM BCA Protein Assay Kit Thermo Fisher  Cat#: 23227 

Seahorse XFp Cell Energy Phenotype Test kit Agilent Technologies Cat#:103275-100 

Seahorse XFp Glycolysis Stress Test Kit Agilent Technologies Cat#:103017-100 

Seahorse XFp Mito Stress Test Kit  Agilent Technologies Cat#:103010-100 

Hexokinase (HK) Colorimetric Assay Kit ElabScience  E-BC-K121 

Trident plus Western HRP Substrate GeneTex GTX4000006 

mMESSAGE mMACHINE™ SP6 Transcription Kit  InvitrogenTM Cat#: AM1340 

PierceTM Bovine Serum Albumin Standard Ampules InvitrogenTM Cat#:23209 

Histone H1 From Calf Thymus, Alexa Fluor™ 488 

Conjugate 

InvitrogenTM Cat#:H13188 

Experimental Models: Cell Lines 

Human: A375M Laboratory of Yari 

Ciribilli (CIBIO) 

Cancer Res. 44:3522-3529 

Human: NHEM  Laboratory of Maria 

Teresa Valente (UniVr)  

Oncotarget, 2018, Vol.9, 

(No.14),pp:11489-11502 

Human: MP41 Institut Curie Mol Oncol. 2014 

Dec;8(8):1508-20 

Zebrafish: ZMEL1 Memorial Sloan 

Kettering Cancer 

Center, NY, USA 

Cancer Res. 2015 Oct 15; 

75(20): 4272–4282. 

Cell culture    

DMEM medium, phenol red Gibco-Thermo Fisher Cat#: 11960044 

RPMI medium, phenol red Gibco-Thermo Fisher Cat#: 21870076 

Fetal bovine serum Gibco-Thermo Fisher Cat#: 26140079 

Penicillin/Streptomycin Gibco-Thermo Fisher Cat#: 10378016 

L-Glutammine Gibco-Thermo Fisher Cat#: 25030081 

PBS Gibco-Thermo Fisher Cat#: 10010023 

Trypsin-EDTA (0.25%), phenol red Gibco-Thermo Fisher Cat#: 25200056 

Oligonucleotides 

For sequence see table in M&M section  Eurofins Genomics and 

Metabion  
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Software and Algorithms 

GraphPad Prism 6   https://www.graphpad.com/sci

entific-software/prism/ 

Image LabTM Bio-Rad https://www.bio-rad.com/it-

it/product/image-lab-

software?ID=KRE6P5E8Z 

CFX ManagerTM Bio-Rad https://www.bio-rad.com/it-

it/life-science-

research/news/bio-rad-

introduces-new-cfx-manager-

3-0-

software?vertical=LSR&ID=Bio

-Rad-Introduces-

N_1346431485 

Harmony PhenoLOGICTM Perkin-Elmer http://www.perkinelmer.com/it/

product/phenologic-license-for-

harmony-hh12000704 

KNIME Analytics Platform  https://www.knime.com/knime-

software/knime-analytics-

platform 

Primer 3  http://primer3.ut.ee 

ChemMine (Backman, Cao, and 

Girke 2011) 

http://chemminetools.ucr.edu 

ApE M. Wayne Davis http://jorgensen.biology.utah.e

du/wayned/ape/ 

Seahorse Wave controller Software Agilent Technologies https://www.agilent.com/en/pro

ducts/cell-analysis/cell-

analysis-software/instrument-

software/wave-controller-2-4 

Paperpile  Paperpile LLC https://paperpile.com/app 

 

 

 

 

 

 

 

Table 4: Key resources table 

https://paperpile.com/c/g0PQaO/Q2su
https://paperpile.com/c/g0PQaO/Q2su
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