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Abstract 

Malignant melanoma is one of the most aggressive types of cancer. While early-stage melanoma 

can be cured by surgical excision, late-stage melanoma remains a highly lethal disease. Current 

therapeutic strategies, including single agents or combined therapies, are hampered by low 

response rates and by diverse resistance mechanisms. 

The most frequent mutation in malignant melanoma is the V600E substitution in the BRAF 

oncogene. This mutation constitutively activates the MAPK pathway, promoting cell survival, 

proliferation, and motility. Among the impacting therapies, BRAFV600E inhibitors (BRAFi) are 

initially very effective, but, due to quick development of acquired resistance, they can be used for 

short periods of time (4-6 months). The development of current drug combinations just postpones 

the acquired resistance. 

With the final aim to identify new molecular factors involved in BRAFV600E-driven malignant 

transformation, hence, to improve the response to BRAFi, we are developing and characterizing 

new melanoma models in zebrafish. In this 3-year PhD project, using the Tol2 system, I generated 

melanoma-prone transgenic lines in which tumors are driven by BRAFV600E in its reference and 

X1 isoforms (BRAFV600E-ref and BRAFV600E-X1). While BRAFV600E-ref is the isoform 

commonly used for similar models, BRAFV600E-X1 is a poorly characterized isoform that, as 

we discovered in our laboratory, always coexists with the ref. 

The novelty of this project also lies in the study of the 3’UTR (three prime untranslated region) 

regulatory regions. These lines express either BRAFV600E ref/X1 coding sequence only or 

BRAFV600E ref/X1 coding sequence plus their respective 3’UTR. Our data in a mosaic condition 

show alterations in the pigmentation patterns and in the development of nevi, from which tumors 

originate, as well as a higher melanoma incidence in presence of BRAFV600E-ref compared to 

BRAFV600E-X1. Moreover, tumor development resulted to be faster in fish expressing each 

coding sequence with respect to the coding sequence + 3'UTR. Likewise, we are also generating 

stable lines. The determination of the location of the transgene is done through an innovative 

genotyping technique that combines CRISPR/Cas9-mediated DNA editing and Oxford Nanopore 

Technology (ONT) based sequencing.  Stable lines will be studied for BRAFV600E variant-

specific coding-(in)dependent activities and drug sensitivity.  

With respect to drug screening, we will exploit the neural crest signature, which is present in 

progenitor cells during the early stages of embryonic development and is aberrantly reactivated 

in melanoma cells. We will use crestin, a common marker in zebrafish, to generate a dual reporter 
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zebrafish line expressing mCherry and Luciferase reporter genes under the control of the crestin 

promoter. 

Crossed with the BRAFV600E variant-specific melanoma prone lines, this crestin line can be used 

as a tool for high-throughput quantitative screening of novel BRAFi-focused drug combinations 

in zebrafish embryos. Preliminarily, our data confirm a higher expression of crestin in the 

embryos of the BRAFV600E transgenic line compared to the wild type line. Furthermore, we 

observed reduced expression of this marker when treating BRAFV600E embryos with anticancer 

drugs, including BRAFi. 
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1. Introduction  

1.1 Melanoma 

Melanoma is an aggressive tumor resulting from the malignant transformation of 

melanocytes, cells determining the color of the skin and its protection from sun damage caused 

by UV rays. The skin is the largest organ in the body and is composed of three layers: the 

epidermis, the dermis and the subcutaneous or fatty tissue. The epidermis, the most external and 

photo-protective layer, is predominantly formed by melanocytes and keratinocytes that 

specifically establish a structural and functional unit (one melanocyte for almost 36 keratocytes) 

(Hoath and Leahy, 2003). 

Global annual incidence of melanoma is increasing and has doubled over the last 15 years 

resulting in approximately 100,000 new cases arising annually worldwide. About 85% of 

cutaneous melanomas affect populations in North America, Europe, and Oceania 

(http://globocan.iarc.fr) (Fig.1). The incidence is higher in Caucasians and women are more 

affected than men. The age most at risk for melanoma is between 25 and 50 years, highlighting 

the need for primary prevention campaigns for this cancer. In Italy, more than 14,000 melanoma 

cases occurred in 2020 (AIRTUM 2020 data). In this country, it is the second most common 

cancer in males and the third most frequent in females under 50 years of age. 

 

 

Figure 1 - Incidence of cutaneous melanoma in both men and women in 2020. Picture from © International 

Agency for Research on Cancer 2022. Data source: GLOBOCAN 2020 Graph production: IARC 

(http://gco.iarc.fr/today) World Health 

The onset risk of cutaneous melanoma is associated to genetic, phenotypic, environmental 

factors and to the combinations between these. The most important environmental risk factor has 

http://gco.iarc.fr/today
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been identified in the exposure to UV rays associated to the absorbed doses, the type of exposure 

(intermittent rather than chronic) and the age (childhood and adolescence being at greater risk) 

(Rastrelli et al., 2014). 

The net survival 5 years after diagnosis is 88% in men and 91% in women in the early 

stages of the disease (aiom.it). In these conditions, surgery is the treatment of choice for 

melanoma. Lymph node dissection is also indicated in cases of patients with a positive sentinel 

lymph node, mainly in cases of clinically evident nodal lymph node metastases (Tropea et al., 

2022). Whereas in metastatic melanoma (MM) cases the mortality rate increases dramatically for 

its high potential of dissemination. Patient prognosis with MM is poor, with the net survival at 5 

years dropping down to 5-19%, depending on the location and number of metastases. (Sandru et 

al., 2014) 

Melanoma can arise on apparently healthy skin or from the modification of a pre-existing 

mole. Early diagnosis serves primarily to distinguish melanoma from common nevi. Usually, the 

moles are harmless spots of regular round or oval shape, flat or raised, of a uniform brown or 

blackish color, dimensions of a few millimeters (<6 mm) in diameter and show slow and gradual 

growth or fade away (Oliveira et al., 2015). Nevi are termed congenital when present from birth 

or acquired when developed later, and most of them (98%) develop in the first 30 years of age 

(Banky et al., 2005). 

 

1.1.1 Melanoma diagnosis 

Melanoma diagnosis is based on clinic, instrumental and histology 

techniques. 

Clinic, observing a lesion with fresh alterations using the ABCDE rule (Thomas et al., 

1998): 

- Asymmetry, the melanoma moles are irregular and one half of it does not match the other; 

- Border, the melanoma moles appear with irregular, jagged, hazy edges; 

- Color, the moles have several colours and different shades that may include black, red-brown, 

pink, white or blue; 

- Diameter, usually the melanoma size is larger than 6 millimeters; 

- Evolving, the lesion tends to grow and widen rapidly, and changes in color. 

Instrumental, observing the parameters used for clinical evaluation but acquiring and 

visualizing the surface’s microscopic images. This comes with all the advantages of using variable 
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magnifications, comparing numerous lesions, and recording the images to follow their evolution 

over time (mole mapping). Tools used include the dermatoscope, videomicroscope, 

stereomicroscope and confocal microscopy (Akasu et al., 1994). Furthermore, imaging tests such 

as chest X-rays, CT scans, PET scans, and MRIs are helpful in determining the disease spreading 

(Garbe et al, 2022). 

Histology, studying tissue sections using both optical microscopy (to assess thickness, 

regression, infiltration) and Immunohistochemistry with Ab that recognize specific surface 

markers (S-100, HMB-45, Vimentin, SOX10, MART-1, MITF, TYR, P16, Ki-67, BRAFV600E, 

ALK1, ROS1, BAP1, PRAME) (Lezcano et al., 2020; Dinehart et al., 2020; Zubovits et al., 2004). 

 

1.1.2 Melanoma classification 

The archival classification of melanoma (Arrington et al., 1977; McGovern 

et al., 1973; Clark et al., 1969) classified it into: 

- Cutaneous melanoma subdivided into 

o Lentigo maligna melanoma (LMM), it is the least common form of melanoma (4-

15%) and affects the exposed areas of the head/neck region (McKenna et al. 2006); 

o Superficial spreading melanoma (SSM), it is the most common form (70%), often 

with a slow (1-5 years) evolution by a precursor and affects any location (Jemal et 

al., 2008); 

o Nodular melanoma (NM), accounts for 15-30% of all melanoma forms. It is the most 

aggressive form with invasiveness and rapid metastasis, and affects the limbs less 

frequently (Kalkhoran et al., 2010); 

o Acral lentiginous melanoma (ALM), which affects the planes of the feet, palms of 

the hands and the hoof region. It is very rare in Caucasian people (Csányi et al., 

2020); 

- Uveal melanoma, which affects the iris, ciliary body, or choroid of the eye. In most cases 

arises from scratches and in rare cases from a nevus (Singh et al., 2018). 

- Mucosal melanoma, which rarely affects mucosal surfaces, including the oral, nasal, 

anorectal, genitourinary, and vulvovaginal region (Ma et al., 2021). 

Additional subtypes of melanoma were recognized by the World Health Organization 

(WHO) 2018 classification in nine pathways. They integrate the etiopathogenetic role of exposure 

to ultraviolet radiation (cumulative solar damage), the cell of origin (melanocyte associated or not 

with the epithelium), and the most characteristic genetic-molecular alterations (Elder et al., 2020): 
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A. Melanomas typically associated with cumulative solar damage (CSD) 

Pathway I. Superficial spreading melanoma/low-CSD melanoma 

Pathway II. Lentigo maligna melanoma/high-CSD melanoma 

Pathway III. Desmoplastic and desmoplastic neurotropic melanoma 

B. Melanomas not consistently associated with cumulative solar damage (no 

CSD) 

Pathway IV. Spitz melanomas 

Pathway V. Acral lentiginous melanoma 

Pathway VI. Mucosal melanomas 

Pathway VII. Melanomas arising in congenital nevi 

Pathway VIII. Melanomas arising in blue nevi 

Pathway IX. Uveal melanoma 

C. Nodular melanoma (any or most of the pathways)  

 

1.1.3 Melanoma staging  

Concerning cutaneous melanomas, they evolve through two main stages of progression. 

In the first phase, early lesions (usually pigmented) expand horizontally on the skin surface. This 

is termed the radial growth phase (RGP). In the second phase, the expansion becomes vertical, 

and the cells acquire the ability to infiltrate the dermis or form a nodule and is termed the vertical 

growth phase (VGP) (Clark et al., 1969). 

The Clark scale (Fig.2) determines the stage of melanoma, describing the layers of the 

skin that the tumor has reached. It is therefore divided into five levels: intraepidermal, papillary 

dermis, complete filling of the dermis, reticular dermis, and infiltration of subcutaneous fat (Clark, 

1967). 

Level I – Involving only the epidermis, in situ 

Level II – Invasion of the papillary dermis 

Level III – Invasion of the junction of the papillary dermis and reticulus dermis 
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Level IV – Invasion of the reticular dermis 

Level V - Invasion of the subcutaneous tissue 

These five stages correspond to progressively more aggressive forms of melanoma with 

worsening prognosis. 

Subsequently, it has been introduced the Breslow microstaging (Fig.2) that measures the 

depth of infiltration of melanoma (Breslow, 1978): 

Stage I - <0,76mm; 

Stage II – 0,76-1,49mm; 

Stage III – 1,5-3mm; 

Stage IV - >4mm. 

Also in this case, the greater the depth, the more aggressive the melanoma will be defined and the 

worse the prognosis will be (Breslow, 1970).  

 

 

Figure 2 -  Clark and Breslow Staging Systems (Chin et al., 1998). 

 

1.1.4 Melanoma evolution  

To follow their development, cutaneous melanomas are generally classified into five 

stages, from 0 to IV, based on the TNM system. This system considers tumour characteristics 

such as the lesion thickness, the replication rate of the tumor cells, the presence of ulcerations (T), 

the lymph nodes involvement (N) and the presence of any metastases (M) (Keung and 

Gershenwald, 2018; Imai, 1976). 
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Stage 0 - Also referred to as melanoma in situ, the tumor is confined to the superficial 

layers of the epidermis. The treatment is surgical. Virtually all these cases are cured. 

Stage I - the tumor reaches up to 2 mm in thickness. With or without tissue tearing 

(ulcerations). Includes subclasses IA and IB, based on Breslow thickness. Treatment is surgical. 

Stage II - the tumor reaches up to 4 mm in thickness and more, can have lacerations, 

satellite tumors. Includes subclasses IIA, IIB and IIC, based on Breslow thickness. Treatment is 

surgical. 

Stage III - The tumor metastasizes to nearby lymph nodes and may have lacerations and 

satellite tumors. It includes subclasses IIIA, IIIB and IIIC, based on the number of involved lymph 

nodes. The treatment is surgical. Adjacent lymph nodes are often removed. Adjuvant drug therapy 

(dabra + tram or nivo - BRAFi + MEKi or PD-L1i) may be associated. 

Stage IV - Melanoma has metastasized beyond regional lymph nodes to other organs such 

as the lung, liver, brain, or other lymph node stations. Lactate dehydrogenase (LDH) levels can 

be elevated. It includes subclasses M1a, M1b, and M1c, based on the organs affected by the 

metastases, the number and size of tumors, and serum LDH levels. The treatment is surgical and 

with chemotherapy (Gershenwald et al., 2008; Balch et al., 2001). 

 

1.1.5 Genetic alterations 

1.1.5.1 MAPK 

Often the histological features are characterized by specific molecular lesions in 

oncogenes and tumor suppressors. According to The Cancer Genome Atlas Network, the genomic 

classification of cutaneous melanoma is divided into 4 subtypes based on the most frequently 

mutated genes: 1. BRAF; 2. RAS; 3. NF1; 4. Triple-WT (characterized by mutations and 

amplifications in KIT, a receptor tyrosine kinase, and the absence of mutations in the BRAF, RAS 

and NF1 genes). (Hayward et al., 2017; Menzies et al., 2012; Cancer Genome Atlas Network, 

2015). These specific mutations involve, directly or not, the MAPK (Mitogen‑activated protein 

kinase) pathway regulating cell growth, survival, and proliferation.  

The MAPK pathway is physiologically activated by growth factors (GF) which, 

interacting with the respective receptors (GFR), usually a receptor tyrosine kinase (RTK), activate 

a signal transduction cascade that, through cytosolic intermediates, concludes in the activation 

and regulation of effector genes (Cuevas et al., 2007). The extracellular GF binding activates the 

RTK (EGFR, c-MET, c-KIT) inducing its dimerization. This conformation allows the receptor 
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trans autophosphorylation in tyrosine residues in the cytoplasmic side (Aramini et al., 2012). The 

phosphorylated tyrosines become anchoring sites for ATP molecules or substrate proteins, such 

as Grb2. In turn, this forms a protein complex with the adaptor protein Shc and guanine exchange 

factor (GEF) Sos, which activates small GTP-binding protein RAS (H/K/N-RAS). The active 

form of RAS, RAS-GTP, interacts with the inhibitor N-term RBD domain of RAF, activating its 

catalytic serine/threonine kinase domain. The active RAF form, translocating on the membrane, 

phosphorylates MEK in serine and threonine. The active MEK form phosphorylates ERK in 

tyrosine and threonine. The active ERK form translocates to the nucleus and phosphorylates 

several substrates (Park et al., 1996) (Fig.3).  

 

Figure 3 -  The MAPK pathway (Gibney et al., 2013).  

 

Each level of the cascade is controlled by a distinct family of proteins. The MAPKKKs (Mitogen-

activated protein kinase kinase kinases) are represented by the RAF family, including A/B/C-

RAF variants. The MAPKKs are represented by the MEK family, that includes MEK-

1/2/3/4/5/6/7 isoforms. Finally, the MAPKs are represented by ERK-1/2 isoforms, JNK-1/2/3 (c-

Jun N-terminal kinases) isoforms and p38-α/β/γ/δ isoforms. 

Among the factors activated by the MAPK signaling pathway, there are transcription 

factors encoding proteins involved in cell replication, survival, proliferation, and differentiation. 

An example of an activated transcription factor is Fos, forming a heterodimer with the 
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transcription factor Jun (AP-1), allowing the cell to enter the S-phase of the cell cycle by 

activating a series of genes including those coding for cyclins D (Hess et al., 2004). Also, CREB 

(cAMP response element-binding protein), c-Myc (transcriptional regulator Myc-like) and NF-

κB (nuclear factor kappa B) are well-known players in these dynamics (Kamran et al., 2013; Sang 

et al., 2003). 

Furthermore, other signaling pathways interact, regulate, or cumulatively transduce 

together with the MAPK signaling pathway, such as P13k/AKT/mTOR (phosphoinositide-3-

kinase/v-akt murine thymoma viral oncogene homolog 1/mechanistic target of rapamycin kinase) 

and TGFβ (transforming growth factor beta) (Braicu et al., 2019; Murugan et al., 2019; Silva et 

al., 2017; Fleming et al., 2009). Due to the role and the multiple interconnections of the MAPK 

signaling pathway, its constitutive upregulation and that of its components are involved in 

oncogenesis, tumor progression, and resistance to target therapy. Mutations in the RAS / RAF / 

MEK / ERK genes are very common in melanoma as well as in other cancers. Specifically, NRAS 

is found in 20% of melanoma cases, BRAF in 60% of cases. (Burotto et al., 2014) 

 

1.1.5.2 BRAF 

The RAF protein family, to which BRAF belongs, is characterized by 3 "Conserved 

Region" or CR domains (CR1, CR2, CR3) (Fig.4). In particular: 

- CR1 is a RAS GTP-binding domain; 

- CR2 is a serine-rich hinge region, that allows RAF membrane docking; 

- CR3 is a serine/threonine protein kinase domain, in which most of the mutations are located. 

 

 

Figure 4 - Schematic representation of BRAF structure (Ducreux et al., 2019). 
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One way to aberrantly activate BRAF is represented by point mutations that activate the kinase 

activity in a constitutive way, for example because they are responsible for a conformational 

change of the activation loop that makes it more accessible to ATP and the substrate. In its active 

form BRAF forms a homo or heterodimer, further stabilized by the 14-3-3 proteins, activating 

ERK signaling independent of RAS (Cotto-Rios et al., 2020; Vido et al. 2018). 

In BRAF mutated melanoma the most frequent mutation is V600E (approximately 85% 

of cases, in which valine (V) is substituted by glutamic acid (E) at amino acid 600), followed by 

V600K (approximately 10%, lysine (K) for V substitution) and V600R (2%, V to arginine (R)), 

and is anti-correlated with NRAS mutations (Cancer Genome Atlas Network). There is an inverse 

relationship between the presence of a BRAF mutation and age. BRAF mutations cover almost 

all patients under 30 years of age, compared with only 25% of those over 70 (Bauer et al., 2011). 

 

1.1.5.2.1 BRAF splicing variants 

Alternative splicing is a conserved physiological mechanism that allows the production 

of multiple coding and non-coding transcripts from a single gene. The different transcripts’ 

expression follows tissue- and time-specific organism needs (Ampe et al., 2017; Stamm et al., 

2004).  

On the other hand, alternative splicing is involved in numerous pathologies, from Frausier 

syndrome to Parkinson's disease and cancer (Brosseau, 2018; Ampe and Van Troys, 2017; Garcia-

Blanco et al., 2004; Venables, 2004), as it can promote the selective expression of pathological 

variants that are absent in healthy tissues. These variants are usually generated by genomic splice 

site point mutations, as observed for p53 and NRAS (Rásó, 2020; Holmila et al., 2003). The 

protein isoforms created this way often possess several novel biological properties including 

protein interaction, subcellular localization, or catalytic capacity. Similarly, non-coding variants 

can have different binding sites for miRNAs, pseudogenes, and RNA-binding proteins (RBPs) 

(Hu et al., 2022; Ilouz et al., 2017; Stamm et al., 2005). Basically, what varies is the interactions 

capability of the gene in its coding and non-coding nodes, potentially affecting malignant 

progression or resulting in mechanisms of escape from antineoplastic therapies or directly 

affecting malignant progression (Kahraman et al., 2020; Venables, 2004). 

For example, in lung cancer transcripts 1 and 2 of ehm2 gene have an opposite function. 

While variant 1 acts as tumor suppressor, variant 2 promotes growth, invasion, and migration in 
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vitro. Accordingly, variant 2 protein levels are higher in tumors, while variant 1 protein levels are 

higher in healthy tissues (Li et al., 2019).    

When it comes to the BRAF gene, its alternative splicing variants are usually translated 

into smaller proteins that lack the Ras Binding Domain (RBD), hence are constitutively active 

(Poulikakos et al., 2011). Crucially, BRAFV600E splicing variants with this feature can dimerize 

in the absence of RAS, reducing the effectiveness of BRAF inhibitors (BRAFi): in this setting, 

their binding results in allosteric activation, rather than inhibition, with a consequent re-activation 

of MAPK signaling (Pupo et al., 2017; Samatar and Poulikakos, 2014). 

While the splice variants involved in constitutive activation or drug resistance 

mechanisms are extensively studied, less is currently known about physiological splice variants 

of the BRAF gene, and about their individual contribution to disease initiation and progression. 

This is indeed one of the main fields of investigation in the lab where I have performed my PhD 

thesis and has already produced the experimental evidence summarized below. 

To date, in the Ensembl database (GRCh38.p13 assembly) twenty transcript variants are 

reported for human BRAF gene, of which five encode proteins (BRAF-201/202/204/215/220). Of 

these, only two are reported in the CCDS database (BRAF-204/220). The Consensus CDS 

(CCDS) database is a collaborative effort by multiple public members: European Bioinformatics 

Institute (EBI), Ensembl Annotation Pipeline, HAVANA Curation Group, HUGO Gene 

Nomenclature Committee (HGNC), Mouse Genome Informatics (MGI), National Center for 

Biotechnology Information (NCBI), Eukaryotic Genome Annotation Pipeline and RefSeq 

Curation Group. CCDS is acting to identify a core set of human and mouse protein coding regions 

that are consistently annotated and of high quality (Pujar et al., 2018; Harte et al., 2012; Pruitt et 

al., 2009).  

As previously reported (Marranci et al., 2017), we have established that the most 

expressed variants are three. BRAF-220 (NM_004333.6) transcript, which we named BRAF-

reference transcript (BRAF-ref) (I), BRAF-204 (NM_001354609.2) transcript, which we named 

BRAF-X1 transcript (II), and NM_001378468.1 transcript reported only in NCBI, which we 

named BRAF-X2 transcript (III) (Table 1). 
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Table 1. BRAF transcript variant annotation 

The three variants are identical from exon 1 to exon 17. ref variant is composed of 18 total exons, 

and, in this work, we divide exon 18 into 18.2 and 18b (Ex1-17 + Ex18.2/18b). X1 variant is made 

of 19 exons: exon 18.2 is spliced with a downstream exon 19, so that this variant is composed of 

Ex1-17 + Ex18.2 + Ex19. X2 variant consists of 18 exons, but exon 17 is spliced directly with 

exon 19 and exon 18 is missing (Ex1-17 + Ex19) (Fig. 5). 

 

Figure 5 - Schematic representation of BRAF variants (Marranci et al., 2017). 

Interestingly, the 3'UTR also differs between the variants, in terms of length and sequence. 

Although current annotation for ref 3’UTR is 3932nt, empirically we found a 3’UTR of 121nt 

long, while we confirmed that X1 and X2 3’UTRs are 7 kb long as reported in the database. Being 

transcribed from exon 18b and exon 19 respectively, ref and X1 3’UTR differ not only in length 

but also in sequence. 

At the protein level, the isoforms differ in their C-terminal sequences (Table 2): 

- BRAF-ref protein (NP_004324.2) matches the amino acid sequence GAFPVH for Ex18b; 

- BRAF-X1 protein (NP_001341538.1) matches the amino acid sequence GEFAAFK for 

Ex19; 

- BRAF-X2 (NP_001365397.1) matches the amino acid sequence ENLQPSSSHHH 

GSICSYFLSL VFVQFVNIKT QFCSSNLFLK IQNFQCIS for Ex19 (alternative ORF). 

 Transcript Length 

(nt) 

Transcript 

name 

CDS coordinates Ensembl 

Transcript IDs 

CCDS 

BRAF-ref NM_004333.6 6459 1 NM_004333.6:227-

2527 

ENST00000646891.1 

(220) 

CCDS5863 

BRAF-X1 NM_001354609.2 9687 2 NM_001354609.2:227-

2530 

ENST00000496384.7 

(204) 

CCDS87555 

BRAF-X2 NM_001378468.1 9533 7 NM_001378468.1:227-

2503 
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 Protein Length 

(aa) 

Isoform Transcript type UniProt 

ID 

Ensembl Protein 

IDs 

BRAF-ref NP_004324.2 766 1 PROTEIN_CODING P15056 ENSP00000493543.1 

BRAF-X1 NP_001341538.1 767 2 PROTEIN_CODING P15056 ENSP00000419060.2 

BRAF-X2 NP_001365397.1 758 6 PROTEIN_CODING P15056 
 

Table 2. BRAF isoform variant annotation 

From the evolutionary point of view, BRAF is conserved across vertebrates in the X1 variant, as 

already demonstrated for mouse, rat and pig (Marranci et al., 2017), and here shown for zebrafish 

as well (Fig. 6).   

 

Figure 6 – BRAF 3’ sequence comparison. (a) Alignment of last nucleotides of the cds. Upper: Alignment 

of ref (orange underline) and X1 (green underline) sequence of human BRAF.  Lower: Alignment of human 

BRAF-X1 (green underline) with mouse Braf (black underline) and zebrafish braf (blue underline). (b) 

Alignment of C-terminal amino acids. Upper: Alignment of ref (orange underline) and X1 (green underline) 

sequence of human BRAF. Lower: Alignment of human BRAF-X1 (green underline) with mouse BRAF 
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(black underline) and zebrafish Braf (blue underline). The boxes on the right highlight the differences in 

sequence between ref and X1 variants in human and the conservation of X1 variant across zebrafish, mouse 

and human.  

Accordingly, BRAF-X1 is also the most expressed variant among the 3. This was 

demonstrated by us in melanoma cell lines, as well as in TCGA melanoma samples, and its 

predominance persists also in lines that become resistant to BRAFi. However, while BRAF-X1 

mRNA displays greater stability, BRAF-ref mRNA has greater translation efficiency, so that the 

protein levels of the two isoforms are similar in A375 cells. Together, they account for all 

BRAFV600E oncogenic functions.  

Conversely, the X2 protein isoform is very unstable, as it gets rapidly degraded through the 

ubiquitin-proteasome pathway (Marranci et al., 2017) (Fig.7). 

 

 

Figure 7 - Schematic representation of BRAF variants features (Marranci et al., 2017). 

Due to the pivotal importance of BRAF as cancer driver and therapeutic target, ref and X1 variants 

deserve to be studied for their specificities. A different C terminal domain (ref: GAFPVH vs X1: 

GEFAAFK) can in fact result in different protein-protein interactions and/or different post-

translational regulatory circuits. On the other hand, a different 3’UTR can result in different post-

transcriptional regulation by RBPs, miRNAs and, therefore, competing endogenous RNAS 

(ceRNAs) (Kakumani et al., 2022; Kim et al., 2021; Qin et al., 2020). For example, YTHDF1, an 

RBP that recognizes the m6A mark, most often located in the 3’UTR and near the stop codon, is 

a marker of worse prognosis for melanoma (Li et al., 2020). Furthermore, the Pandolfi group has 
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shown that the expression of mouse Braf is sustained by that of its pseudogene Braf-rs1, which 

acts as ceRNA for Braf-targeting microRNAs (Karreth et al., 2015; Poliseno et al., 2010). 

 

1.1.5.3 TP53 

Although the BRAF oncogene is one of the first genetic lesions found in dysplastic moles, 

alone it is not sufficient for the neoplastic transformation of the melanocyte. Consistently, genetic 

models in mice and zebrafish (GEM/GEZ) with the sole presence of BRAFV600E show only the 

development of moles, without the development of tumors (Patton et al., 2021; Goel et al., 2009; 

Patton et al., 2005). Loss of one or more tumor suppressors is generally a necessary condition, 

and in melanoma they are represented by CDKN2A (encoding p16), PTEN (involved in the PI3K 

pathway), and TP53 (encoding p53) (Daniotti et al., 2004). 

Regulated by MDM2, TP53 maintains genome integrity by inducing arrest of the cell 

cycle (p21) to repair the damage or promoting apoptosis or senescence if the damage is not 

repairable (Fig.8). TP53 induces transcription of DNA repair genes (GADD45) and transcription 

and activation of cell cycle inhibitors (p21). Moreover, it induces apoptosis by transcription of 

the Bcl2 family (Noxa). The loss of p53 therefore causes an accumulation of uncorrected 

mutations, supporting the activity of the oncogene (Hertog et al., 2016). 

 

Figure 8 - Regulation of p53 activity through MDM2 protein (Hardcastle et al., 2006).  
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Although p53 mutations are found rarely in melanoma (<10%) (Box et al., 2008), 

melanoma genetic models with this mutation have been developed for mouse and zebrafish. The 

p53 knock out/loss of function model is compatible with life even in null zygosity in both mice 

and zebrafish. Since spontaneous tumors develop within 6 months in nullizygous p53-deficient 

mice, they are used in the heterozygous conditions (Donehower et al, 1996). Zebrafish instead 

requires the homozygous p53 mutant (loss of function (lf)) condition to increase tumor 

susceptibility, while tumors are spontaneously developed only late, at an average age of 14 

months (Storer et al., 2010; Berghmans et al, 2005). 

 

1.1.6 Targeted therapy 

While in the early stages of melanoma progression the first choice of treatment is surgery 

excision, in the latest stages it is necessary to use radiotherapy and/or chemotherapy to remove 

any metastases, with molecular therapy being preferred for an increasingly personalized scenario 

for the patient (Domingues et al., 2018). 

In patients with BRAF-mutated metastatic melanoma, overall survival rates are in fact 

higher in melanoma treated with target therapy against BRAFV600E, compared with 

conventional chemotherapy (Sosman et al., 2012, Chapman et al. 2011). The food and drug 

administration (FDA) approved Vemurafenib, Dabrafenib and Encorafenib, in 2011, 2013 and 

2018 respectively as BRAF mutated inhibitors. Vemurafenib is a competitive kinase inhibitor 

binding to the ATP-binding domain of the mutant BRAF (Luke et al., 2012) Dabrafenib is a 

reversible ATP-competitive kinase inhibitor (Bowyer et al., 2015). 

Unfortunately, in most patients the inhibition of BRAFV600E encounters resistance 

within 6-7 months, with most of them reactivating the MAPK signaling pathway. (Shi et al., 

2014). The combination of BRAFV600E inhibitors (BRAFi) and MEK inhibitors (MEKi, 

allosteric inibitors) were then approved by the FDA. In detail, vemurafenib and cobimetinib 

(2015), dabrafenib and trametinib (2018), encorafenib and binimetinib (2018). Despite the rapid 

and strong pharmacological response, administration of BRAFi and MEKi reports the occurrence 

of serious adverse events (pyrexia, chills, fatigue, diarrhea, anemia, and rash) and a progression-

free survival (PFS) of only 11-15 months with 5-year survival rate of approximately 30% (Long 

et al., 2018). 

The combination of BRAFi, MEKi and checkpoint blockers of the immune system (ICB) was 

therefore approved by the FDA in 2020 for patients with BRAF V600 mutation-positive 

unresectable or metastatic melanoma. Specifically, atezolizumab (Ab anti-PD-L1) in combination 
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with cobimetinib and vemurafenib (Fig.9). ICBs exhibit a weak but prolonged response, in 

contrast to MAPK inhibitors (Kreft et al., 2019). Furthermore, MAPKi, particularly BRAFi, 

improve immunostimulatory signaling by increasing the activation of the immune system 

(CD40L, IFNg) and reducing tumor-induced immune escape mechanisms (IL-8, IL-10, VEGF). 

Among the activations of the immune system dictated by MAPKi, there is also a better response 

of T lymphocytes, due to an increase in tumor infiltration by CD8+ T cells, hence an improvement 

in tumor recognition. This in turn is due to an increase in the expression of antigens associated 

with melanoma differentiation (MART-1, gp100, TYRP1, DCT) (Kuske et al., 2018; Cebollero 

et al., 2016). 

 

Figure 9 - Targeted therapy and immune checkpoint inhibitors in melanoma (Zeng et al., 2021).  

 

Trials to date demonstrate some therapeutic benefit after 6-8 months of therapy by comparing 

triplet therapy with dual BRAFi and MEKi, but this is not clinically significant. The use of triplet 

therapy is not yet widespread because, in addition to a complicated dosage regimen, it presents 

an increase in toxicity rates with a toxic overlapping profile of individual drugs (Cebollero et al., 

2016). 

 

1.1.7 Pigmentation 

Melanocytes, the cells from which melanoma arises, have the task of body protection 

from the harmful actions of the sun's rays, by producing melanin in specialized vesicles 

(melanosomes). In physiological conditions they give rise to dark clusters visible on the surface 

of the skin, known as moles (nevi) (Sardana et al., 2014). 
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Melanin absorbs solar radiation at various wavelengths and it comprises various 

pigments: eumelanin (dark pigments) and pheomelanin (red pigments). Pigmentation increases 

with sun exposure, causing tanning, in part through the melanotropin hormone and the MC1R 

receptor. The latter is a GPCR which, through cAMP, Calcium and Protein kinase A and C, 

induces MITF (Microphthalmia-associated transcription factor), a basic helix-loop-helix/leucine 

zipper transcription factor that in turn induces the expression of the enzymes that produce 

melanin. MC1R is polymorphic and the different allelic variants determine the color of the skin. 

Individuals with polymorphisms that make MC1R hypofunctional mainly produce pheomelanin, 

typical of individuals with light skin and red hair (Nasti and Timares, 2015; Shibahara et al., 

2001). Eumelanin and pheomelanin derive from the common precursor tyrosine which is 

transformed into DOPA and Dopaquinone by the enzyme tyrosinase. In the presence of cysteine, 

cysteinyl DOPA is formed, through spontaneous oxidation becomes pheomelanin (Varga et al., 

2016). In the absence of cysteine, TRP2/DCT and TRP1 use dopachrome to produce eumelanin 

(Fig.10).  

Despite of the physiological protective role, in the pathological context of metastatic 

melanoma, melanotic tumors show worse prognosis and greater aggressiveness. The reasons are 

the following. The synthesis of pheomelanin generates highly reactive compounds, such as 

quinones or oxygen radicals, which can contribute to DNA damage and increase the risk of 

melanoma regardless of sun exposure (Napolitano et al., 2014). Melanin has indeed been defined 

a "photocarcinogen for cutaneous malignant melanoma", indicating that it is necessary to induce 

melanosomes and that its presence, although an index of melanocyte differentiation, does not 

exclude malignant transformation (Moan et al., 1999). Free radicals and reactive intermediates of 

melanogenesis can in fact generate a pro-oxidative and mutational environment at the genetic 

level. Adding to this type of endogenous damage there is also the exogenous damage due to 

exposure to UV rays, as pheomelanin does not absorb solar radiation as efficiently as eumelanin. 

This explains why subjects with fair skin are more predisposed to melanoma onset and 

progression. 
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Figure 10 - Schematic eumelanin and pheomelanin synthesis (Cichorek et al, 2013).  

Furthermore, eumelanin can attenuate chemotherapy and radiotherapy by acting as ROS 

quencher, metal chelator, and drug sequester. In addition, although the proteins involved in 

melanogenesis (TYR, TRP-1/2, gp100 and MART-1) are recognized as antigens by the immune 

system, the intermediates of melanogenesis inhibit immune activity (Slominski et al., 2022). 

Also, we have shown that targeted therapy is compromised by pigmentation, with 

melanotic tumors being more resistant than amelanotic ones. (Vitiello et al., 2017). In turn, we 

have demonstrated that, by depressing MITF, BRAFi induce miR-211 which acts via EDEM1 

inhibition, protecting TYR from degradation in melanotic melanoma cells (Mazar et al., 2010). 

In other words, BRAFi/MEKi induce the expression of miR-211, which in turn triggers a 

tolerance mechanism by exploiting the potential of melanin. Conversely, pigmentation inhibition 

by PTU sensitizes melanoma cells to BRAFi (Vitiello et al., 2017). 

 

1.1.8 MITF  

The activities exerted by MITF in melanoma go well beyond melanin synthesis. They are 

actually very pleiotropic, as mirrored on one side by the complex regulation of its expression, and 

on the other by its ability to dictate melanoma phenotype.  

Just to make one representative example, the link between ERK signaling pathway and 

MITF expression is multifaceted. ERK acts by degrading MITF via the proteasome, but also by 
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increasing its activity recruiting the transcription cofactor p300 / CBP (Graf et al., 2014). RAFs, 

on the other hand, stabilize the nuclear localization of MITF and consequently its transcriptional 

activity (Estrada et al., 2022).  

Through its activity as TF, MITF regulates genes involved in: DNA replication and cell 

cycle progression (CDK2, TERT, LIG1, CCNB1, CCNF and CCND1), cell cycle arrest 

(CDKN1A and CDKN2A), survival (BCL2 and BCL2A1), metabolism (PPARGC1A), and, as 

mentioned above, pigmentation (TYR, TYRP1, DCT, PMEL and MLANA) (Kawakami and 

Fisher, 2017; Strub et al., 2011). As a consequence, in melanoma cells two different states are 

dictated by MITF levels: a proliferative state when MITF levels are high, an invasive state when 

MITF levels are low (Tudrej et al., 2017). 

Human MITF gene has its ortholog Mitf in mouse (86), and mitfa/b in zebrafish. Here, 

mitfa is mainly expressed in the eye and the neural crest, while mitfb is found in the eye, epiphysis, 

and olfactory organs (Lister et al., 1999). Therefore, the nacre line (mitfa-/-) without pigmentation 

(Dorsky et al., 2000), as well as the mitfa promoter dependent transgenic lines (e.g., 

mitfa:BRAFV600E (Patton et al., 2005), NRASQ61R (Dovey et al., 2009), and the MiniCoopR 

system (Iyengar et al., 2012) are widely used in the study of melanoma in zebrafish.  

 

1.1.9 Neural crest 

In recent years, a new subject of clinical trials has been the combination of vemurafenib 

(BRAFi) and leflunomide (leflu). The latter is an immunomodulatory drug that exerts its effects 

by inhibiting the mitochondrial enzyme dihydroorotate dehydrogenase (DHODH), which 

participates in the de novo synthesis of the pyrimidine ribonucleotide uridine monophosphate 

(rUMP) (White et al., 2011). The reduction in the levels of pyrimidine nucleotides, by inhibition 

of DHODH, is perceived as cell stress, thus activating p53. In turn, p53 can interrupt the cell cycle 

in G1 phase by inhibiting cyclin D activation or detect genetic damage in phase S and 

consequently interrupt the cell cycle (Fox et al., 1999). In melanoma, leflu has been highlighted 

for its detrimental effect on neural crest program (NCP), a phenotype shared with embryonic 

development. Although clinical trials have terminated due to adverse events, the results of 

effectiveness of leflu on melanoma cells has drawn attention on the NC phenotype as read out for 

drug screenings (ClinicalTrials.gov).  

This similarity between the characteristics of melanoma and NC cells is a consequence 

of the embryonic origin of melanocytes, from which melanoma originates, as they are in fact the 

differentiation product of a cellular subpopulation of the neural crest. The neural crest is an 
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embryonic transient structure that develops during the neurulation phase, after the formation of 

the three germ layers (ectoderm, mesoderm, and endoderm) and the generation of the neural tube. 

At this stage, a specific cell population, that derives from the lateral margins of the neural folds, 

delaminates from the neural plate, and undergoes an epithelial-mesenchymal transition. Then, it 

migrates to specific positions of the body. Among the many cell lines that it contributes to, there 

are the cells of the peripheral nervous system and melanocytes (Bronner, 1993). 

Most of the melanocytes that populate the epidermis are completely differentiated and, 

like neurons, have a long life and a low proliferative capacity (Cichorek et al., 2013. Specific 

markers characterize the melanocyte lineage line at different moments in time. Following 

stimulation with BMP and WNT by non-neural ectoderm and FGFs by the mesoderm, neural crest 

cells (NCCs) express MSX1, PAX3, FOXD3, and SOX10. In the delamination process, and 

therefore in epithelial-mesenchymal transition, the cells are characterized by the expression of 

SNAIL, SLUG, and a reduction of cadherin (Heppt et al., 2018, Tribulo et al., 2003). 

In the precursor stage of the melanocyte, the melanoblast, SOX10 and PAX3 activate the 

expression of MITF that serves as master regulator of melanocyte development (Fig. 11). Upon 

reaching the epidermis, melanoblasts differentiate into pigmented melanocytes which, under the 

control of MITF, express specific enzymes including tyrosinase, dopachrome tautomerase and 

others (Wessely et al., 2021). 

 

Figure 11 - Similarity between neural crest cells and advanced melanoma (Mirea et al., 2020). 
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1.1.9.1 SOX10 

Malignant melanocytic cells invariably reacquire the potential of NCCs by developing 

advantages in growth, metastasis formation, and therapeutic resistance. The re-expression of 

NCCs markers such as SOX10, also used as a diagnostic histopathological marker, was 

highlighted both in primary and metastatic melanoma (Graf et al., 2014). 

In melanoma SOX10 positively regulates the expression of CD271 (neurotrophy receptor 

belonging to the tumor necrosis receptor family), regulates the cell cycle via RB protein (RB-

E2F1 complex), and increases the expression of MIA (melanoma inhibitory activity) and nestin 

(intermediate filament) (Gambichler et al., 2016). 

 

1.1.9.2 Crestin 

Using a melanoma model in zebrafish, reactivation of the neural crest program (NCP) has 

been highlighted from the early stages of melanoma initiation (Kaufman et al., 2016). The main 

actors of the neural crest process are highly and evolutionarily conserved. Zebrafish Sox10 is 

widely exploited for the study of melanoma, in screening models as well as in tumor onset and 

characterization models (Cunningham et al., 2021). In zebrafish, both embryonic and tumor 

Sox10 positive cells also express another marker, Crestin. Although unique to zebrafish and of 

unknown function, crestin is found expressed at much higher levels than sox10 thus aiding the 

detection of NCP in melanoma cells (Kaufman et al., 2016). 

 

1.2 Danio rerio 

Danio rerio, more commonly known as zebrafish, first introduced by George Streisinger 

in 1960, is one of the most important non-mammalian vertebrate models in development and 

disease, including cancer.  

Danio rerio is a freshwater teleost belonging to the Cyprinidae family of the 

Actinopterygii class, particularly advantageous for scientific research in vertebrates as it presents: 

(I) simplicity of breeding in limited spaces due to its small size, its easy to satisfy 

nutritional requirements and the short intervals between generations; 

(II) fast embryonic development, so that in just 24 hours it is possible to observe the 

formation of all primordial organs; furthermore, it is possible to see the internal development from 

the earliest stages thanks to the optical transparency of the embryo (Fig.12); 
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(III) rapid sexual maturation (about three months) and high prolificacy (a single female 

can lay about 100-200 eggs per reproductive event), allowing to obtain numerous offspring 

throughout the year to conduct large-scale genetic analyzes; 

(IV) easy manipulation of cells and embryos, due to the external fertilization, allowing 

both transplantation and gene silencing experiments by microinjection of nucleic acids and 

oligonucleotides or by knock-out techniques; 

(V) almost completely sequenced genome (diploid, about 1.7 gigabases with 25 pairs of 

chromosomes) (http://www.sanger.ac.uk/Projects/D_rerio) and extensive syntenic regions to the 

human genome (Howe et al., 2013). 

 

 

Figure 12 - Representative development stages in Zebrafish. Picture modified from Kimmel et al., 1995. 
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Furthermore, the transparency of the embryo facilitates the analysis of stable transgenic 

lines where fluorescent proteins (such as green fluorescent proteins eGFP or red RFP) can be 

expressed under the spatial and temporal control of the promoter of a gene of interest. Of note, 

this can be artificially prolonged by adding phenyl-thiourea (PTU), an inhibitor of melanin 

synthesis, to the culture water. Along the same line, stable genetic strains of zebrafish which retain 

much of their transparency throughout adulthood, known as nacre and casper (White et al., 2008), 

have been developed to exploit this advantage. The first one is lacking in the mitfa gene only 

(specific for pigmentation), the second one is lacking in mitfa and mpv17 (specific for reflective 

iridophores). Due to conserved drug metabolism, preserved disease-associated genes, and genome 

similarity that provides reliable results (Bootorabi et al., 2017), zebrafish represents a useful tool 

for drug screening. In particular, it is perfect for high-throughput screenings in which drugs are 

absorbed directly thorough the culture water and large numbers of embryos can be studied in a 

96-well plate, allowing a wide range of drugs to be tested in the same experiment. 

Due to these advantages, zebrafish has allowed the identification of new genes by 

chemical mutagenesis. Hundreds of mutations have been identified and described (Driever et al., 

1996; Kimmel, 1993; Walker and Streisinger, 1983), which have provided models for 

understanding their main developmental and pathological mechanisms, as it happened for MITF 

and TP53 (Berghmans et al., 2005). Additionally, Zebrafish genome is well characterized and 

present on the internet in websites like Ensembl (http://www.ensembl.org/index.html). 

Furthermore, a public database (http://www.zfin.org) provides information on genetic expression, 

phenotype and many protocols for the manipulation and husbandry of this model organism.  

In the oncology field, many models have been developed that allow the use of zebrafish 

from the embryonic to the adult stage. Indeed, the embryonic and larval stage represents an 

effective and statistically strong platform to conduct pharmacological screenings, with multiple 

potential applications. Furthermore, in transgenic models, one can investigate the impact of 

specific alterations on how cancer cells interact with the environment and on the acquisition of 

harmful phenotypes, such as stemness programs, when challenged with treatment pressure. Of 

note, some models have been developed that can anticipate in earlier stages the phenotype 

normally found in adults, such as kita:RAS (Santoriello et al., 2010). Also, xenograft and allograft 

procedures for cell lines or patient-derived cells are possible, to monitor their responses to 

treatment in a physiologically relevant way. Otherwise, the adult stage lends itself to the study of 

tumor onset and progression, as well as pharmacological response, allowing the study of the 

interaction between the tumor and the environment. 
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Zebrafish is widely used for studying melanoma in vivo, as it provides a translational 

model for melanoma initiation and progression. Development of melanocytes is shared between 

humans and Zebrafish, which however has two additional pigment cells: the yellow xantophores 

and the silver iridophores that together with melanocytes form the typical zebra-like pattern of 

the fish (Rooijen et al., 2017). In melanoma many models have been developed that have 

highlighted multiple factors involved in the generation or progression of the tumor (i.e., SETDB1 

(Ablain et al., 2018; Coel et al., 2011), Jmjd6 (Anelli et al., 2018), FATP1 (Zhang et al., 2018)).   
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2 Aims 

In melanoma, the involvement of BRAF oncogene in its overactive form V600E is well 

known. Many studies have been carried out on its kinase function and involvement in the various 

stages of melanoma, as well as in pharmacological responses. Its relevance is such that it led to 

the development of targeted therapies against the specific BRAFV600E mutated form. Selective 

inhibitors of BRAFV600E (BRAFi) are very effective, but their effect is short-lived due to the 

rapid onset of drug resistance. Many studies have been done and continue to be performed to try 

to overcome tumor plasticity by attacking it from different sides, from complete inhibition of the 

signaling pathway, to strengthening the immune system. But much still needs to be done, where 

the ultimate goal will be to identify individual tumors’ variables to deliver personalized therapy. 

To better understand which aspects can be therapeutic targets, many tools and models 

have been developed aimed at discovering new characteristics or exploiting the already known 

characteristics of cancer cells. Zebrafish melanoma models are widely employed, allowing studies 

at the genetic, cellular, and environmental interaction level, given the observation by phylogenetic 

analyses that the MAPK signaling pathway is highly conserved between zebrafish and mammals. 

Considering the key role of BRAFV600E during the development of melanoma, we 

hypothesized that the different transcript and protein isoforms of BRAF, which we have 

previously discovered, deserve to be studied systematically in order to establish their individual 

contributions to melanoma genesis, progression and pharmacological responses. Our hypothesis 

is that the selective overexpression of the individual isoforms and the respective 3’UTRs may 

have a different weight in the genesis or progression of melanoma, resulting from a different 

kinase activity of regulatory interactions. Moreover, we hypothesize that different variants may 

respond differently to the pharmacological treatments already in use or under development. 

In particular, after generating the constructs for the mitfa-driven expression of 

BRAFV600E ref and X1 variants (cds only or cds + 3’UTR), our study focused on three main 

lines of research: analysis of the effects of each variant on the pigmentation phenotype in the 

different stages of development, up to the generation of tumors in mosaic conditions (I); 

generation of a stable transgenic line for each variant (II); generation and validation of a new 

reporter line based on crestin marker, capable of recording melanoma onset and progression at 

the cellular level, as well as of measuring the efficacy of new pharmacological combinations (III). 

The generation of the mosaic and stable models was carried out using the Tol2 strategy, 

which allowed to follow along with development stages, the effect of the overexpression of each 

variant of the BRAFV600E gene. The overexpression was also validated by means of transcription 
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and histological analyses of the tumors. The genotyping of the new lines was carried out using 

Real Time techniques and Nanopore technology, favoring the sequencing of the insertion site by 

CRISPR-Cas9-mediated genome editing. The generation of a new drug screening tool focused on 

the quantification of crestin, which is reactivated in the melanoma-prone genetic context. 
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3. Materials and methods 

3.1. Zebrafish husbandry 

According to standard protocols, zebrafish (Danio rerio) were raised and maintained on 

a 14h/10h light/dark cycle at 28.5°C, in a zebrafish housing system (Tecniplast). Embryos were 

obtained from our animal colony by natural spawning and were maintained in E3 medium (5mM 

NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM MgSO4, 10–5 % methylene blue). 

 

3.2. Ethics approval and consent to participate 

The zebrafish facility has been authorized by the Italian Ministry of Health (authorization 

#297/2012-A, issued on December 21st, 2012). All the experimental procedures were carried out 

in accordance with the European Union guidelines for animal welfare [European Communities 

Council Directive of September 22, 2010 (2010/63/ UE)]. All experimental protocols were 

approved by the Italian Ministry of Health (authorizations #1222/2015-PR and #383/2020-PR). 

 

3.3. Generation of transgenic lines 

To generate all transgenic lines, the constructs were obtained using the Tol2kit, a 

gateway-based cloning kit for generating Tol2 transgenesis plasmids 

(http://tol2kit.genetics.utah.edu/index.php/Main_Page). Final pDEST plasmids were obtained 

through the action of LR clonase™ by combining four plasmids: 5' entry clone (p5E-XX) 

containing the promoter element flanked by attL4-attR1 sites; the central entry clone (pME-XX) 

with attL1-attL2 sites flanking an insert representing the coding sequence of a gene of interest or 

reporter; 3' input clone (p3E-XX) which contains the polyA transcription termination signal 

flanked by attR2-attL3 sites; pDestTol2pA providing the backbone flanked by attR4-attR3 (Fig. 

13).  

All combinations of plasmids and the final products are listed in Table 3, while Table 4 

collects the sources from which the sequences of interest were extracted. 
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Figure 13  – Schematic representation of the LR cloning reaction between a 5’Entry Clone (p5E), a Middle 

Entry Clone (pME), a 3’ Entry Clone (p3E) and a Destination Vector (pDestTol2pA) (Kwan et al., 2007). 

Elements Origin Final plasmid 

p5E-mitfa promoter 

kind gift from Dr. Charles 

Kaufman, Washington 

University School of 

Medicine, St. Louis, USA 

pDEST(mitfa:-

2.3Hsa.BRAF_V600E-

220,myl7:eGFP) 

pME-(-

2.3)Hsa.BRAF_V600E-220 

SalI and SpeI restriction 

enzyme-mediated cloning 

in pME-MCS (Tol2kit) 

p3E-polyA  Tol2kit 

pDestTol2CG* backbone  

pDestTol2pA with 

myl7:eGFP transgenesis 

marker, Tol2kit 

   

p5E-mitfa promoter  

pDEST(mitfa:-

2.3Hsa.BRAF_V600E-

204,myl7:eGFP) 

pME-(-

2.3)Hsa.BRAF_V600E-204 

SalI and SpeI restriction 

enzyme-mediated cloning 

in pME-MCS  
p3E-polyA   

pDestTol2CG* backbone   

   

p5E-mitfa promoter  

pDEST(mitfa:-

2.3Hsa.BRAF_V600E-

X2,myl7:eGFP) 

pME-(-

2.2)Hsa.BRAF_V600E-X2 

SalI and SpeI restriction 

enzyme-mediated cloning 

in pME-MCS  
p3E-polyA   

pDestTol2CG* backbone   

   

p5E-mitfa promoter  pDEST(mitfa:-

2.4Hsa.BRAF_V600E-

220,myl7:eGFP) 
pME-(-

2.4)Hsa.BRAF_V600E-220 
SalI-SpeI and SpeI-NotI 

restriction enzyme-
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mediated cloning in pME-

MCS  
p3E-polyA   

pDestTol2CG* backbone   

   

p5E-mitfa promoter  

pDEST(mitfa:-

9.4Hsa.BRAF_V600E-

204,myl7:eGFP) 

pME-(-

9.4)Hsa.BRAF_V600E-204 

SalI-SpeI and SpeI-NotI 

restriction enzyme-

mediated cloning in pME-

MCS  
p3E-polyA   

pDestTol2CG* backbone   

   

p5E-crestin promoter 

 

EcoRI restriction enzyme-

mediated cloning in p5E-

MCS (Tol2 kit) 

pDEST(-4.5-crestin:Luc2-

P2A-mCherry,URAprom:URA) 

pME-Luc2-P2A-mCherry; 

SpeI and NotI restriction 

enzyme-mediated cloning 

in pME-MCS 

p3E-polyA-URA 

HindIII restriction enzyme-

mediated p3E-polyA-MCS 

(Poliseno lab) 

pDestTol2pA  

   
p5E-crestin promoter 

 
 

pDEST(-4.5crestin:Luc2-P2A-

mCherry,γcrist:VenusGFP) 

pME-Luc2-P2A-mCherry  

p3E-polyA  

pDestTol2pA- 
γcryst:VenusGFP 

kind gift from Dr. Nadia 

Mercader-Huber, PhD, 

CNIC-ISCII, Madrid 

   

p5E-crestin promoter  

pDEST(-4.5crestin:Luc2-P2A-

mCherry 
pME-Luc2-P2A-mCherry  
p3E-polyA  
pDestTol2pA  

Table 3. pDEST plasmids generation  

 

Source plasmids Methods Final plasmid 

pYES2-BRAFV600E-ref Termed SalI and SpeI 

restriction site polymerase 

chain reaction (RS-PCR) 

pME-(-

2.3)Hsa.BRAF_V600E-220 

pYES2-BRAFV600E-X1 Termed SalI and SpeI RS-

PCR 

pME-(-

2.3)Hsa.BRAF_V600E-204 

pYES2-BRAFV600E-X2 Termed SalI and SpeI RS-

PCR 

pME-(-

2.2)Hsa.BRAF_V600E-X2 

pYES2-BRAFV600E-ref and 

pGEM-UTR121nt 

Termed SalI-SpeI and SpeI-

NotI RS-PCRs 

pME-(-

2.4)Hsa.BRAF_V600E-220 
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pYES2-BRAFV600E-X1 and 

pMARRA-UTR7kb 

Termed SalI-SpeI and SpeI-

NotI RS-PCRs 

pME-(-

9.4)Hsa.BRAF_V600E-204 

pGEM-(-4.5)crestin SalI and SacII subcloning p5E-crestin promoter 

pDEST(-4.5crestin:mCherry) EcoRI subcloning pGEM-(-4.5)crestin 

pMIR-ref-3’UTR (for Luc2) 

and pDEST(-

4.5crestin:mCherry) (for 

mCherry) 

Recombinant PCR with 

SpeI-NotI restriction sites 

pME-Luc2-P2A-mCherry 

pMA-150 HindIII subcloning p3E-polyA-URA 

p3E-polyA MfeI linearization and oligo 

annealing 

p3E-MCS 

   

pDEST(-4.5crestin:mCherry) kind gift from Dr. Charles 

Kaufman, Washington 

University School of 

Medicine, St. Louis, USA 

 

pMA-150 kind gift from Dr. Tiziana 

Cervelli, CNR-IFC, Pisa, 

Italy 

 

Table 4. Intermediate plasmids and their sources 

 

All PCR reactions involved in cloning were performed using Phusion Flash High-Fidelity 

PCR Master Mix (Thermo-Fisher Scientific, Waltham, MA, USA) using primers listed in Table 

5. The PCR amplicons were then run on a 0.8-2% agarose gel, extracted using QIAquick Gel 

Extraction Kit (Qiagen, Hilden, Germany). Successful cloning was confirmed subjecting 

plasmids to Sanger sequencing (Eurofins Genomics, Ebersberg Germany). 

 

Primer Sequence 5’ → 3’ Application 

hBRAF-cds common-SalI -

Kozak sequence -Fw 

ATAGTCGACGCCACCATGGCGGCGCT

GAGCGGT 

HsaBRAF 

cds cloning 

hBRAF-ref cds SpeI stop 

codon Rev 

ATAACTAGTTCAGTGGACAGGAAACG HsaBRAF-

ref cds 

cloning 

hBRAF-ref X1SpeI stop 

codon Rev 

ATAACTAGTCTACTTGAAGGCTGCAA

ATTCTC 

HsaBRAF-

X1 cds 

cloning 

hBRAF-ref X2 SpeI stop 

codon Rev 

ATAACTAGTTCAGCTTATGCATTGGAA

ATT 

HsaBRAF-

X2 cds 

cloning 

hBRAF-ref 3’UTR             SpeI 

Fw 

ATAACTAGTTGAAACAAATGAGTGAG

AGAG 

HsaBRAF-

ref 3’UTR 

cloning hBRAF-ref 3’UTR             NotI 

Rev 

ATAGCGGCCGCTTCTTTGGTTCACCTT

AA 

hBRAF-X1 3’UTR             

SpeI Fw 

ATAACTAGTTAGCCACCATCATGGCA

GCATC 
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hBRAF-X1 3’UTR             

NotI Rev 

ATAGCGGCCGCTTCTCCATGCAGTCAA

TCT 

HsaBRAF-

X1 3’UTR 

cloning 

Luc2 kozak sequence- SpeI 

Fw 

ATAACTAGTGCAAACATGGAAGACGC

CAAAAACATAAAG 

Luc2-P2A-

mCherry 

cloning 

Luc2-P2A Rev TCTCCAGCCTGCTTCAGCAGGCTGAAG

TTGGTAGCTCCGCTTCCCA 

ATTTGGACTTTCCGCCCT 

mCherry-P2A Fw GCCTGCTGAAGCAGGCTGGAGACGTG

GAGGAGAACCCTGGACCT 

ATGGTGAGCAAGGGCGAGGA 

mCherry- NotI stop codon 

Rev 

ATAGCGGCCGCTTACTTGTACAGCTCG

TCCAT 

  

MCS top frame – MfeI-

HindIII-SmaI-XmaI-NruI 

AATTGAAGCTTCCCGGGCCCGGGTCG

CGAt MCS 

generation MCS bottom frame – MfeI-

HindIII-SmaI-XmaI-NruI 

AATTaTCGCGACCCGGGCCCGGGAAG

CTTC 

Table 5. Primer sequences in cloning   

 

 

3.4. Microinjection 

Zebrafish of the p53(lf) strain (ZDB-ALT-050428-2) (kind gift from Dr. Francesco 

Argenton, Università di Padova) were bred and embryos were collected for microinjection. 

20-30pg of plasmidic DNA and 20-30 pg of Transposase mRNA were coinjected into 1-cell 

stage embryos for the largest plasmid pDEST(mitfa:-9.4Hsa.BRAF_V600E-204,myl7:eGFP). 

Following the calculation of molar concentrations, equimolar amounts of the other 

Hsa.BRAFV600E plasmids were microinjected. After microinjection, embryos were 

maintained in E3 medium at 28.5°C and at 24-48hpf they were selected on the basis of heart-

specific green fluorescence (Leica MZ10F Stereomicroscope). 

 

3.5. RNA extraction, retrotranscription and PCR amplification  

Embryos and larvae were staged following standard parameters (Kimmel et al., 

1995) and homogenized by insulin needle. Total RNA was extracted using QIAzol 

(Qiagen), following the manufacturer’s instructions, quantified using Nanodrop Lite 

(Thermo Scientific), verified on 2% agarose gel and reverse transcribed with the 

SuperScript III RT reaction kit (Thermo Fisher Scientific) according to manufacturer 

instructions. The successful retrotranscription and the absence of contaminating genomic 

DNA were routinely checked through a control PCR (PCR Master Mix, Thermo-Fisher 
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Scientific) in which the exon-spanning primers for actb1 mRNA are used. Of starting 

RNA, 10 ng was used for end point PCR analysis to characterize the expression of the 

Hsa.BRAFV600E gene in all its components depending on the line under examination. 

Following manufacturer’s instructions, GoTaq® G2 Green Master Mix (PROMEGA) 

was used with 0.5µM primers concentration and annealing temperature of 58°C. The 

primers used are listed in the Table 6. 

Primer Sequence 5’ → 3’ Application 

hBRAFcds_377 Fw CTAGCCTTTCAGTGCTACCTTCATCT common coding 

hBRAFcds_1001_Rw GGACTGGTGAGAATTTGGGGC 

Ex14_1705 Fw GCCAAGTCAATCATCCACAG ref coding 

specific  hBRAFcdsRef_2300_Rev CAGTGGACAGGAAACGCACCATAT 

Ex15_1841 Fw CTGGATCCATTTTGTGGATG X1-X2 coding 

specific (ex19) hBRAFcdsX1_2300_Rev CTTGAAGGCTGCAAATTCT 

Ex17_2075 Fw TAATGGCAGAGTGCCTCAAA ref cds-3’UTR 

junction specific hBRAFutrRef_38 Rev  TGTTGCTACTCTCCTGAACTC 

X1 only qRT_2179 Fw AGTGCATCAGAACCCTCCTT X1 cds-3’UTR 

junction specific hBRAFutrX1_387 Rev TTGATCTGGTGGTTAGAAGGG 

hBRAFutrX1_6041Fw TGTTAATGACCAACGTAAGTGGC X1 3’UTR end 

specific hBRAFutrX1_7155 Rev GCAGTCAATCTTTATTATAGCAG 

Actb1_Intr311_Fw TCAGGGAGTGATGGTTGGC RNA control, 

exon spanning Actb1_ Rev  CAACGGAAACGCTCATTGC 

Table 6. Primer sequences in end point PCR 

 

3.6. qRT-PCR  

Quantitative PCR analysis (qRT-PCR) was performed in triplicate with SSOADV 

Universal SYBR Green (Bio-Rad) in 15 µL final reaction volume on a CFX96 Real-Time System 

(Bio-Rad). 37.5 ng of of cDNA, 0.5uM primers and annealing temperature of 60°C were used for 

primers listed in Table 7. PCR efficiency calculation and data were analyzed using CFX Manager 

Software (Bio-Rad). Relative expression of targets was determined using the 2−ΔΔCt method and 

data were normalized using housekeeping genes (ef1a, actb1). 

Primer Sequence 5’ → 3’ 

Ef1a _Fw  GTACTTCTCAGGCTGACTGTG 

Ef1a _Rw  ACGATCAGCTGTTTCACTCC 

Actb1_ Fw  TGAGCAGGAGATGGGAACC 

Actb1_ Rw  CAACGGAAACGCTCATTGC 

crestin_qRT1 Fw ACATGCTGACGTCGCTAACA  

crestin_qRT1 Rev CAGGTGAGTTTCGAGGGCTT  

dre-Sox10 Fw  AGGGAGGAAAATCAGGCGAG 

dre-Sox10 Rev TTCGCCAATGTCCACGTTAC 

hBRAFcds_377 Fw CTAGCCTTTCAGTGCTACCTTCATCT 

hBRAF-qRT1 Rev TCCGTGCCACATCTGTGGGAT 

Table 7. Primer sequences in qRT-PCR 
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3.7. Zebrafish image acquisition  

To acquire the animals’ images, they were anesthetized with tricaine 0.17 mg/mL MS-

222 (Sigma, A5040). Specifically, 24hpf embryos and 5dpf larvae were immersed in 

methylcellulose, and the images were acquired using Leica M80 stereomicroscope equipped with 

a Nikon DS-Fi1 camera. The juvenile and adult stage specimens were instead anesthetized, and 

the images acquired in water by stereomicroscope for juvenile and adults with a ASUS Zenfone 

X00TD. Quantification of nevus area was performed in Image J software (http://rsb.info.nih.gov). 

 

3.8. Whole mount in situ hybridization  

24hpf zebrafish embryos, were anaesthetized, fixed in 4% paraformaldehyde (PFA) 

overnight (ON) at 4°C. The day after embryos were washed in PBS and dehydrated in a MeOH 

series for storage in 100% MeOH for at least 12h. Embryos were rehydrated stepwise in methanol 

⁄ PBS, washed in PBT (PBS, Tween 0,1%). pre-hybridized for 3 h at 63°C in hybridization buffer 

and, incubated ON with 1ng/µL of riboprobe (kind gift from Dr. Letizia Pitto, CNR-IFC, Pisa, 

Italy) in hybridization solution at 63 °C (probe was denatured for 10 min at 95 °C). The probes 

were removed by 30 min stepwise washes with increasing 2X SSC (Saline-sodium citrate) ratio. 

Following 0.2X SSC for 30 min, maleic buffer tween-20 (MBT), 2% Roche Blocking Reagent 

(Roche, code 11096176001) for 2 h and, Ab incubation (Anti-Digoxigenin-AP, Fab fragments, 

Roche Applied Science, code 11093274910) at a 1:5’000 dilution in MAB ON at 4 °C. After 

several washes in MBT (MAB with Tween (0,1%), embryos were incubated in a staining buffer 

(NTMT) then, in BM Purple chromogenic substrate (Roche Applied Science, code 11 442 074 

001) until staining was sufficiently developed. After stopping the reaction, embryos were post 

fixed in 4% PFA in 1X PBS for 20 min and, finally, stored in 95% glycerol at 4° C. 

 

3.9. Fluorescence imaging 

20-30hpf embryos crestin lines were dechorionated manually by forceps (Dumont No. 5; 

Sigma-Aldrich F6521-1EA), anesthetized and fluorescence imaging was carried out using the 

Nikon Eclipse E600 microscope equipped with CoolSnap-CF camera and NIS-Elements software 

version 4.0. crestin fluorescence signal was analyzed using ImageJ software. 

 

 

 

http://rsb.info.nih.gov/
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3.10. Kaplan-Meyer analysis and analysis of tumor specimens 

In tumors incidence monitoring, animals were observed weekly up to 50 weeks.  

Three weeks after tumor onset, fish were euthanized by exposure to excess of tricaine. They 

were then fixed in 4% PFA for 48 h at 4°C, dehydrated through a series of graded ethanol 

baths and finally embedded in paraffin. Transverse paraffin-embedded tissue sections (5µm) 

were used. Hematoxylin and Eosin (H&E) staining was carried out using standard methods. 

For immunohistochemistry (IHC), tissue sections were stained using standard whole-mount 

immunostaining protocol with Vectastain elite ABC kit (Vector Laboratories) and 1:50 mouse 

anti-BRAFV600E VE1 primary antibody (ab228461, Abcam). 

 

3.11. Drug treatment  

6-8hpf embryos were treated with VEM 1/2µM, COB 1µM (Li et al., 2019), Leflu 6,5µM 

(White et al., 2011) and PTU (0,2mM) (Westerfield et al., 2000) alone or in combination 

using the vehicle (DMSO) at 1% dilution, in E3 medium. 

 

3.12. Luciferase assay 

Luciferase signal was quantified, in mosaic and transgenic lines, with Luminometer, using 

the Steady-Glo® Luciferase Assay System (Promega). Embryos were screened for mCherry 

signal in mosaic lines or eGFP signal in stable lines respectively at 24hpf or 48hpf and 

transferred into a 96-well with 50μL of E3 medium and 25μL of Steady-Glo®. Luciferase 

assay was left for 30-45 minutes of dark; quantification of Luciferase signal was evaluated 

with LUMIstar® Omega (BMG LABTECH) luminescence microplate reader.  

 

 

3.13. Cytofluorimetric analysis 

mCherry signal in embryos was recorded using CytoFlex® (Beckman Coulter) 

cytofluorimeter (excitation 488 nm, emission 610 nm). Embryos were dissociated using the 

following protocol: Phosphate Buffered Saline (PBS) washes, deyolking (55 mM NaCl, 3.6 

mM KCl, and 1.25 mM NaHCO3, 1 mM EDTA, (Purushothaman et al., 2019)), centrifuge at 

500g for 10 minutes, 1mg/mL collagenase type I (Sigma-Aldrich, C0130) in Leibovitz’s L-

15 medium (Thermo Fisher Scientific) for 30 minutes into thermostatic bath at 28°C with a 
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pounder for continuing dissociation, centrifuge at 500g for 10 minutes, complete culture 

medium (add to L-15: Glutamine 1%, Penicillin- Streptomycin 1% and FBS 20 %) replacing, 

DAPI (ThermoFisher, D1306) addition. DAPI will allow the distinguish of dead cells from 

viable cells. For each experiment we have used 50-100 embryos per condition. 

As described in the study of Weiss et al., 2022 (Fig. 14), gating strategy for cytofluorimeter 

analysis was performed in order to isolate cells positive for mCherry signal and negative for 

DAPI signal. Initially, debris and doublets were removed, dead cells positive for DAPI were 

removed and finally positive cells for mCherry signal were gated.  

 

 

Figure 14 -  Gating strategy. (a) percentage of cells positive for mCherry in Tg(mitfa:BRAF_V600E); 

Tg(-4.5crestin:mCherry);p53(lf)embryos at 24 hpf. (b) Representative results after drug treatment. 

 

3.14.  Statistical analyses 

Data were analyzed according to their normality using parametric or non-parametric tests. 

Multiple comparisons for groups with a single variable (e.g. wt or Hsa.BRAFV600E line) were 

performed by one-way ANOVA analysis (Tukey, Dunnet), for groups with multiple variables 

(e.g. comparison wt and Hsa.BRAFV600E line) by two-way ANOVA analysis. To analyze the 

frequencies between two or more variables (e.g. tumor macro characteristics), we used the non-

parametric Fisher test, while Mantel-Cox analysis was used for stratified data over time (Kaplan-

Meyer curve). The significance of differences between two unpaired groups was determined by 

the non-parametric Mann-Whitney test. P < 0.01 or P < 0.05 was taken as a minimum level of 
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significance. Data are expressed as means ± SEM (standard error of the mean). In order to account 

for biological and technical variability, for each experiment at least 2 independent biological 

replicates were performed.  

 

3.15. Fish genomic DNA extraction  

Zebrafish genomic DNA (gDNA) extraction was performed by applying different 

protocols, depending on the ultimate application.  

For Real Time PCR application, NTES buffer extraction was performed; for the locus 

identification site of transgenes, high-molecular-weight gDNA extraction was performed.  

NTES buffer extraction of gDNA was performed from 5-10mg of tissue, adding 900µL 

of NTES buffer solution (Tris HCl pH8 50mM, EDTA pH8 50mM, NaCl 100mM, SDS 0.1%) 

with 6 µL of Proteinase K (20mg/mL) and incubating ON at 56°C rotate. The day after the 

digested material was centrifuged at 13’000 rpm for 5 min, to recovered supernatant were added 

saturated NaCl, vortexed aggressively for 10- 30 sec, centrifuged for 10 min at 13’000 rpm. The 

supernatant was transferred in absolute ethanol and inverted enough times to obtain maximum 

concentration of the precipitate DNA mass. The DNA was pulled out and washed in 70% ethanol, 

and finally dissolved in MilliQ water at 60°C for 10 min or ON at 37°C.  

The extraction of high-molecular-weight gDNA from at least 100mg of adult fish tissue 

was performed according to the protocol described in The Zebrafish Book with only one 

modification: acetate ammonium salt was used instead of ammonium chloride in the DNA 

precipitation step.  

 

3.16. Copy number identification by Real Time-PCR 

In transgenic lines, to characterize the copy number of a transgene in the genome, 

Southern Blotting is largely used; however, this technique is time consuming and difficult to use 

when there are a lot of samples (Shepherd et al., 2009). Following the confirmation of one 

transgenic line (Tg(mitfa:-2.3Hsa.BRAF_V600E-204,myl7:eGFP) β) with the Southern technique 

(data not shown), we have shifted the search for our single insertion specimens using Real Time 

technique, a valid and much quicker alternative to Southern Blotting.   

Real Time quantitative PCR (RT-qPCR) was used to identify the copy number of 

transgenes. This technique is called the “relative quantitation method”. Compared to Southern 
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Blotting is faster and suitable for large-scale analysis. Non-specific dsDNA binding dye was used 

(SYBR® green) to quantify the copy number: whenever specific primers bind a sequence and 

catalyse its amplification, the dye binds the double-strand. The threshold cycle (Ct) from the 

quantification with RT-qPCR of a transgene is compared with the Ct of a gene with known copy-

number, like in our case actin beta 1 (ZDB-GENE-000329-1) on chromosome 1 (Fig.15). 

 

Figure 15. – Copy number identification strategy. (a) Schematic representation of transgenic lines 

genotyping with Real-Time qPCR. (b) Identification of transgene copy number in several specimens. 

Tg(mitfa:-2.3Hsa.BRAF_V600E-204,myl7:eGFP) β in homozygous (2 copies) and heterozygous (1 copy) 

conditions are used as control of the reaction (β homo and β het). The fishes (test) represent the specimens 

subjected to further analysis. A triple insertion fish was identified for -2.3Hsa.BRAF_V600E-220 (ref cds) 

line and at least one fish with single insertion for -2.3Hsa. BRAF_V600E-204 (X1 cds), -

2.4Hsa.BRAF_V600E-220 (ref c+U), -9.4Hsa.BRAF_V600E-204 (X1 c+U).  

To avoid interference, the copy number was determined by measuring the eGFP and mCherry 

genes belonging to the constructs, and using three dilutions for each genomic sample (5ng, 50ng, 

200ng) (Table 8). 

Primer Sequence 5’ → 3’ 

Actb1_ Fw  TGAGCAGGAGATGGGAACC 

Actb1_ Rw  CAACGGAAACGCTCATTGC 

GFP2_ qRT-Fw CACATGAAGCAGCACGACTT  

GFP2_ qRT-Rev GGTCTTGTAGTTGCCGTCGT 

mCherry3_qRT-Fw GGACGGCGAGTTCATCTACA  

mCherry3_qRT-Rev AGCCCATGGTCTTCTTCTGC 

Table 8. Primer sequences in qRT-PCR for copy number identification 
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3.17. Locus identification by CRISPR/Cas9-mediated editing and ONT-based 

sequencing 

In a manuscript currently in preparation, we show the adaptation of CRISPR/Cas9 

technique, with a precise DNA cut at the desired position, and long read sequencing (ONT) 

for the identification of transgene insertion site in Hsa.BRAFV600E transgenic lines.  

Cas9-guided sequencing is based on the notion that a specific DNA cleavage enriches 

DNA ends in the region of interest, which are then ligated with the ONT sequencing adapters 

complexed with the motor proteins driving the DNA through the nanopore (Fig. 16). In 

published protocols, Cas9 is targeted to two sites flanking the region of interest. This grants 

the presence of phosphorylated 5’ ends available for adapter ligation on both sides of the 

DNA fragments. However, this is not a viable option in our case, as the position of the 

transgene is not known. We therefore opted for two Cas9 targets within the eGFP coding 

sequence, even though that meant a possible decrease in the throughput due to the motor 

proteins being complexed only to one extremity of the fragment. 
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Figure 16 - Position identification strategy. Main experimental steps followed in order to obtain the 

Hsa.BRAFV600E transgenic fish that were used to extract genomic DNA and map the position of transgene 

insertion by Cas9/sgRNA-directed cut plus ONT sequencing of long hybrid reads. In the insert, schematic 

representation of the Tol2-mediated random insertion of the transgene within zebrafish genome. 

 

After validating the guide RNAs (Fig. 17), we treated the genomic DNA with 

Cas9/guide RNA ribonucleoproteins and prepared the sequencing library from 3µg of cleaved 

genomic DNA. We then run it on several flow cell to understand which suits our purposes 

best (MinION, Flongue).  
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Figure 17 - Validation of the activity of sgRNA_1-eGFP and sgRNA_2-eGFP by cotransfection 

with a eGFP-expressing plasmid in HEK293 cells. (a) Schematic representation of the plasmids 

transfected in HEK293 cells. (b) Flow cytometry analysis of the decrease in eGFP fluorescence caused 

by the sgRNAs at 72 and 96h post transfection. (c) Western blot analysis of the decrease in eGFP 

protein caused by the sgRNAs at 72 and 96h post transfection. 

 

To improve our chances, we worked on the factors that could affect the enrichment 

and the throughput of the sequencing run. Since genomic DNA is already fragmented, Cas9-

mediated enriched fragments still account for a minimal fraction of the genome. 

Dephosphorylation of the 5’ ends in the genomic fragments prior to Cas9 treatment represents 

a common workaround to limit untargeted reads, which still account for more than 90% of 

the throughput (Gilpatrick et al., 2022). To further decrease background noise, we decided to 

block the 3’ end of the DNA fragments, by adding a dideoxynucleotide using Terminal 

deoxynucleotidyl Transferase.       

An additional challenge in Cas9-based ONT-sequencing is that flow cells become 

exhausted relatively early, thus resulting in a low number of reads. This is probably due to 
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Cas9 protein remaining bound to DNA and interfering with the transfer of the DNA strand 

through the pore. We thus decided to treat the Cas9-cleaved gDNA with proteinase K to 

remove stuck Cas9. 

In the first positive attempt, we identified 10 reads mapping to the transgene (not 

shown). Of these, 4 reads were hybrid and matched both on the chromosome (Chr.18) and 

the transgene sequences. PCR analysis of genomic DNA confirmed such location of the 

transgene (Fig. 18, left). In a second attempt, using all fresh reagents and repeating the 

analysis on an independent specimen of the same transgene, we identified 60 reads mapping 

to the transgene, with 30 of these allowing us to locate the genomic position (Chr.10, see PCR 

analysis in Fig. 18, right). This suggests how the state of the reagents is also fundamental. 

 

 

Figure 18 – Identification of transgene integration site in two fish of the Tg(mitfa:-

2.3Hsa.BRAF_V600E-204,myl7:eGFP) line. In the first attempt we identified integration site on 

Chr.18 (left panel). In the second attempt, we identified integration site on Chr.10 (right panel). 

Specific genomic-transgene junctions (blue and red arrows) were amplified compared to the control 

(p53(lf) line). The amplicons for both positions (Chr.18 and 10) were used for Sanger sequencing, 

while Chr.10 amplicons were used for Sanger sequencing, as well as for the genotyping. L = Ladder 

1kb (left) and 100bp (right) 

 

To spur the technique and test its sensitivity, we also analyzed a specimen with 3 

transgene copies, selected from the first generations with slightly altered phenotype. We 
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obtained 70 hybrid reads, which allowed us to univocally identify 2 out of 3 sites 

(chromosome 23 and 18), and to narrow down the localization of the third (a highly repeated 

point of chromosome 8 or 22). In turn, we used such information to expedite the generation 

of fish with single insertions, which will be used to establish the transgenic lines (Fig. 19) 

 

Figure 19 – Identification of multiple integration sites. For Tg(mitfa:-2.3Hsa.BRAF_V600E-

220,myl7:eGFP) line (a), the number of 3 insertions was determined by performing RT-qPCR on an early 

generation specimen (F3) with a slightly irregular pigmentation pattern (yellow box in b). Using 

CRISPR/ONT sequencing strategy, 2 out of 3 integration sites were identified (chromosomes 23 and 18, 

see PCR analysis of genomic DNA reported in c). The third remains to be attributed to chromosome 8 or 

22. Once integration sites were identified, the specimens in red boxes were analyzed to find out which 

insertions they carried. They were then crossed to generate fish with single insertions (green boxes). 
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We hypothesized that our methodology can be extensively used in the field of 

zebrafish as animal model, since the identification of transgene insertion sites remains a 

challenge. As well as it will be extended to other animal model and many fields of research. 

Of note, placing the sgRNA-mediated cut within a reporter gene (eGFP in our case) allows 

to use the same sgRNA(s) to determine the insertion sites of constructs expressing different 

transgenes, following a one-cut-fits-all approach. Finally, we can affirm that Cas9-guided 

sequencing allow to map multiple insertion sites within the genome, in turn allowing to follow 

allele segregation. In turn, this enables to bring the identification of animals with a single 

insertion site forward, i.e. earlier on in filial generations. 

 

3.17.1. PCR on fish gDNA  

The junctions between transgene sequence and flanking genomic regions were amplified 

by PCR, using Phusion Flash High-Fidelity PCR Master Mix (Thermo-Fisher Scientific) or 

GoTaq® G2 Green Master Mix (PROMEGA). 50 ng of gDNA were used as template and the 

primers are listed in Table 9. The PCR amplicons were then run on a 1% agarose gel, extracted 

using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and subjected to Sanger 

sequencing (Eurofins Genomics, Ebersberg Germany) using the same primers.  

Primer Sequence 5’ → 3’ Application 

beta chr.18 Fw  ACACTCCTTTGTGGTTGGCA 5’ junction X1 β 

(Chr.18) for Sanger 

validation  
beta eGFP Rv  CGCTTCTCGTTGGGGTCTT 

beta mitfa prom Fw  ACGTATGAACACTTTGGGG 3’ junction X1 β 

(Chr.18) for Sanger 

validation 
beta chr.18 Rv  TTCGCCATCGTCAGTGCAT 

GenX1 b 1Fw GCGTGAAATTAATATGGGCTGGT mutant allele for 

genotyping X1 β 

(Chr.18)  
Tol5’-1  GGGAAAATAGAATGAAGTGATCTCC 

GenX1 b 2Fw GGGCTGGTTTTTAACTCAATATCGC wt allele for genotyping 

X1 β (Chr.18)  Gen-X1b_wt-2Rev GTCAACACCACTGCCCACCTAAG 

Gen X1.1 Chr.10 wt 

Fw 

CTGACCGATCCTTCACCCA 5’ junction X1 Chr10 

for genotyping (mutant 

allele) and Sanger 

validation 
Tol2-3-3 Rev CCTAAGTACTTGTACTTTCACTTG 

Gen-tol2-5 Fw1 CACTTCCAAAGGACCAATGAACA 3’ junction X1 Chr10 

for genotyping (mutant 

allele) and Sanger 

validation 

Gen X1.1 Chr.10 wt 

Rev 

GGCTGAAAATATTTAAATGTGCCAA 

Gen X1.1 Chr.10 wt 

Fw + Rev 

See above wt allele for genotyping 

X1 Chr10  

Triple_chr.18 Fw1 CTGCTGTAGGTCACGAATCA 
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beta mitfa prom Fw 

junctions See above 

5’ junction ref (Chr.18) 

for Sanger validation 

Triple_chr.23 Fw1 AGCTATTGGTGGAGTGGAG 5’ junction ref (Chr.23) 

for Sanger validation beta mitfa prom Fw 

junctions See above 

Gen ref1 Chr.18 Fw1 CCTGAAGATGGAGGGCAGTC 5’ junction ref (Chr.18) 

for genotyping Gen-Tol2-3 Rev1 TGAGTAGCGTGTACTGGCATTAG 

Gen-tol2-5 Fw1 See above  3’ junction ref (Chr.18) 

for genotyping Gen ref1 Chr.18 

Rev1 

GAGCCAAACCCTCACGGATA 

Gen ref1 Chr.18 

Fw1+ Rev1 

See above wt allele for genotyping 

ref (Chr18)   

Gen ref1 Chr.23 Fw1 TCTGTGTGGAGCTTGCATGT 5’ junction ref (Chr.23) 

for genotyping Gen-Tol2-3 Rev1  

Gen-tol2-5 Fw1  3’ junction ref (Chr.23) 

for genotyping Gen ref1 Chr.23 

Rev1 

AGCAAATCCCTTCCAGCCAC 

Gen_ref1-

Chr.23wt_Fw1 AGGATGATATGGCTGTGGTAGG 

wt allele for genotyping 

ref (Chr23)   

Gen_ref1-

Chr.23wt_Rev1 ACCAACACATAACACGGGGA 

Table 9. Primer sequences for genotyping and locus integration validation  

 

3.17.2. Cell culturing  

Cells were grown at 37°C in a humidified atmosphere with 5% CO2. HEK293 and A375-

PIG cell lines were cultured in DMEM, low and high glucose respectively, supplemented with 

10% fetal bovine serum, 1% glutamine (Sigma-Aldrich) and 1% penicillin/streptomycin 

(Euroclone). sgRNA_1-eGFP and sgRNA_2-eGFP sequence The crRNA portion was taken from 

the literature: crRNA_1-eGFP (5’-ggtgaaccgcatcgagctga-3’ (Shalem et al., 2014)), crRNA_2-

eGFP (5’-ggcgagggcgatgccaccta-3’ (Auer et al., 2014)). Potential off-targets were analyzed using 

CRISPOR web tool (http://crispor.org). Cloning of pX330 plasmids pX330-U6-Chimeric_BB-

CBh-hSpCas9 (pX330, kind gift from Feng Zhang, Addgene plasmid #42230) was used as 

negative control for transfection experiments and as backbone for the cloning of sgRNA_1-eGFP 

and sgRNA_2-eGFP. In details, sense and antisense oligos (sgRNA_1-eGFP sense (5’-

caccggtgaaccgcatcgagctga-3’) and antisense (5’-aaactcagctcgatgcggttcacc-3’); sgRNA_2-eGFP 

sense (5’-caccggcgagggcgatgccaccta-3’) and antisense (5’-aaactaggtggcatcgccctcgcc-3’)) were 

annealed to make a double strand fragment with sticky ends (BbsI). The double strand was then 

phosphorylated using PNK enzyme (New England BioLabs, Ipswich, MA, USA), according to 

the manufacturer’s instructions, and finally cloned into the pX330 plasmid previously digested 

with BbsI enzyme (New England BioLabs, Ipswich, MA, USA).  
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3.17.3. Plasmid transfection 

 3×105 A375-PIG cells, which were stably infected with PIG-NotI (PIG) plasmid 

(Marranci et al., 2017), hence stably express eGFP, were seeded in 6well plates and 24h later they 

were transfected with 4µg of pX330, pX330-sgGFP-1 or pX330-sgGFP-2 and 10µL of 1 mg/ml 

LIPOFECTAMINE 2000™ (Thermo-Fisher Scientific, Waltham, MA, USA), following the 

manufacturer’s protocol. 3×105 HEK293 cells were seeded in 6well plates and 24h later they were 

co-trasfected with 2µg of PIG eGFP-expressing plasmid, 2µg of pX330, pX330-sgGFP-1 or 

pX330-sgGFP-2 plasmid and 10µL of 1 mg/ml LIPOFECTAMINE 2000, following the 

manufacturer’s protocol. At 72h and 96h post transfection, A375-PIG cells were collected for 

genomic analysis, while HEK293 cells were collected for cytofluorimeter and western blot 

analysis. In order to account for biological and technical variability, 2 independent replicates of 

this experiment were performed.  

 

3.17.4. Analysis in Cas9/sgRNA-caused alterations in eGFP DNA sequence  

gDNA extraction from A375-PIG cells was performed as described in (Vitiello et al, 

2017). To detect Cas9/sgRNA caused alterations, eGFP DNA sequence was amplified by PCR, 

using Phusion Flash High-Fidelity PCR Master Mix (Thermo-Fisher Scientific, Waltham, MA, 

USA). 40ng of gDNA were used as template and the primers were: eGFP#2 Fw 5’-

CATGGTGAGCAAGGGCGAG-3’, eGFP#2 Rv 5’- TCGTCCATGCCGAGAGTGAT-3’. The 

reaction conditions were: 98°C 10s, (98°C 1s, 60°C 5s, 72°C 15s)×35 cycles, 72°C 1min. A S1000 

Thermal Cycler (Bio-Rad, Hercules, CA, USA) was used. The PCR amplicons were then run on 

a 1% agarose gel, extracted using QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and 

subjected to Sanger sequencing (Eurofins Genomics, Ebersberg Germany) using the same 

primers. TIDE web tool (https://tide.nki.nl/) was used to analyze genome editing efficiency.  

 

3.17.5. Cytofluorimetric analysis 

Transiently transfected HEK293T cells were washed once with PBS and the mean 

fluorescence of eGFP was then measured by flow cytometry. For each sample, 104 events were 

analyzed using Accuri C6 (BD Biosciences, San Jose, CA, USA).  

 

 



 
 

54 

3.17.6. Protein extraction  

106 HEK293 cells were resuspended in 50µl of lysis buffer (50mM Tris HCl, 1% 

TritonX100, 0.25% NaDeoxicholate, 1mM PMSF, 2mM orthovanadate, proteinase inhibitors 

cocktail). The mixture was incubated for 30 minutes on ice and then centrifuged at 14000rpm for 

30 minutes at 4°C. The supernatant was then quantified using Bradford reagent at 590nm (Vitiello 

et al, 2017). Western blot 20µg of proteins were combined with 4X loading buffer (Bio-Rad, 

Hercules, CA, USA) and then heated at 95°C for 5min, separated on 4-15% SDS-polyacrylamide 

gels (Mini-PROTEAN Precast gel, BioRad, Hercules, CA, USA) along with a marker (Bio-Rad, 

Hercules, CA, USA) and electrotransferred to polyvinylidene difluoride (PVDF), membranes 

using Trans-Blot Turbo system (Bio-Rad, Hercules, CA, USA). Membranes were blocked at room 

temperature for 1h using 3% milk in TBST. They were then incubated overnight at 4°C with the 

following primary antibodies: anti-β-ACTIN mouse monoclonal antibody (dilution 1:10000 in 

5% milk in TBST; #A5441, Merck, Darmstadt, Germany); anti-eGFP rabbit polyclonal antibody 

(dilution 1:1000 in 5% milk in TBST; #A111-22, Molecular Probes, Eugene, OR, USA). Blots 

were washed 4 x 5 minutes in TBST and incubated for 1h in 5% milk in TBST with the appropriate 

secondary antibody (1:5000). Blots were again washed 4 x 5 min in TBST and developed using 

Clarity Western ECL blotting substrate (Bio-Rad, Hercules, CA, USA). Finally, bands were 

detected using the ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA).  

 

3.17.7. Cas9/gRNA Ribonucleoprotein assembly  

Synthetic guide RNAs (5’-ggtgaaccgcatcgagctga-3’ and 5’-ggcgagggcgatgccaccta-3’, 

Synthego, Redwood City, CA, USA) were pooled into a 100µM equimolar mix. The 

ribonucleoprotein complex were assembled by combining 30pmol of guide RNA duplexes with 

10 pmol of Cas9-NLS Nuclease (New England Biolabs, Ipswich, MA, USA) in 1× CutSmart 

Buffer (New England Biolabs, Ipswich, MA, USA).  

 

3.17.8. Library preparation  

3µg of gDNA were treated with Terminal deoxynucleotidyl Transferase (TdT, New 

England Biolabs, Ipswich, MA, USA) to add a single dideoxynucleotide to the 3' hydroxyl 

terminus of DNA molecules, in presence of 1mM dithiothreitol and 250µM CaCl2, at 37°C for 

30min. This step was followed by dephosphorylation of 5’ ends with 3µL of Quick Calf-Intestinal 

alkaline Phosphatase (CIP) enzyme (New England Biolabs, Ipswich, MA, USA), for 15 min at 
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37°C. CIP enzyme was then heat-inactivated for 2min at 80°C. The assembled Cas9-gRNA 

ribonucleoprotein complex was added to the treated gDNA, followed by monoadenylation using 

the dA-tailing kit module (New England Biolabs, Ipswich, MA, USA) for adapter ligation. The 

sample was cleaned up using 1× Ampure XP beads (Beckman Coulter, Brea, CA, USA). 

Sequencing adapters from the Oxford Nanopore Ligation Sequencing Kit (Oxford Nanopore 

Technologies, Oxford, UK, #LSK109) were ligated to DNA ends, using T4-Quick Ligase (New 

England Biolabs, Ipswich, MA, USA) for 10min at room temperature. The sample was then 

cleaned up again using long-fragment buffer (Oxford Nanopore Technologies, Oxford, UK, 

#LSK109) and the libraries were prepared according to the Manufacturer's protocol (Oxford 

Nanopore Technologies, SQKLSK109 kit)  

 

3.17.9. Sequencing 

Samples were run on MinION or Flongle flow cells (v.9.4.1 pore), using the MK1B 

sequencer. Sequencing runs were operated using the MinKNOW software (v.19.2.2).  

 

3.17.10. Analysis  

Base calling was performed using GUPPY (v.3.0.3) to generate FASTQ reads from the 

electrical data. Reads were then aligned to the reference genome and analysed using minimap2 

(v.2.17) (Li, 2018). For IGV visualization, BAM files were sorted according to mapped 

chromosomal location using sort from SAM tools (Handsaker et al., 2009) to visualize the reads 

mapped on to the reference genome (Thorvaldsdóttir et al., 2013) 
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4. Results 

4.1. mitfa-driven expression of oncogenic BRAFV600E variants in mosaic zebrafish 

4.1.1. Expression of BRAFV600E variants in mosaic embryos of the p53(lf) line  

The first zebrafish cutaneous melanoma model for the BRAFV600E oncogene under the 

guide of mitfa promoter was developed in 2005 by the Zon group (ZDB-ALT-050419-2) (Patton 

et al., 2005). The transgene was created with a linearized pNP-P plasmid, with the oncoprotein 

BRAF Myc-tag fused. Subsequently, Tg(mitfa:BRAF_V600E) models were generated with the 

MiniCoopR system, which allows the study of several genetic elements simultaneously, by 

downregulating or overexpressing them (Ablain et al., 2015; Iyengar et al., 2012). The 

MiniCoopR system, like the latest transgenic models in zebrafish, exploits the Tol2 transposon 

system, that permits a high efficiency of integration into the genome and a high likelihood of 

inheritance by the F1 offspring. 

Since there are no in vivo models for the study of BRAF variants, as well as the study of 

their respective 3’ UTR, we used the rapid transgenic Tol2 system to model three BRAF variants 

in vivo. Using the melanocyte-specific mitfa promoter, we created mosaic transgenic fish 

expressing the coding sequences for BRAF-ref/X1/X2 and the BRAF-ref/X1 coding sequences 

(cds) complete with their respective three prime untranslated region (3'UTR) (Fig.20a). The 

constructs injected were: 

- pDEST(mitfa:-2.3Hsa.BRAF_V600E-220,myl7:eGFP), expressing the coding sequence 

of the BRAFV600E-ref variant (ref cds),  

- pDEST(mitfa:-2.3Hsa.BRAF_V600E-204,myl7:eGFP), expressing the coding sequence 

of the BRAFV600E-X1 variant (X1 cds),  

- pDEST(mitfa:-2.2Hsa.BRAF_V600E-X2,myl7:eGFP), expressing the coding sequence 

of the BRAFV600E-X2 variant (X2 cds),  

- pDEST(mitfa:-2.4Hsa.BRAF_V600E-220,myl7:eGFP), expressing the coding sequence 

complete of 3’UTR for the BRAFV600E-ref variant, 

- pDEST(mitfa:-9.4Hsa.BRAF_V600E-204,myl7:eGFP), expressing the coding sequence 

complete of 3’UTR for the BRAFV600E-X1 variant. 

The transgenic constructs for BRAFV600E variants were microinjected at one-cell stage 

in a genetic tumor prone background, the p53 mutant zebrafish line (ZDB-ALT-050428-2), which 

thus allows the generation of melanoma. To ensure that subsequent analysis was carried out on 

successfully microinjected samples, embryos were selected starting from 24 hours post 
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fertilization based on a cardiac fluorescent signal, myl7:eGFP. To validate the expression of 

BRAFV600E variant transgenes, we analyzed the transcripts using Reverse Transcriptase PCR 

(Fig.20b). Using human-specific BRAF primers, we confirmed the expression of the coding 

sequence for the common part (ex1-17) (black bar), as well as for the specific region in the last 

exons: Ex18.2/18b for ref variant (red bar), Ex18.2 + Ex19 for X1 variant (blue bar), Ex 19 only 

for X2 variant (blue bar) which appears with a lower amplification product (see Introduction for 

details). Furthermore, we observed the expression of the 3'UTR sequences for both the ref and 

X1 variants. Since the 3'UTR ref sequence is 121nt long, we can ensure its complete expression 

with a single amplification product (ochre bar). While for the 3'UTR X1, being 7163nt long, we 

have verified its complete expression by amplifying upstream and downstream portions (green 

and pink bars). 
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Figure 20 – Expression analysis of Hsa.BRAFV600E variants in embryos. (a) Schematic representation 

of the constructs (only coding top, coding and 3’UTR bottom) that express human BRAFV600E variants’ 

coding sequence (oil green) and 3’UTR sequence (light blue) under the control of mitfa promoter (ochre), 

and eGFP reporter (green) under the control cardiac myl7 promoter (dark grey). (b) Cartoon summarizing 

the position of the primers used to determine the expression of cds and 3’UTR of BRAFV600E variants 

(left). PCR performed on 1-cell stage p53(lf) injected embryos at 24hpf (right). actb1 intron flanking 

primers (600bp for cDNA and 900bp for genome) are used as positive control; L: 100bp DNA Ladder.  
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4.1.2. BRAFV600E variant expression is increased  

Since our constructs are of different sizes, particularly for X1 cds +3’UTR, 14220nt long, 

compared to cds, 7050nt long, we microinjected the same molarity for all the transgenic 

constructs. Nevertheless, we analysed the relative quantity of all variants. Using the relative 

quantification Real Time PCR technique, we observed similar expression levels for the ref/X1/X2 

coding constructs and coding with ref 3’UTR, while the coding with X1 3’UTR construct showed 

a 4-5 times higher level of expression (Fig.21). The analysis was carried out at the 24hpf stage to 

observe the direct contribution of the injection and exclude possible technical errors and 

physiological effects, and at 5 days post fertilization, when the expression of mitfa is limited to 

the melanocyte-restricted line.  

 

Figure 21 – Hsa.BRAFV600E variants expression level in development. qRT-PCR at 24 hpf (a) and 

5dpf (b) of 1-cell stage p53(lf) injected embryos. Tg(mitfa:mCherry,myl7:eGFP) is used as negative 

control. Statistically significant differences are indicated with asterisks: **P<0.01, ****P<0.0001 

(Dunnett's multiple comparisons test). (qRT-PCR: quantitative Real Time Polimerase Chain Reaction, hpf: 

hours post fertilization, dpf: days post fertilization)  
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4.1.3. BRAFV600E variants impact on pigmentation  

The effect of increased pigmentation for the historical BRAFV600E model is recorded 

from 8 weeks of age. Pigmented clusters appear in the mosaic and become more widespread in 

the stable line (Patton et al., 2005). Here, we have monitored pigmentation in larvae, juvenile and 

adult stages. 

In the historical model no changes in pigmentation at the embryonic or larval level were 

highlighted, while in our work we identify an increase compared to the control larvae. The 

different integration system used could be a possible explanation of the phenotype anticipation, 

confirming the higher efficacy of the Tol2 system compared to other methods previously used to 

generate transgenic constructs. 

At 5dpf, injected larvae show an increase in pigmentation that appears as multiple 

pigmented spots homogeneously distributed across the body. Such an increase is highest for ref 

cds, then X1 cds, ref cds + 3’UTR and finally X1 cds + 3’UTR follow. Conversely, no 

pigmentation alterations are observed upon injection of X2 cds, which is consistent with a rapid 

degradation of BRAFV600E-X2 protein via proteasome, as previously described by our group 

(Marranci et al., 2017) (Fig. 22a).  

These data on larvae are confirmed by the observations recorded later at the juvenile 

stage, defined when the animals acquire the fins and adult-pigmentation phenotype, although they 

are not sexually mature. At this stage (around 5 weeks of age), we recorded the percentage of 

animals that already showed pigmentation alterations and exhibited the formation of nevi. These 

are defined as flat, strongly pigmented clusters of melanocytes that disrupt the distinctive striping 

(Dovey et al., 2009; Patton e al, 2005). The data claim a higher effect of ref/X1 only coding 

transgenes, an intermediate effect for the ref cds + 3’UTR transgene and an extremely low effect 

for the X1 cds + 3’UTR transgene. Also, at this stage of development, no pigmentation alterations 

or nevi are observed for the X2 transgene (Fig. 22b). 
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Figure 22 - Pigmentation pattern analysis in larvae and juveniles. (a) Pigmentation pattern in 

larvae at 5dpf. Dorsal view (left), lateral view (middle), lateral zoom view (right). 

Tg(mitfa:mCherry,myl7:eGFP),p53(lf) is used as negative control (CTR mCh). Scale bar 500µm. (b) 

Representative nevi in juvenile fish. A fish injected with X2 cds construct is used as negative control. Scale 

bar 0.5cm. (c) Nevus percentage in juvenile fish. Statistically significant differences are indicated with 

asterisks: ***P<0.001, ****P<0.0001 (Fisher’s exact test). In order to account for biological and technical 

variability, at least 2 independent biological replicates were performed, and the total number of fish studied 

for each condition is reported in the graph.  
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4.1.4. BRAFV600E variants impact on nevus progression 

Reflecting the fact that nevi number, size and characterization are important clinical 

prognostic factors in human, we recorded nevi size and tumor incidence at the adult stage of 

zebrafish over a one-year observation period. 

After three months of age, despite initial differences, the percentage of animals showing 

a nevus is similar regardless of the transgene they received, except for X2, which from this point 

on will no longer be included in the analyses as they do not develop pigmentation alterations nor 

nevi. (Fig. 23a). Although the percentage of animals with the presence of moles is very similar 

for all conditions (Fig. 23b), we evaluated whether the time to nevus onset could affect the area 

of hyperpigmented skin. Measuring the size of adult nevi at 3 months of age, the data show higher 

values for only-coding transgenes, while similar and smaller values for cds + 3’UTR transgenes 

(Fig. 23c).  

 

Figure 23 – Nevus analysis in adults. (a) Representative nevus (arrows) in tg adult fish (3 months of age). 

Scale bar 1cm. (b) Nevus percentage in adults (3 months of age). (b) Size of nevus in adults (3 months of 

age). Statistically significant differences are indicated with asterisks: ***P<0.001, ****P<0.0001 (Dunn's 
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multiple comparisons test). In order to account for biological and technical variability, at least 2 

independent biological replicates were performed, and the total number of fish studied for each condition 

is reported in the graph. 

 

4.1.5. BRAFV600E-ref variant has the highest transforming capacity 

Finally, following the animals during a year of life, the incidence of tumors onset was 

recorded, which is once again greater for the coding-only transgenic lines compared to the 

respective cds + 3’UTR lines (Fig. 24a-b). The transition from nevus to melanoma was detected 

as pigmentation intensification, which turns into skin thickening, accompanied by an outward 

growth (Patton et al., 2011). The data also show a significant difference in tumor onset for the 

BRAF ref isoform, which is quicker compared to the X1 isoform (Fig. 24a-b). Even in one-year 

observation period, no pigmentation alteration or tumor onset was recorded for the BRAFV600E-

X2 transgene, confirming the absence of the protein or at least of its function in vivo. 

 

Figure 24 – Melanoma incidence analysis in adults. (a) One-year long melanoma free-survival curve. (b)  

Representative zebrafish with melanoma tumors (red arrows). ref cds: Tg(mitfa:-2.3Hsa.BRAF_V600E-

220,myl7:eGFP); X1 cds: Tg(mitfa:-2.3Hsa.BRAF_V600E-204,myl7:eGFP); ref cds+3’UTR: Tg(mitfa:-

2.4Hsa.BRAF_V600E-220,myl7:eGFP); X1 cds+3’UTR: Tg(mitfa:-9.4Hsa.BRAF_V600E-

204,myl7:eGFP). Scale bar 1 cm. Statistically significant differences are indicated with asterisks: 
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**P<0.01, ****P<0.0001 (log-rank (Mantel–Cox) test). In order to account for biological and technical 

variability, at least 3 independent biological replicates were performed, and the total number of fish studied 

for each condition is reported in the graph. 

 

To understand if the differences are caused by large cellular rearrangements, we recorded 

the body localization of tumors and their pigmentation phenotype, given the involvement of both 

aspects in tumor development.  On one hand, the tumors’ position may be indicative of a different 

genetic context, since the cell of origin is characterized by a unique transcriptional state 

determined by its differentiation status and environment interaction. This renders it susceptible 

only to certain oncogenic insults, as reported in literature (Weiss et al., 2022).  On the other, the 

degree of pigmentation has been associated with different mutational signatures: Wnt signaling 

was associated with a higher pigmentation phenotype, PTEN alteration with a lower pigmentation 

phenotype and p53 with variable sectors of dark pigmentation (Hodis et al., 2022). Of note, 

pigmentation phenotype has been correlated with targeted therapy response too. 

Therefore, we recorded the onset of tumors on the head, body and fins. The data show no 

difference among the different conditions (Fig. 25a). Next, the objective pigmentation appearance 

was recorded by defining pigmented (melanotic) or non-pigmented (amelanotic) melanomas. The 

data display a statistically significant difference between the ref and X1 coding variants, and a 

trend between the counterparts cds + 3’UTR variants, but this observation needs to be further 

confirmed; indeed, although some tumors may result amelanotic in the physical examination, the 

pigmentation is instead observed when processing the samples for histological examinations (Fig. 

25b).  
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Figure 25– Melanoma macro features analysis in adults. (a) Tumors localization. (b) Melanotic pattern. 

Statistically significant differences are indicated with asterisks: *P<0.05 (Fisher’s exact test).  

To confirm the histological tumor characteristics of melanoma, we collected and analyzed 

tissue sections with multiple staining procedures. As per melanoma characteristics, tumors show 

hyperplasia, architectural disturbance, cytological atypia (by Hematoxylin and Eosin staining) 

(Fig.26a) and BRAFV600E presence (by immunochemistry) (Fig. 26b).  
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Figure 26 – Histological analysis of BRAFV600E variants tumors. Representative Hematoxylin and 

Eosin (H&E) stain (a) and BRAFV600E IHC (b) on a tumor sample. Black scale bar 500 µm, blue scale 

bar 90 µm. 

 

4.2. BRAFV600E variants in stable zebrafish transgenic lines 

4.2.1. Strategy for the generation of zebrafish transgenic lines expressing 

BRAFV600E variants 

In the mosaic condition (F0), all BRAFV600E variant transgenes (except X2) generate the 

classic nevus as reported in the literature (Patton et al., 2005) (compare Fig.27a and b). In stable 

lines, instead, in the early generations (F1-F2) a high percentage of specimens show a strongly 

altered pigmentation, which no longer appears zebra-like (Fig. 27c-d). However, in the advanced 
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generations (F3-F4, Fig. 27e), a more regular pigmentation appears again, in accordance with 

literature data.  

The irregularity of the pigmentation pattern is likely due to the high number of copies of the 

transgene, as well as to the repeated outcross with the p53(lf) line, which results in the 

accumulation of mutations. In addition, the repeated outcross with the p53(lf) line likely anticipate 

the spontaneous onset of tumors and increase their percentage, explaining the different data 

reported in the literature (Patton et al., 2005; Berghmans et al., 2005). In turn, this means that the 

same transgenic BRAFV600E line, with the same integration site, will have a different phenotype 

if kept in conditions of p53 mutant homozygosity or heterozygosity.  

For these reasons, we first microinjected the BRAFV600E variants construct in p53(lf) 

embryos to ensure the selection of founders that generated moles and tumors. Then, after 

observing a strong pigmentation alteration in the early filial generations (Fig. 27c-d), we bred the 

selected animals to return to a p53 heterozygosity condition. In this way, we could establish that 

any altered pigmentation depended only on the integrated transgene number, removing the p53 

variable. In turn, this allowed us to more accurately identify specimens carrying a low number of 

integration sites.  

Accordingly, we have not yet recorded the tumors’ percentages and localization sites 

pertaining to the BRAFV600E variants stable lines. To investigate this topic, we aim to first cross 

these fish with wild types to generate stable lines with a traceable homozygous single insertion at 

the genomic level and with a heterozygous p53 mutation. These fish, which we will define as 

experimental F0, will then be incrossed and the experimental F1 individuals with homozygous 

p53 mutation will be subjected to data record. This way, we will identify tumors’ features that are 

specifically induced by the different BRAFV600E variants.  
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Figure 27 - Pigmentation pattern in mosaic and stable lines over generations. Lateral views of wild 

type (a), and Tg(mitfa:-2.3Hsa.BRAF_V600E-220,myl7:eGFP) fish expressing BRAFV600E ref cds in F0 

(b), in F1 (c), in F2 (d) and in F3 (e). F: filial, scale bar 1cm.  

 

4.2.2. Identification of transgenic lines expressing BRAFV600E transcript variants 

Several branches for each transgenic line were studied to find at least two specimens with 

a single insertion, hence, to exclude possible genome position-dependent effects. Here, insertion 

number was measured using quantitative Real Time PCR, while genome integration site was 

identified using Nanopore technology (details in material and methods). 

The lines identified so far are: 

- Tg(mitfa:-2.3Hsa.BRAF_V600E-204,myl7:eGFP) for X1 cds, Chr.10 integration site 

- Tg(mitfa:-2.3Hsa.BRAF_V600E-204,myl7:eGFP) for X1 cds, Chr.18 integration site 

- Tg(mitfa:-2.3Hsa.BRAF_V600E-220,myl7:eGFP) for ref cds, Chr.18 integration site 

- Tg(mitfa:-2.3Hsa.BRAF_V600E-220,myl7:eGFP) for ref cds, Chr. 23 integration site 

- Tg(mitfa:-2.4Hsa.BRAF_V600E-220,myl7:eGFP) for ref cds and 3’UTR, in progress  

- Tg(mitfa:-9.4Hsa.BRAF_V600E-204,myl7:eGFP), for X1 cds and 3’UTR, in progress. 

The work of generating the lines will continue until at least another founder for the line 

ref cds + 3’UTR and X1 cds + 3’UTR is found. 
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The generation of stable transgenic lines for BRAF variants will lead us to confirm and 

further study the phenotype obtained in the mosaic, as well as to perform drug screenings in a 

better-defined genetic context. Allowing to study BRAFV600E isoforms one by one, our model 

system can in turn contribute to identify new molecular factors involved in BRAFV600E-driven 

malignant transformation. This could also be expanded to tumor response and resistance to BRAF 

inhibitors, paving the way to design more informed combinatorial therapeutic strategies. 

 

4.3. Transgenic BRAFV600E variants in drug screenings 

4.3.1. Neural crest program in transgenic BRAFV600E variants  

To quantify the efficacy of pharmacological treatments, the stable transgenic lines for the 

BRAFV600E variants will be crossed with a crestin reporter line.  

crestin and sox10 are genes expressed during embryonic development in the NCC, and they 

are reactivated in melanoma cells, when they reacquire the neural crest phenotype. 

The choice of the crestin gene, compared to other genes better characterized in humans, 

lies in its high-level expression, which therefore allows a better resolution to observe the NCP 

(neural crest program) reactivation. Furthermore, literature data highlighted the role of crestin as 

drug or genetic treatments marker already at the embryonic stage. In the genetic condition of 

mutant homozygosity for p53 and overexpression of BRAFV600E, it has in fact been shown that 

crestin increases its expression levels at the embryonic and larvae stages (White et al., 2011). 

We validated the same effect with the BRAF variants by in situ hybridization technique, 

showing an increase of crestin expression signal in all BRAFV600E variants transgenes (Fig. 28a).  

Although a qualitative increase in the crestin signal is visualized, we did not observe the 

same results analyzing the expression of both sox10 and crestin genes by quantitative Real Time 

-PCR technique (Fig. 28b). These data coincide with the strictly qualitative analyses for crestin 

expression in embryos found in the literature, where it is never reported using quantitative 

methods. Instead, quantitative approaches have been used to evaluate its re-expression in adult 

tumors and scales (McConnell et al., 2019; Kaufman et al., 2016). 
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Figure 28 - Neural crest genes expression in embryos. (a) WISH for crestin at 24hpf, in 1-cell stage 

p53(lf) injected embryos. Lateral views (left) and dorsal views (right). A stronger signal is observed in all 

transgenics (red arrows). (b) qRT-PCR of crestin (top) and sox10 (bottom) genes at 24hpf and 5dpf.  (No 

statistically significant differences were obtained with ANOVA analysis). WISH: Whole mount in situ 

hybridization, qRT-PCR: quantitative Real Time Polymerase Chain Reaction, hpf: hours post fertilization, 

scale bar 250 µm. In order to account for biological and technical variability, at least 2 independent 

biological replicates were performed. 

A possible explanation is in the composition of the crestin gene, which is limited to a 

single exon and whose promoter includes retroelement LTR sequences. This results in its 

repetition in the genome >40 times, which could saturate the quantification of the crestin 

transcript (Kaufman et al., 2016). Also, the strength of the sox10 promoter could affect 

quantitative analysis (Kwak et al., 2013). 

To overcome this problem, we decided to replicate the Tg(-4.5crestin:mCherry),p53(lf) 

(ZDB-TGCONSTRCT-160208-3) line in our facility. Here, the crestin promoter directs the 

expression of mCherry, to use red fluorescence as an approximation of crestin expression. This 

line is an ideal model to investigate potential changes resulting from the injection of our 

constructs, as well as the efficacy of drug treatment regimens. 

In parallel, we also decided to generate a transgenic line with two reporters under the 

guidance of the crestin promoter: Tg(-4.5crestin:Luc2-P2A-mCherry). The purpose of this line is 

to use the mCherry reporter for qualitative analysis, and the Luciferase (Luc2) reporter for 

quantitative analysis. Indeed, the possibility to use the crestin signal in a quantitative way in 

embryos by means of Luciferase will expedite pharmacological screenings.  
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4.3.2. Responsiveness of crestin reporters to targeted therapy 

However, before venturing into the generation of stable lines, we first investigated 

whether the approach was feasible. To this purpose, we verified crestin as readout of drug 

treatments. We tested single drugs and drug combinations, such as BRAFi plus MEKi, and BRAFi 

plus a pigmentation inhibitor (PIGMi). 

To start, we analyzed the fluorescent signal of crestin in wild type (wt) and 

Tg(mitfa:BRAF_V600E),p53(lf) embryos (ZDB-ALT-050419-2) microinjected with the construct 

pDEST(-4.5crestin:mCherry) and therefore in mosaic condition (Fig. 29a). 

In line with data reported in the literature, we can highlight an increase in the basal signal 

of mCherry in the Tg(mitfa:BRAFV_600E),p53(lf) line compared to wild type embryos and a 

reduction in the signal following treatment with leflunomide (leflu) (White et al., 2011), but also 

vemurafenib (vem) (BRAFi), oligomycin (OMY, mitochondrial ATP synthetase inhibitor), and 

2,4-dinitrophenol (DNP, uncoupler of oxidative phosphorylation) treatment. The data show how 

non-targeted drugs (leflu, OMY, DNP) act indistinctly on WT and BRAFV600E embryos, while, 

in the vem treatment condition, we observe a significant effect only on BRAF embryos (Fig. 29b). 

We further highlighted a dose-dependent reduction of the fluorescent signal upon 

treatment with vem, a combinatorial effect of BRAF and MEK inhibitors at individually 

suboptimal concentrations (vem and cob (cobimetinib), 1µM for both), as well as a combinatorial 

effect between vem and a PIGMi, represented by PTU (Fig. 29c). 
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Figure 29 - Decrease in red fluorescence in Crestin single reporter mosaic line upon drug treatments. 

(a) Schematic representation of the pDEST(-4.5-crestin:mCherry) construct that expresses mCherry 

reporter (red) under the control of crestin promoter (blue). (b-c) Red fluorescence levels detected in 30hpf 

Tg(mitfa:BRAF_V600E),p53(lf) and wild type zebrafish embryos that were injected with the mCherry 

construct at 1-cell stage and were treated with the indicated drugs (b) or drug combinations (c) at 6hpf. 

Vemurafenib (vem): BRAF inhibitor. Olygomicin (omy): ATP synthetase inhibitor. 2,4-dinitrophenol 

(dnp): uncoupler of oxidative phosphorylation. Cobimetinib (cob): MEK inhibitor. PTU: thyroid peroxidase 

inhibitor (pigmentation inhibitor – PIGMi). Leflunomide (leflu): mitochondrial dihydroorotate 

dehydrogenase inhibitor, is an inhibitor of the neural crest lineage and is used as positive control. (d) 

Representative decreased red fluorescent signal in treated embryos merged in bright field. Scale bar 200um. 

Statistically significant differences are indicated with asterisks: *P<0.01, **P<0.01, ***P<0.001 (Dunnett's 

multiple comparisons test (b) and Mann-Whitney test (c)).  

 

To evaluate crestin expression as a quantitative tool, we then tested its use with the 

pDEST(-4.5crestin:Luc2-P2A-mCherry) construct (Fig. 30a). 

After observing the same fluorescence signal between the single reporter and the dual 

reporter (Fig. 30b), we moved on and verified the trends associated with the Luciferase 

quantitative reporter. Following the same experimental design used above (Fig. 30), we evaluated 

a possible reduction of the Luciferase signal by microinjecting the dual reporter construct in 
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BRAFV600E; p53(lf) embryos. The data show us a strong reduction of Luciferase signal in 

BRAFV600E embryos treated with vem and leflu and the absence of Luciferase signal in the 

control embryos (Tg(-4.5-crestin:mCherry)) (Fig. 30c). 

 

 

Figure 30 – Decrease in Luciferase signal in crestin double reporter mosaic line upon drug treatments.  

(a) Schematic representation of the pDEST(-4.5-crestin:Luc2-P2A-mCherry,URAprom:URA) construct 

that expresses Luciferase (Luc2, yellow) and mCherry (red) reporters, separated by P2A sequence, under 

the control of crestin promoter (blue). The URA gene with its promoter is inserted in the construct for a 

possible genotyping strategy, identifying the genome insertion site using yeast. (b) 30hpf 

Tg(mitfa:BRAF_V600E), p53(lf) zebrafish embryos injected at 1-cell stage with the Luc2-P2A-mCherry 

construct show the same pattern of red fluorescence as embryos injected with the mCherry construct. (c) 

They also show a luminescence signal that responds to a 24h long treatment with vem and leflu. Statistically 

significant differences are indicated with asterisks: *P<0.05, **P<0.01 (Mann-Whitney test). 
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4.3.3. Generation of crestin reporter transgenic lines 

While the results obtained on mosaic fish proved the feasibility of our approach, the 

generation of the corresponding stable lines was not free from stumbles. Although the mCherry 

fluorescent signal is similar in single and double reporter constructs in the mosaic condition (F0), 

in subsequent generations the results diverge.  

The single reporter transgenic line (mCherry only) presents a complete neural crest 

expression pattern, as published, with a very strong signal visible with the stereo microscope and 

with epifluorescence (Fig. 31a). Following the pharmacological treatment with vem and leflu 

drugs, fluorescence analysis of the acquired images shows a reduced deviation and a greater effect 

compared to the mosaic condition (Fig. 31b-c). It is possible to quantify the effect of drug 

treatment on fluorescence also using the flow cytometer, although this is still in the optimization 

phase (Fig. 31d). Crucially, in adults it is possible to observe red signal from the earliest stages 

of tumor development in a very clear way (Fig. 31e). 

The double reporter transgenic line (mCherry and Luciferase), on the other hand, has a 

much weaker signal, such that it is not detectable via epifluorescence in F1 and following 

generations (data not shown). 
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Figure 31 – Fluorescence signal in crestin single reporter stable line. (a) Neural crest expression pattern 

in stable Tg(mitfa:BRAF_V600E),Tg(-4.5crestin:mCherry) embryos at 24hpf. (b) Red fluorescence 
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reduction in 22hpf representative embryos after treatment with indicated drugs. (c) Fluorescence level by 

photo analysis. (d) Percentage of mCherry-positive cells measured via flow cytometry, shown as fold-

change compared to DMSO. (e) Reactivation of mCherry signal in melanoma in adult zebrafish of 

Tg(mitfa:BRAF_V600E),Tg(-4.5crestin:mCherry),p53(lf) line. i. control adult in lateral view; ii control 

adult in dorsal view; iii,vi first stage melanoma in lateral view; iv-v first stage melanoma in dorsal view; 

vii advanced melanoma in lateral view. Brightfield (left), fluorescence (middle) and merge (right). 

Statistically significant differences are indicated with asterisks: **P<0.01, ****P<0.01 (Dunnett's multiple 

comparisons test). 

 

4.3.4. Alternative strategies to generate a transgenic line that expresses mCherry and 

Luciferase  

To determine whether the double reporter construct was silenced, another construct was 

generated by adding a second fluorescent marker in the same expression cassette (Fig. 32a). 

Unfortunately in Tg(-4.5crestin:Luc2-P2A-mCherry,γcrist:VenusGFP), although both the 

mCherry signal and VenusGFP expression in the lens were visible in the F0, in the stable 

generation (F1) the mCherry and Luciferase signals were both drastically reduced, while the 

VenusGFP signal in the lens was still visible (Fig. 32b-c).  

 

Figure 32- Tg(-4.5crestin:Luc2-P2A-mCherry,γcrist:VenusGFP). (a) Schematic representation of the 

pDEST(-4.5crestin:Luc2-P2A-mCherry,γcrist:VenusGFP) construct that expresses Luciferase (Luc2, 

yellow) and mCherry (red) reporters, joined by P2A sequence, under the control of crestin promoter (blue). 

The Venus GFP reporter (light green) under crystallin promoter (dark green) is inserted in the construct to 

verify the transgenic vector expression. (b) 30hpf Tg(mitfa:BRAF_V600E).p53(lf) zebrafish embryos 

injected at 1-cell stage with the Luc2-P2A-mCherry construct show red fluorescence signal (F0, upper left 

panel) as well as GFP signal in the lens at 48hpf (lower left panel). In the following generation (F1), 30hpf 

embryos lost mCherry signal (upper right panel) but retained GFP signal in the lens at 48hpf (lower right 
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panel). (c) Signal reduction in F1 is noticeable also in terms of Luciferase signal, which decreases by more 

than 200 times.       

Excluding a silencing of the construct, we evaluated the number of insertions that the lines 

possess. This way, we highlighted a very high number (> 30 copies) of genome insertions in the 

Tg(-4.5crestin:mCherry) line, while in dual reporter Tg(-4.5crestin:Luc2-P2A-

mCherry;γcrist:VenusGFP) line the number of genome insertions was less than five copies (Fig. 

33). 

 

Figure 33– Number of insertions evaluation. The transgene copy-number changes in the different 

transgenic lines. In the Tg(-4.5crestin:mCherry) line the transgene copies number exceeds 30, while in the 

Tg(-4.5crestin:Luc2-P2A-mCherry,γcrist:VenusGFP) line it is less than 5.  

 

This difference in the copies’ number could explain the different signal level between the 

different lines. Considering the retroelement sequences present within crestin promoter, we 

hypothesize that the transgene is taking advantage of the crestin promoter by amplifying itself, 

but with a limited luggage capacity.  

To understand if our hypothesis is correct, and considering that the crestin gene’s coding 

sequence is 1782nt long while the mRNA is 4437nt long, we generated another short construct 

with nothing but the crestin promoter and reporter genes (pDEST:-4.5crestin:Luc2P2AmCherry). 

If the new construct amplifies itself in the genome like the mCherry single reporter, we will be 

able to obtain high expression of both our qualitative marker (red fluorescence) and our 

quantitative marker (Luciferase signal). This vector would take the crestin gene’s advantages and 

match its high expression level in both drug screenings and characterization studies. But, on the 

other hand, having to follow over generations such a large insertions site number could make it 

difficult to reach a statistical power that minimizes errors and maximizes results across 

experimental replicates.  
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5. Discussion and future perspectives 

5.1. Mosaic fish overexpressing BRAFV600E variants 

Zebrafish is characterized by distinct pigmentation patterns in embryos/larvae and adults. 

Pigmented cells of adults are generated de novo during metamorphosis, by means of precursor 

cells, in contrast to a portion of adult xanthophores that result from an embryonic 

dedifferentiation-proliferation-differentiation derived process. The source of the de novo 

pigmented cells is hypothesized to be a stem/progenitor cell, equivalent to MSC. These cells 

derive from the neural crest, although their identity, number and location remain unclear. They 

reside in a quiescent state, maintained by the local niche, but retain their multipotency and 

reactivate upon stimuli such as in metamorphosis, regeneration, or tissue maintenance (Dawes et 

al., 2021). For example, a role for MAPK pathway has been highlighted in the control of 

melanocytes expansion during fin regeneration (Richardson et al., 2011).  

The formation of moles may be precisely the result of the action of the oncogenic 

BRAFV600E on MSCs, while in presence of other genetic stimuli, such as the absence of wild 

type p53, neoplastic transformation occurs. 

On mosaic fish, we consistently observed an effect on pigmentation in all development 

stages, from the larval stage to the juvenile and adult stage. Such effect is stronger for 

BRAFV600E coding-only lines compared to coding plus 3’UTR lines. 

In addition, the melanoma onset data are of particular interest. Here, we observed 

differences in malignant transformation between the reference and X1 isoforms: despite the same 

starting point in terms of pigmentation, they seem to have a different neoplastic capacity. This 

phenotype is evident especially in the first months of animal life, probably when the accumulation 

effect of mutations induced by loss of p53 functions has not yet reached a certain threshold. The 

lack of differences in tumor macro features confirms that there are no major genetic 

rearrangements when comparing the two isoforms; therefore, the difference in the transforming 

capacity could reside in different allosteric conformations caused by the different C-term portions 

or by the distinct interactors they could be associated with. The isoform-specific features of 

BRAFV600E-ref vs BRAFV600E-X1 are a totally new field of investigation that we are 

spearheading. Specifically, our still unpublished studies in yeast show a stronger involvement of 

X1 variant in fatty acid metabolism compared to ref variant, supporting emerging evidence 

regarding the importance of lipid processing in melanoma progression (Lumaquin et al., 2021). 

Therefore, it would be interesting to observe in our BRAFV600E lines the lipid amounts in and 

around tumors in order to assess whether X1-driven melanoma relies more on lipids than ref-

driven ones. 



 
 

79 

We have of course to exclude a possible effect due only to a minor presence of the protein. 

To address this point, it will be necessary to quantify protein levels of the two BRAFV600E 

isoforms by mass spectrometry. BRAFV600E protein levels in embryos are not sufficient to be 

detected by semi-quantitative techniques such as western blot, therefore we will perform the 

immunoprecipitation of BRAF protein, followed by mass spectrometry analysis in collaboration 

with Dr. Arrigoni group (University of Padova). 

If a different protein-protein interaction network and/or a reduced expression could 

explain the difference between ref and X1 protein variants, it does not explain why this difference 

is not evident also in presence of the 3'UTR. Actually, it is interesting to note that, despite the 

different size of the 3’UTRs (121nt for ref and 7163nt for X1), they both cause a comparable 

delay in nevi appearance and tumor onset. This piece of experimental evidence certainly deserves 

to be studied further. 

In general terms, we can hypothesize that 3’UTRs cause the transcripts to be subjected to 

post-transcriptional regulation. Specifically, we have already identified a set of microRNAs that 

act as positive or negative regulators of X1 mRNA transcription and translation in melanoma cells 

(Marranci et al., 2019), while miRNAs that regulate ref expression have been reported by others 

(Fattore et al., 2016). These data give us a glimpse on how tight the regulation of BRAF 

expression must be. It is also important to mention that, like in human cells (Marranci et al., 2017), 

also in zebrafish X1 mRNA is expressed at higher levels than ref mRNA, which suggests the 

presence of evolutionarily conserved regulatory regions between humans and fish. These regions 

could be revealed by aligning the BRAF gene between different vertebrate and invertebrate 

organisms. Once identified, they could be subjected to prediction studies for microRNA binding 

and tested by introducing appropriate deletions. 

We also have to consider that the 3’UTR confers to BRAFV600E transcripts the ability to 

perform functions other than those related to their translation (Anelli et al., 2017), and such 

functions need to be taken into account as well. 

For a comprehensive identification of the pathways that are impacted by BRAFV600E-

ref/X1, with or without their 3’UTR, we will carry out transcriptomic (i.e, RNA-seq) and 

proteomic analyses. Before doing so, however, we still have to define whether it is better to 

analyze embryos, adult skin or tumors. 
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5.2. Transgenic zebrafish lines overexpressing BRAFV600E variants 

The altered pigmentation observed in early generations likely arises from the sum of the 

high copy number of the BRAFV600E transgene and the damage and mutations accumulation 

induced by the loss of canonical p53 functions. This phenotype, not mentioned in the work in 

which the historical model of BRAFV600E in zebrafish is described (Patton et al., 2005), can be 

considered as evidence in favor of the higher efficiency of Tol2 system as strategy for transgene 

integration in the genome (Kawakami, 2007). Conversely, the regularization of the phenotype 

observed in advanced generations is consistent with a progressive segregation of BRAFV600E 

transgene copies. 

After the identification of single insertion, each transgenic line will be once again crossed 

into the protumor genetic background (p53(lf)). Only then transgenic lines will be compared in 

melanoma-free survival curves and pharmacological treatments. 

The identification of the exact location of the insertion site is crucial for many reasons: allele 

number needs to be established and correlated with phenotype severity, and position effects need 

to be considered so that transgene-unrelated phenotypes can be discerned. To this aim, quite a 

few techniques have been developed to obtain hybrid DNA fragments in which the transgene 

sequence is juxtaposed to the flanking genomic DNA (gDNA), which is unknown. Such 

techniques can be grouped into PCR-based vs. high-throughput sequencing-based. Although less 

laborious and time consuming than PCR-based methods, high-throughput methods usually 

produce reads that are too short to ensure the simultaneous coverage of the known transgene 

sequence and the flanking unknown genomic sequence. However, among the latest developments 

in sequencing approaches, ONT is intrinsically able to overcome the limitation represented by 

short reads, as it is endowed with the capacity to produce long reads (up to 2.3 Mb (Payne et al., 

2019)). Adapting nCATs (nanopore Cas9-targeted sequencing) to the identification of the 

insertion site of a transgene, we targeted the transgene sequence and managed to obtain long 

hybrid reads, oriented towards the unknown flanking genomic regions. Using this approach, we 

have already identified quite a few insertion sites and we will go on until at least two insertion 

sites per construct are available. Also, our approach allows to map multiple insertion sites within 

the same genome, so that allele segregation can be tracked and fish carrying only one insertion 

can be identified sooner. 
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5.3. Single and double crestin reporter lines 

Reports in literature indicate an increase of NCP in the BRAFV600E,p53(lf) melanoma-

prone background, already at the embryonic level. 

Our ISH data confirm this increase for both ref and X1 variants, also in presence of 

3'UTRs. However, such data are only qualitative, not quantitative. Since we do not find data in 

the literature that define a method to quantitatively evaluate NCP by analyzing crestin signal in 

embryos, we decided to overcome this limitation using a reporter line for crestin. In particular, 

our aim is to create a dual reporter line that allows a qualitative analysis using the mCherry signal 

and a quantitative analysis using the Luciferase signal, so that both genetic analyses and 

pharmacological screenings can be accurately performed. 

To ensure the validity of our approach, we performed preliminary drug treatments on the 

single reporter line crestin:mCherry using leflu, both of which have already been characterized 

in the literature (Kaufman et al., 2016; White et al., 2011). In the mosaic condition, we observed 

an increase in the fluorescent signal in the BRAFV600E,p53(lf) melanoma-prone background 

compared to wt embryos, and a reduction of it following pharmacological treatments. 

Specifically, the data show a reduction of red fluorescence following treatment with leflu, vem, 

omy and dnp, with vem specifically reducing crestin signal only in BRAFV600E,p53(lf) embryos, 

as expected. A crestin signal reduction was observed also upon combinatorial treatments between 

BRAFi and MEKi, as currently used in the clinic, and between vem and PTU. The combination 

of a BRAFi with a PIGMi is an approach we are pursuing in our lab. Prompted by the observation 

that pigmented metastatic melanoma tumors are more refractory to targeted therapy that non-

pigmented ones, we found in vitro that metastatic melanoma cell lines that can get pigmented 

upon vem treatment are more resistant to the drug compared to those that can not. We also found 

that the sensitivity of pigmentable cells can be increased by combining vem with a pigmentation 

inhibitor such PTU, or with an inhibitor of oxidative phosphorylation, such as omy. This in turn 

reflects the link between mitochondria and melanosomes, as the former are necessary for the 

correct function of melanosomes and for melanin production (Vitiello et al., 2017).  

Next, we verified the Luciferase signal in embryos possessing the dual reporter line in 

mosaic condition. Indeed, we found that Luciferase signal as well is reduced following vem and 

leflu treatments. 

Then, we moved forward with the analysis of stable lines. Here, we obtained very 

different results in single vs double reporter lines. While the signal for the mCherry single reporter 

line is strong and responds well to pharmacological treatments, in the dual reporter Luciferase-
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mCherry line the signal decreases dramatically. The red fluorescence is so low that is not visible 

using the epifluorescence microscope, and the Luciferase signal is reduced to a level so low that 

is not suitable for pharmacological screenings. 

By adding a second fluorescent reporter into the same transgene, i.e. by expressing eGFP 

in the lens, we excluded that the reason for low signal is transgene silencing. We then tested the 

integration sites number owned by stable lines. This highlighted a strong discrepancy between the 

single mCherry reporter line and the dual reporter Luciferase-mCherry line. The high number of 

transgene insertions in the single mCherry line (>30) compared with very low number (<5) in the 

dual Luciferase2-mCherry reporter line suggests that the retro-element activity of the crestin 

promoter could be reactivated when driving small coding sequences or when inserted in a small 

expression cassette, leading to a strong signal (Kaufman et al., 2016). This hypothesis is currently 

under testing, by reducing the transgene size with a construct made up of crestin promoter and 

coding Luc2P2AmCherry only. The expected result is that the smaller transgene will in fact be 

retrotransposed, producing a strong signal for both mCherry and Luciferase. Of course, this 

approach has its drawbacks, as a line with many insertions is difficult to handle, when ideally the 

transgenic lines are made up of a single identifiable insertion. In other words, we are facing a 

trade-off between a strong signal at high copy number vs a weak signal at low copy number.  

While we wait for the new dual reporter Luciferase2-mCherry line to be ready, we are 

assessing whether we can adapt the single reporter mCherry line, which is already available to us, 

to drug screenings. On one side, filial generations of the single reporter mCherry line are currently 

studied to evaluate whether there are variations in the integrated transgene number from one filial 

to the next, i.e. to understand the stability of crestin promoter as retrotrasposon. On the other side, 

we are optimizing mCherry quantification by measuring the percentage of fluorescence positive 

cells by flow cytometry. In this way, we have the option to use mCherry fluorescence as both 

qualitative and quantitative marker.  

Once we identify the reporter transgenic line that meets all the requirements, it will be 

crossed with our fish carrying the single oncogenic variants of BRAFV600E, thus obtaining the 

fish:  

- Tg(mitfa:-2.3Hsa.BRAF_V600E-220,myl7:eGFP),Tg(-4.5crestin:(Luc2-P2A-)mCherry)p53(lf) 

- Tg(mitfa:-2.3Hsa.BRAF_V600E-204,myl7:eGFP),Tg(-4.5crestin:(Luc2-P2A-)mCherry)p53(lf) 

- Tg(mitfa:-2.4Hsa.BRAF_V600E-220,myl7:eGFP),Tg(-4.5crestin:(Luc2-P2A-)mCherry)p53(lf) 

- Tg(mitfa:-9.4Hsa.BRAF_V600E-204,myl7:eGFP),Tg(-4.5crestin:(Luc2-P2A-)mCherry)p53(lf) 
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At the embryonic stage, these lines will be used for drug screenings. Ideally, using Luciferase 

signal it will be possible to screen simultaneously 32 compounds or combinations in a 96 

multiwell plate. These lines will also be useful to identify and track the single cells in which the 

NCP gets activated upon BRAFV600E expression. 

At the adult stage, these transgenic lines will be characterized for tumor generation and 

progression. In particular, nevi will be monitored over time and the gain of red fluorescence will 

be taken as a more accurate marker of melanoma onset compared to visual inspection for 

pigmentation intensification, skin thickening and outward growth (Patton et al., 2011). On the 

other hand, pharmacological treatments will be performed using the soaking method and tumor 

reduction will be evaluated not only in terms of tumor mass area, but also in terms of crestin 

signal. However, we will consider the possibility to perform different pharmacological treatments 

on the same tumor, by homogenizing it, dividing it into several wells and treating it in vitro.  
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