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Melanoma is an aggressive skin cancer which incidence and mortality rates are increasing worldwide. 

The cancer often involves mutations in the BRAF gene, especially a V600E variant. Dabrafenib is a 

small-molecule BRAF inhibitor, which mechanism of action is based on the inhibition of mitogen-

activated protein kinase (MAPK) signalling pathway. The aim of this study was to characterize the 

pharmacological properties of dabrafenib administered to the tank water using a zebrafish (Danio 

rerio) melanoma model. 

Pharmacokinetics and pharmacodynamics were successfully assessed and described in healthy and 

BRAF V600E-mutated zebrafish and ZMEL1-GFP zebrafish melanoma cells. Mass spectrometry 

analysis of blood samples revealed that dabrafenib was absorbed and eliminated relatively fast. The 

drug and its metabolites were distributed into several abdominal organs which was seen in mass 

spectrometry imaging. During a two-week long treatment experiment, dabrafenib reduced tumour size 

significantly proving its efficacy in zebrafish. The changes after the drug administration could also be 

seen on a histological level with H&E staining. With immunohistochemistry and Western blotting, we 

were able to confirm dabrafenib’s mechanism of action affecting extracellular signal-regulated kinase 

(ERK) phosphorylation of MAPK pathway. In addition, the drug had a dose-dependent effect on 

melanoma cell viability.  

The need for translational models to study melanoma resistance, drug responses and therapies is 

increasing. Even though the BRAF V600E model has its limitations, this research provides a 

foundation to use tank-administered dabrafenib to study melanoma and melanoma therapies in 

zebrafish melanoma models. The study also supports the overall use of zebrafish as translational 

preclinical models.  
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1 Introduction 

1.1 Melanoma 

The incidence and mortality rates of melanoma, aggressive skin cancer, are increasing worldwide (De 

Pinto et al., 2024). Melanoma is a malignant tumour originating from melanocytes, which are cells 

commonly found in the epidermis that synthesize melanin (Shain and Bastian, 2016). Melanocytes 

are mainly located in the skin, but also found in eyes, mucosa and other areas (Cichorek et al., 2013).  

The characteristics of a melanoma lesions are described by ABCDE criteria: asymmetry, border 

irregularity, colour variation, diameter greater than 6 mm, and evolution (Abbasi et al., 2004).   

Melanoma is usually observed in the skin as cutaneous melanoma but can also develop in the eyes as 

uveal melanoma or in mucosal tissue as mucosal melanoma (Rabbie et al., 2019). Cutaneous 

melanoma can be classified into subtypes of which the superficially spreading melanoma is the most 

common (El Sharouni et al., 2020). Melanoma can spread to distant tissues, most usually to brain, 

liver, lungs, bones, and lymph nodes (Damsky et al., 2010).  

1.1.1 Epidemiology 

Melanoma accounts only for a fraction of skin cancers, but it is responsible for approximately half of 

skin cancer-related deaths. According to GLOBOCAN 2022 data, melanoma was the 17th most 

common cancer, while non-melanoma skin cancer (NMSC), including basal cell carcinoma and 

squamous cell carcinoma, is the 5th most common cancer (Ferlay et al., 2024). NMSC was 22th and 

melanoma 23th in the mortality statistics (Ferlay et al., 2024). 

The incidence of melanoma has generally increased over time, but trends vary by region, with some 

areas showing stable rates in recent years (De Pinto et al., 2024). More than 330 000 new cases were 

diagnosed 2022 worldwide (Wang et al., 2025a). Highest incidence rates are in Oceania, North 

America and Northern and Western Europe (Wang et al., 2025a). The highest prevalence was shown 

in Europe followed by America (Wang et al., 2025a). The lowest incidence rates are found in Asia 

and Africa (Wang et al., 2025a). However, underreporting may contribute to these statistics 

(Cockburn et al., 2008). The melanoma incidence is estimated to increase 50% to 510 000 new cases 

by 2040 (Arnold et al., 2022). 

Despite rising incidence, mortality rates have been declining in many world regions due to better 

awareness, screening, and advances in treatment (De Pinto et al., 2024). Approximately 59 000 deaths 

occur globally each year with the highest mortality rates being in New Zealand in 2022 (Wang et al., 
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2025a). The melanoma mortality rates are estimated to increase 70% to 96 000 new deaths in 2040 

(Arnold et al., 2022).  

Age, sex and ethnicity have important demographic patterns. Melanoma can occur at any age, but the 

incidence rate increases in elderly (De Pinto et al., 2024; Wang et al., 2025a). Melanoma is one of 

the most common cancers in young adults (Miller et al., 2020). Men have higher overall incidence 

and mortality than women (Wang et al., 2025a). Fair-skinned individuals are at the highest risk while 

dark skinned individuals have lower incidence and higher mortality (Siegel et al., 2023). 

1.1.2 Pathophysiology 

Genetic risk factors and ultraviolet-induced damage play an important role in melanoma development 

from a benign nevus to malignant tumour (Carr et al., 2020). Ultraviolet A and B radiation induces 

DNA damage in melanocytes by forming cyclobutene pyrimidine dimers, which activate melanin 

production and generate reactive oxygen species, leading to oxidative damage in cells (Cadet and 

Douki, 2018). Several factors predispose to high ultraviolet radiation, including excessive sun 

exposure, sunburn in childhood, fair skin, multiple nevi and geographic location (Conforti and 

Zalaudek, 2021). 

Several signal pathways have been connected to the pathogenesis of melanoma (Guo et al., 2021). As 

mitogen-activated protein kinase (MAPK) pathway, involving RAS, RAF, MEK and ERK proteins, 

regulates cellular proliferation and survival, mutations in this pathway are often driving tumorigenesis 

(Braicu et al., 2019). Hyperactivation of PI3K/AKT/mTOR pathway drives cell survival, metabolic 

reprogramming and therapy resistance (Jiang et al., 2025). Wnt/β-catenin pathway is important in cell 

proliferation, differentiation, migration and invasion in both homeostasis and cancer (Zhang and 

Wang, 2020). Other pathways are also found to be involved in melanoma initiation, progression, 

metastasis and modification of microenvironment including signal pathways linked to metabolism, 

inflammation and angiogenesis (Guo et al., 2021). 

BRAF mutations are the most common genetic alteration in melanoma and predominantly observed 

in cutaneous subtypes (Lovly et al., 2012). In approximately 50 % of melanomas BRAF kinase 

mutations are present of which the substitution of valine at position 600 with glutamic acid (V600E) 

is the most common comprising 80% of these mutations (Davies et al., 2002; Lovly et al., 2012; 

Poynter et al., 2006). Other possible mutations include substitution of valine with lysine (V600K) or 

with aspartic acid (V600D) (Lovly et al., 2012). The mutations lock the BRAF serine-threonine-

protein kinase to more active conformation, which leads to the phosphorylation of extracellular signal 
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regulated kinase (ERK) of MAPK pathway (Ascierto et al., 2012; Davies et al., 2002). BRAF mutation 

can occur as an early event in neoplastic transformation of melanocytes, but it alone is insufficient to 

induce malignant progression (Kumar et al., 2004; Pollock et al., 2003). Tumour suppressor p53 is 

mutated in only 20% of melanomas (Hodis et al., 2012), but in most human melanomas the pathway 

function is disrupted by other genetic alternations, such as loss of CDKN2A (Berwick et al., 2006; 

Cilluffo et al., 2020). 

In addition to BRAF mutations, several other key components of pathways implicated in melanoma 

are also frequently mutated. Mutations of NRAS, which are found in 25% of melanomas, activate the 

MAPK and PI3K/AKT/mTOR pathway by increasing the ratio of active to inactive RAS, which leads 

to constitutive downstream signalling through the PI3K and RAF (Hodis et al., 2012; Mendoza et al., 

2011). NF1 loss is also connected to RAS hyperactivation (Nissan et al., 2014). PTEN and MITF 

mutations are often concurrent with BRAF and NRAS mutations (Garraway et al., 2005; Goel et al., 

2006). PTEN mutations occur in 20% of melanomas (Goel et al., 2006). The loss of PTEN or AKT3 

amplification causes PI3K/AKT pathway to active, which leads to cellular resistance to apoptosis 

(Jiang et al., 2025). Microphthalmia-associated transcription factor (MITF) is part of the Wnt/β-

catenin pathway controlling the expression of genes involved in melanin production, cell cycle and 

apoptosis resistance (Hartman and Czyz, 2015). Approximately 15% of melanomas have MITF 

amplification (Cronin et al., 2009; Garraway et al., 2005). 

Other mutations are more commonly found in other melanoma subtypes. KIT mutations are observed 

in approximately 22% of mucosal and 15% of acral melanomas, leading to constitutive activation of 

the receptor tyrosine kinase of MAPK pathway (Beadling et al., 2008). Mutations of GNAQ and 

GNA11 are present in 45% and 35% of uveal melanomas, respectively (Van Raamsdonk et al., 2009; 

Van Raamsdonk et al., 2010). MAPK and AKT pathways and their most common mutations in 

melanoma are presented in Figure 1.  
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Figure 1. Mitogen-activated protein kinase (MAPK) and protein kinase B (AKT) pathway. Created with 
BioRender.com. 
 

1.1.3 Treatment 

Treatment options for melanoma include surgery, radiation, chemotherapy, immunotherapy and 

targeted therapy (Lopes et al., 2022; Natarelli et al., 2024). Primary treatment for early stage, thin and 

localized melanoma is surgical excision (Santamaria-Barria and Mammen, 2022). Sometimes lymph 

node dissection is also involved to assess the spread (Allard-Coutu et al., 2020; Santamaria-Barria 

and Mammen, 2022). Radiation therapy can be used after surgery to reduce recurrence, as an 

alternative when surgery is not possible, or to relieve symptoms caused by bone and brain metastases 

(Shi, 2015). Chemotherapy is nowadays rarely used to treat melanoma due to the limited effectiveness 

and high toxicity (Pham et al., 2023).  

The newer treatment options include targeted therapies and immunotherapies (Lazaroff and Bolotin, 

2023; Natarelli et al., 2024; Wang et al., 2025b). In targeted therapies, the aberrant and overactive 

signalling pathways are targeted directly by inhibiting the molecules responsible for tumour growth 
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and progression (Wang et al., 2025b). BRAF inhibitors, including dabrafenib, vemurafenib and 

encorafenib, are used for BRAF V600 mutated melanoma, where the MAPK pathway is overactive 

(Singh et al., 2023). In addition, the downstream of BRAF can be inhibited with MEK inhibitors, 

such as trametinib, cobimetinib and binimetinib, to prevent ERK activation (Ram et al., 2023). BRAF 

inhibitors are commonly associated with cutaneous toxicities, while MEK inhibitors cause 

gastrointestinal and ocular side effects (Ram et al., 2023; Singh et al., 2023). BRAF and MEK 

inhibitors are often used in combination therapies as they demonstrate greater efficacy used together 

(Dummer et al., 2018; Larkin et al., 2014; Long et al., 2014b). In addition to BRAF and MEK 

inhibitors, other targeted therapies can be considered off-label for patients with relevant mutations, 

such as imatinib for KIT amplification or mutation (Awada and Neyns, 2022). Targeted therapies and 

their inhibition of MAPK pathway is shown in Figure 2A. 

Immunotherapies enhance patients’ own immune system to fight melanoma (Wang et al., 2025b). 

Cytokine agonist interleukin-2 (IL-2) agonist aldesleukin boost immune system generally (Amaria et 

al., 2015). Immune checkpoint inhibitors (CPIs) target proteins on immune cells and helps the 

immune cells to attack the cancerous cells (Carlino et al., 2021). Ipilimumab blocks cytotoxic T-

lymphocyte-associated antigen 4 (CTLA-4), which allows competitive CD28 bind to B7 on tumour 

cells more effectively, which increases T cell activity (Sobhani et al., 2021). Nivolumab and 

pembrolizumab blocks programmed cell death protein 1 (PD-1) on lymphocytes, and the ligand of 

PD-1 (PD-L1) on tumour cells can be blocked with atezolizumab (Javed et al., 2024). Normally the 

interaction between receptor and ligand transmits inhibitory signals to T cell, but blocking this 

interaction restores T cells cytotoxic function (Javed et al., 2024). Relatlimab binds to lymphocyte-

activation gene 3 (LAG-3) and prevents it from binding to the inhibitory major histocompatibility 

complex II (MHC II) restoring the T cell activation and effector function (Andrews et al., 2022). 

Current CPIs and their binding sites are presented in Figure 2B. 
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Figure 2. Current targeted therapies and immune checkpoint inhibitors in melanoma treatment. A. 
Mechanism of action of targeted drugs in MAPK signalling pathway. B. Sites of action of immune checkpoint 
inhibitors (CPIs). Adapted from Lazaroff and Bolotin, 2023. Created with BioRender.com. 
 

In adoptive cell transfer patients’ own T-lymphocytes are modified to amplify the tumour-targeting 

capability (Qian and Liu, 2025). Lifileucel is based on tumour-infiltrating lymphocytes that attack 

the melanoma cells (Sarnaik et al., 2021). Oncolytic virus therapies use viruses that infect and kill 

cancer cells while also alerting the immune system to attack them (Appleton et al., 2025). One 

example is intralesionally administered talimogene laherparepvec, also known as T-VEC, which is 

genetically modified herpes simplex virus (Ferrucci et al., 2021). There are also topical creams that 

stimulate local immune response, such as imiquimod (Vaienti et al., 2023). The adverse effect of 

immunotherapy is usually linked to autoimmunity affecting multiple organ systems (Kichloo et al., 

2021). 

The treatment of melanoma is challenging due to resistance development (Lazaroff and Bolotin, 

2023; Lopes et al., 2022; Natarelli et al., 2024; Wang et al., 2025b). Melanoma adapts to its 

microenvironment through phenotype switching, metabolic and epigenetic reprogramming, and 

interactions with fibroblasts and immune cells (Hossain and Eccles, 2023). Secondary mutations can 

occur and alternative signalling pathways be activated (Czarnecka et al., 2020; Tangella et al., 2021). 

Tumours are also heterogeneous, which can harden their treatment (Ng et al., 2022). To overcome 

these challenges, combinations of several treatment modalities can be used together and new therapies 
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are being developed (Lazaroff and Bolotin, 2023; Lopes et al., 2022; Natarelli et al., 2024; Wang et 

al., 2025b).  

The development of drugs for melanoma treatment is mainly focusing on targeted therapies and 

immunotherapy (Natarelli et al., 2024). Targeted therapy continues to expand beyond BRAF 

mutations, and for example tyrosine kinase inhibitor ripretinib for c-KIT mutated melanoma, pan-

RAF inhibitor naporafenib for NRAS-mutated melanoma, and protein kinase C (PKC) inhibitor 

darovasertib for uveal melanoma are in clinical trials for melanoma treatment (De Braud et al., 2023; 

Janku et al., 2022; Piperno-Neumann et al., 2023). From preclinical studies, multiple new potential 

targets have been identified including chondroitin sulfate proteoglycan 4 (CSPG4) and 

melanotransferrin (CD228) (Chen et al., 2024; Zhang et al., 2024). In addition, DNA damage 

response inhibitors, including inhibitors of PARP, WEE1 and ATR, have demonstrated promising 

results in clinical trials (Maresca et al., 2022). In addition, melanoma neoantigen vaccines that encode 

patient-specific tumour antigens have gained interest (Blass et al., 2025; Gainor et al., 2024). Overall, 

the current pipeline reflects a shift toward more personalized strategies (Natarelli et al., 2024). 

1.2 Dabrafenib 

Dabrafenib (Tafinlar, GSK2118436) is a potent, selective and reversible rapidly accelerated 

fibrosarcoma (RAF) kinase inhibitor, especially to the constitutionally active mutant serine-threonine 

kinase BRAF (King et al., 2013). This small-molecule drug is approved as a single agent for BRAF 

V600E-mutated unresectable or metastatic melanoma by European Medicines Agency (EMA) and 

U.S. Food & Drug Administration (FDA) (European Medicines Agency, 2013; U.S. Food & Drug 

Administration, 2013).  It has been approved as a combination therapy with MEK inhibitor trametinib 

for BRAF V600E and BRAF V600K -mutated melanoma and BRAF V600E-mutated non-small cell 

lung cancer and anaplastic thyroid cancer (European Medicines Agency, 2013; U.S. Food & Drug 

Administration, 2013; Spain et al., 2016).  

1.2.1 Effectiveness 

Dabrafenib’s clinical efficacy is evaluated as a monotherapy and in a combination. During the phase 

III BREAK-3 trial, dabrafenib as a monotherapy increased the overall survival (OS) and progression-

free survival (PFS) compared to chemo drug dacarbazine (DTIC) in patients with unresectable stage 

3 BRAF V600E-mutated cancer. Median OS was 15.6 months for DTIC and 20.0 months for 

dabrafenib group, while the median PFS was increased 2.5-fold from 2.9 to 6.7 months (hazard ratio, 

HR=0.35) (Hauschild et al., 2012). From five-year analysis OS and PFS were found to be 24% and 
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12% for dabrafenib and 22% and 0% for DTIC group (Hauschild et al., 2020). During the trial the 

objective response rate (ORR) was 50%, while 3% of the patient had a complete response (CR) and 

47% partial response (PR) (Hauschild et al., 2012). The median time to response (TTR) was 6.3 weeks 

and the estimated median duration of response (DoR) was 5.5 months (Hauschild et al., 2012). 

Dabrafenib is also efficient on BRAF V600E-mutated brain metastases with response rate being 39% 

with no prior local treatment and 31% with prior treatment (Long et al., 2012). 

The combination of dabrafenib and trametinib enhanced the results compared to only dabrafenib for 

BRAF V600E or BRAF V600K mutated melanoma in COMBI-D trial. Dabrafenib in combination 

with trametinib has further improved the PFS from 8.8 to 11.0 months (HR=0.67) (Long et al., 2015). 

The OS rate for only-dabrafenib and for combination groups were, respectively, 85% and 93% at 6-

month timepoint and 42% and 51% at 2-year timepoint (Long et al., 2014b; Long et al., 2015). 

Combined results from COMBI-V and COMBI-D trials demonstrated that PFS and OS were 19% 

and 34% for the combination group at five years (Robert et al., 2019). In patients with BRAF V600E 

mutation treated with dabrafenib and trametinib ORR was 68%, CR 11% and PR 57%, and the 

corresponding values for dabrafenib-only group were 53%, 9% and 44% (Long et al., 2014b). The 

median DoR was 12.9 months in combination treatment group and 10.6 months in dabrafenib-only 

group (Long et al., 2015).  

1.2.2 Mechanism of action 

Dabrafenib targets especially the V600E mutated BRAF proteins of MAPK pathway and 

downregulates its downstream signalling by decreasing MEK and ERK phosphorylation, which leads 

to cell cycle arrest, inhibits melanoma cell proliferation and results in cell death (King et al., 2013). 

In combination treatment with trametinib, MEK is also directly inhibited for more effective blocking 

(King et al., 2013). MAPK pathway inhibition was not reported in wild-type cells after dabrafenib 

treatment possible due to the paradoxical induction of MAPK pathway through CRAF downstream 

signalling (Carnahan et al., 2010; Hatzivassiliou et al., 2010; Heidorn et al., 2010). Dabrafenib has 

also a possible effect on immune modulation as mutated BRAF kinase inhibition leads to decreased 

production of immunosuppressive cytokines, which improves the anti-tumour activity (Ilieva et al., 

2014). 

1.2.3 Pharmacological properties 

Dabrafenib’s pharmacokinetics and -dynamics are well-known in humans. The recommended dose 

of dabrafenib is 150 mg orally two times a day under faster conditions (Falchook et al., 2014). 
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Absolute oral bioavailability of a single dose of 150 mg is 95% (Denton et al., 2013), so it is absorbed 

almost completely. Its absorption time from the gastrointestinal tract to maximum serum 

concentration of 2160 ng/ml is 2.0 h (Falchook et al., 2014). Following repeated administration, 

dabrafenib exposure decreases over time (Falchook et al., 2014). Age, sex and body weight has no 

clinically significant influence on plasma exposure (Oullet et al., 2014). Dabrafenib is substrate of P-

glycoprotein (P-gp) and breast cancer resistance protein (BCRP), which limits its penetration across 

the blood-brain barrier (Mittapalli et al., 2013). 

Dabrafenib is metabolized mainly by CYP3A4 and CYP2C8 (cytochrome P450) enzymes to form 

hydroxy-dabrafenib, which is further oxidised to carboxy-dabrafenib and can still be non-

enzymatically decarboxylated in the gut to desmethyl-dabrafenib as shown in Figure 3 (Bershas et 

al., 2013). Desmethyl-dabrafenib is further processed by CYP3A4 into oxidative metabolites 

(Bershas et al., 2013).  Carboxy- and desmethyl-dabrafenib accumulate after repeated dosing, and 

hydroxy-dabrafenib contributes likely to the pharmacological activity (Bershas et al., 2013). 

Approximately 70% of the drug is excreted to faeces, mostly as an unchanged drug, but urinary 

excretion was accounted for some of the metabolites (Bershas et al., 2013). 

 

Figure 3. Dabrafenib and its main metabolites. Adapted from Puszkiel et al., 2019. Created with 
BioRender.com. 
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Elimination half-life and plasma clearance are 2.6 h and 12.0 L/h after intravenous administration 

and 4.8 h and 14.0 L/h after a single oral dose (Denton et al., 2013). The longer half-life after oral 

administration is probably a result of prolonged absorption that limits the elimination rate, which is 

also called ‘flip-flop pharmacokinetics’ (Denton et al., 2013). A time-dependent increase in clearance 

is observed with multiple dosing suggesting autoinduction of metabolism via CYP3A4 (Falchook et 

al., 2014). The phenomenon causes the steady state to be reached after 14 days of bid dosing (Ouellet 

et al., 2014).  

1.2.4 Limitations 

As with all therapies, dabrafenib has its own limitations including broad spectrum of response, 

adverse effects and resistance. The spectrum of response to dabrafenib therapy is broad as response 

depth and duration are heterogeneous. Roughly half of patients with BRAF V600E mutant metastatic 

melanoma have objective responses with dabrafenib-treatment (Hauschild et al., 2012; Long et al., 

2014b). Responses to the treatment can be rapid but are often short-lived even though some patients 

have durable long-term control (Hauschild et al., 2012; Long et al., 2015).  

Side effects with dabrafenib are common but often manageable. The most common adverse effects 

of dabrafenib include hyperkeratosis, headache, fever, fatigue, arthralgia and alopecia (Hauschild et 

al., 2012; Long et al., 2014b). COMBI-D trial demonstrated that adverse events occurred in 87% of 

patients in dabrafenib-only group and in 90% of patients in dabrafenib-trametinib combination group. 

Compared to dabrafenib-only group, the patients treated with the combination had fewer cases of 

cutaneous events, alopecia, and hand-foot syndrome while pyrexia was more common in the 

combination treatment group (Long et al., 2015). Among patients receiving dabrafenib monotherapy, 

13% required a dose reduction and 5% discontinued treatment permanently, compared with 25% and 

9%, respectively, in the combination therapy group (Long et al., 2015). 

The dabrafenib treatment efficacy differences between patients due to broad range of molecular 

mechanisms (Hauschild et al., 2012; Zhong et al., 2022). The most common resistance mechanism is 

reactivation of MAPK pathway through BRAF amplification, alternative splicing of BRAF, 

overexpression of RTKs, activating mutations of CRAF, NRAS and MEK and loss of NF1 (Zhong et 

al., 2022). Activating mutations in other proliferative pathways, such as PI3K/AKT/mTOR, can also 

be behind resistance (Zhong et al., 2022). Combination treatment strategies improve response rates 

and partially overcome resistance: Combination of BRAF inhibitor dabrafenib and MEK inhibitor 

trametinib delays MAPK pathway reactivation (Long et al., 2014a). Addition of a PI3K/AKT/mTOR 
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inhibitors or next-generation RAF inhibitors to dabrafenib treatment target the bypass pathways and 

are currently under investigation (Wang et al., 2021; Yaeger et al., 2024).  

1.3 Zebrafish 

Zebrafish (Danio rerio) is a well-established vertebrate model whose use in biomedical research 

continues to expand (Teame et al., 2019). The similarity between human and zebrafish genomes and 

physiology, small size and low maintenance makes zebrafish a good tool to model diseases (Hason 

and Bartůněk, 2019; Patton et al., 2021). Considering melanoma, the zebrafish model not only 

provides insights into the fundamental mechanisms of tumour initiation, progression and metastasis 

but also serves as a valuable system for identifying and evaluating novel therapeutic agents (Frantz 

and Ceol, 2020). Both transgenic and transplantation models have been established (Frantz and Ceol, 

2020; Hason and Bartůněk, 2019; Van Rooijen et al., 2017). 

1.3.1 Advantages and challenges 

The zebrafish offers multiple advantages as an experimental model. The small size makes zebrafish 

an easy and affordable model organism to maintain (Aleström et al., 2020). The short reproduction 

interval and large number of embryos guarantee efficient breeding in laboratory conditions all year 

round (Nasiadka and Clark, 2012). Fertilization occurs externally after which rapid embryonic 

development inside transparent chorion begins (Kimmel et al., 1995). There are also genetically 

transparent adult strains, such as casper (White et al., 2008). These characteristics enables the 

effective use of zebrafish in large-scale drug screenings (Patton et al., 2021). 

Human and zebrafish genomes have a high level of similarity with estimated 70% of orthologous 

genes, and approximately 80% of known human disease genes have orthologues in zebrafish (Howe 

et al., 2013). This also means that the cell signalling pathways are mainly conserved including MAPK 

pathway important for melanoma progression (Krens et al., 2006). However, the teleost genome is 

duplicated and involves genes in more than one copy (Howe et al., 2013). The genes can be easily 

modified to create mutated or transgenic disease models (Frantz and Ceol, 2020; Hason and Bartůněk, 

2019; van Roojen et al., 2017).  

Even though zebrafish share many physiological similarities to humans, there are also notable 

differences. Considering the skin structure, fish have epidermis, dermis and hypodermis similarly to 

mammals (Hawkes, 1974). While the human epidermis is stratified and keratinized, the fish epidermis 

consists of a few layers of living cells covered in mucus (Henrikson and Matoltsy, 1967). In addition, 
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they possess scales located in dermis (Hawkes, 1974). Zebrafish also have three pigment cell types: 

dark melanophores, yellow xanthophores and reflective iridophores (Kelsh et al., 1996). 

Melanophores synthesize melanin and are considered functional equivalents to human melanocytes 

(Camp and Lardelli, 2001). Zebrafish pigment cells are found in hypodermis while human 

melanophores are located in epidermis (Cichorek et al., 2013; Hirata et al., 2003).  

Pathogenesis of diseases is also mainly conserved. Melanoma of humans and zebrafish have many 

molecular and physiological similarities including the presence of specific gene mutations, initiation 

from melanocytes and ability to metastasise (Frantz and Ceol, 2020). There are still some differences 

in, for example, immune responses and tumour microenvironment (Frantz and Ceol, 2020). Similarly 

to humans, zebrafish with BRAF V600E mutation alone developed only nevi, and additional loss-of-

function mutation of tumour suppressor gene tp53 was required for the tumour progression (Patton et 

al., 2005). 

The differences have also an effect on drug studies. Administering drugs via conventional routes, 

such as orally or intravenously, is technically challenging, whereas administration directly in the 

water is simple but does not mimic human administration and results in unknown internal drug 

concentration (MacRae and Peterson, 2023). Drug metabolism pathways differ as zebrafish have 

many CYP families, but some of them differ in substrate specificity and expression (Goldstone et al., 

2010). For example, zebrafish Cyp3a65 is similar to human CYP3A4 but not identical in activity 

(Goldstone et al., 2010). Zebrafish are poikilothermic fish with optimal living temperature of 28℃, 

which is lower than human temperature and can affect multiple aspects, such as tumour growth and 

drug response (Hason and Bartůněk, 2019). Blood-brain barrier in zebrafish is functionally similar 

but structurally less complex, which leads to differences in drug penetration to central nervous system 

(Quiñonez-Silvero et al., 2020). Limited pharmacological data in zebrafish makes human dose 

translation challenging and can lead to misleading conclusions about drug toxicity and efficacy 

(MacRae and Peterson, 2023).  

1.3.2 Genetic models 

Zebrafish have been genetically modified to develop melanoma to study cancer biology and 

treatments (Frantz and Ceol, 2020; Hason and Bartůněk, 2019; Van Rooijen et al., 2017). Both stable 

genetic modifications, such as transgenes or mutations, and transient manipulations, including gene 

overexpression or downregulation, can be achieved (Li et al., 2021). The conventional models are 

generated by injecting nucleic acids into one-cell stage embryos (Li et al., 2021).  
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Multiple gene-editing techniques have been established in zebrafish including Tol2 transposon based 

transgenesis and clustered regularly interspaced short palindromic repeats (CRISPR) system (Li et 

al., 2021). In Tol2 transposon based transgenesis, a DNA construct flanked by Tol2 recognition sites 

is injected with Tol2 transposase mRNA into embryos and the transposase integrates the construct 

into the genome (Kawakami et al., 2000). There are several systems utilizing this transgenesis, such 

as MiniCoopR (Ceol et al., 2011). CRISPR/Cas9 method is based on CRISPR sequences that are 

complementary with certain DNA sequence and guide Cas9 enzyme to the targeted area, which then 

removes or pastes the wanted DNA sequence to the genome (Ablain et al., 2015).  

Zebrafish with loss of mitfa lacks melanocytes (Lister et al., 1999). When MiniCoopR vector that has 

a mitfa promoter and BRAF V600E gene is injected in the mitfa (-/-) and p53 (+/-) embryos, the 

melanocytes are mosaically rescued and express the mutated BRAF gene leading to tumour 

development (Patton et al., 2005). Using this system, the study found several amplified genes in 

human melanoma, including SETDB1, to cooperate with BRAF V600E to enhance melanomagenesis 

(Ceol et al., 2011). Also, antirheumatic drug leflunomide was found to inhibit strongly melanoma 

initiation and progression in a drug screening using this model (White et al., 2011). 

Similarly, other mutations typical to human cutaneous melanoma, such as mutations of HRAS and 

NRAS, have been modelled in zebrafish (Dovey et al., 2009; Santoriello et al., 2010). Antifungal 

clotrimazole was identified in drug repurposing screening using HRASG12V mutated zebrafish model 

to reduce melanoma tumour growth and invasion (Precazzini et al., 2020). In addition, zebrafish 

models with GNAQ and GNA11 mutations have developed uveal melanoma similar to humans 

(Mouti et al., 2016; Thomas et al., 2016). Compared with sun-exposed human melanomas, zebrafish 

melanomas exhibit fewer mutations and less genetic heterogeneity, as human tumours retain UV-

induced mutations over time (Yen et al., 2013). 

1.3.3 Transplantation models 

Melanoma tumour pathogenesis, invasiveness and therapies can be studied through tumour cell 

transplantation (Frantz and Ceol, 2020; Hason and Bartůněk, 2019; Van Rooijen et al., 2017). The 

transparency of zebrafish embryos and transparent adult fish strains make the cancer cell proliferation 

easy to follow (White et al., 2008). Tumour cells can be transplanted into zebrafish as allografts, when 

transferred between individuals of the same species, or as xenografts, when transferred between 

individuals of different species (Hason and Bartůněk, 2019). The transplantation is typically 

performed into intraperitoneal cavity of adult zebrafish or into cardinal vein or yolk sac of embryos 

48 hpf (Hason and Bartůněk, 2019).  
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Transplant rejection is not an issue during the first weeks of zebrafish life as the adaptive immune 

system onsets at 7 days post fertilization (dpf), and the cells responsible for immune competence 

mature until 4 weeks post fertilization (Lam et al., 2004; Langenau et al., 2004). In adult zebrafish, 

rejection can be avoided by sub-lethal irradiation to deplete immune cells (Traver et al., 2004) or use 

immunodeficient fish (Moore et al., 2016; Tang et al., 2014; Yan et al., 2019).  

Melanoma allografts have been generated with both primary cancer cells and established cancer cell 

lines. ZMEL1 cell line originates from melanomas of transgenic zebrafish lacking mitfa and tp53 and 

expressing BRAF V600E is widely used to study melanoma pathogenesis, metastasis, 

microenvironment and inhibition (Heillman et al., 2015). Studies using ZMEL1 melanoma allografts 

have showed, for example, that tumour-derived extracellular vesicles can activate macrophages and 

promote metastasis (Hyenne et al., 2019), and that signals from microenvironment induce phenotype 

switching after metastatic dissemination (Kim et al., 2017). 

Human melanoma has been widely studied in zebrafish through xenografts (Hason and Bartůněk, 

2019). Early studies demonstrated that human melanoma cells injected into zebrafish embryos 

proliferate, migrate and induce angiogenesis (Haldi et al., 2006; Lee et al., 2005). Invasive melanoma 

cells co-invade with poorly invasive cells to maintain tumour heterogeneity (Chapman et al., 2014). 

Melanoma xenografts were found to secrete embryonic morphogen Nodal and antiapoptotic bcl-xL 

which promote melanoma aggressiveness (Gabellini et al., 2018; Topczewska et al., 2006). Tumour-

derived metabolites, such as lactate, influence immune cell behaviour and angiogenesis (Yin et al., 

2024). In addition, tumour innervation and neurotransmitter signalling can shape melanoma cell 

migration and tumour progression (Lorenzini et al., 2025).  

Zebrafish patient-derived xenograft (zPDX) models are an emergencing tool to study human tumour 

behaviour and therapeutic response (Chen et al., 2021; Sugino et al., 2025). In the future, so called 

avatar models could be established to investigate efficacy and resistance of multiple drugs before 

choosing a treatment for a patient (Sugino et al., 2025). zPDX platform has been established for uveal 

melanoma by implanting uveal melanoma spheroids into zebrafish embryos (Yin et al., 2023). The 

model recapitulated the molecular features, invasive behaviour and drug responsiveness of the 

parental tumour (Yin et al., 2023). However, these models require further investigation for them to 

be useful in personalized medicine (Chen et al., 2021; Sugino et al., 2025). 
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1.4 Aim of the study 

Our goal was to demonstrate that administering dabrafenib via tank water is a feasible approach for 

treating BRAF V600E mutant melanoma in zebrafish. Only vemurafenib of BRAF inhibitors has 

been tested in adult zebrafish by oral gavage and pellets, which are challenging and unreliable 

administration routes due to technical administration or uneven dosing (Dang et al., 2016; Lu and 

Patton, 2022). We sought to show that direct drug administration into tank water is a practical and 

efficient delivery method for long-term treatment. 

Understanding pharmacokinetics of small molecule inhibitors in zebrafish is limited. We investigated 

both pharmacokinetics and pharmacodynamics of dabrafenib in BRAF V600E mutant zebrafish and 

zebrafish melanoma cells. We hypothesized that the key parameters, including absorption, 

elimination, distribution and dose-response would resemble those observed in humans. We aimed to 

demonstrate that tank water-administered dabrafenib is an effective treatment for melanoma in 

zebrafish and to confirm its known mechanism of action, inhibition of the downstream MAPK 

signalling pathway, in this model. 

In addition, our objective was to show that commonly used BRAF V600E mutant melanoma zebrafish 

serves as a robust model for studying dabrafenib and other small molecule melanoma therapies 

(Frantz and Ceol, 2020; Van Rooijen et al., 2017). We further hoped that these findings will 

strengthen the rationale for using zebrafish as a preclinical model for drug research in melanoma and 

other cancers.  

1.5 Summary 

Melanoma is a skin cancer that appears in cutaneous, uveal and mucosal tissues (Rabbie et al., 2019). 

Excessive ultraviolet light and certain genetic mutations are major risk factors in its development 

(Carr et al., 2020). The most common mutation is BRAF V600E (Lovly et al., 2012). The burden of 

melanoma is increasing globally making it an interesting and important research topic and drug 

development target (De Pinto et al., 2024). Nowadays, the most commonly used melanoma therapies 

are immunotherapies and targeted therapies, including dabrafenib (Wang et al., 2025b). 

Dabrafenib is a small molecule BRAF inhibitor approved by both EMA and FDA for the treatment 

of melanoma (European Medicines Agency, 2013; U.S. Food & Drug Administration, 2013). Its 

pharmacokinetics and pharmacodynamics are well-known in humans (Falchook et al., 2014). As with 

all melanoma therapies, the tumours can develop resistance to dabrafenib (Zhong et al., 2022). To 
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overcome this challenge, more studies are needed to be conducted considering resistance and 

development of new therapies. 

Zebrafish models are more commonly used in biomedical research including melanoma studies due 

to its advantages as a small vertebrate with high reproductivity and its similarity in genetics and 

physiology to humans (Hason and Bartůněk, 2019). Both genetic and transplantation zebrafish 

models have been established of which BRAF V600E-mutated is one of the most commonly used 

(Frantz and Ceol, 2020). However, it is important to remember that no animal model human diseases 

perfectly. 

The aim of this study was to assess the feasibility and translatability of BRAF V600E-mutated 

zebrafish model treated with tank water-administered dabrafenib. As pharmacological understanding 

of small molecule inhibitors in zebrafish is limited, we studied dabrafenib’s pharmacokinetics and 

efficacy. BRAF inhibitors have been previously administered orally, but direct administration into 

tank water has not been demonstrated. We wanted to test if zebrafish models are useful for melanoma 

and other cancer drug studies. 
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2 Results 

2.1 Establishment of zebrafish melanoma model 

A BRAF V600E-mutated zebrafish melanoma model was successfully established by injecting 

plasmid DNA containing the mutated region into 1dpf embryos using Tol2 transposon system. 

Approximately 2% of the injected embryos developed individual dark cells and patches of pigment 

suggesting incipient neoplasia at 3days post injection (dpi, data not shown). However, all 

embryonic tumours did not develop into melanomas in adult fish.  The size, location and number of 

tumours varied among fish. Pigmented areas could cover large surfaces or appear as discrete 

clusters in skin, fins and eyes (Figure 4). Yellowish xanthophore tumours were also observable in 

some fish. 

 

Figure 4. Zebrafish melanoma model. Black arrows point to cutaneous melanoma, black arrow head to uveal 
melanoma and yellow arrow to xanthophore tumour. Scale bar = 5 mm. 
 

2.2 Pharmacokinetics of dabrafenib in zebrafish 

2.2.1 Absorption and elimination 

Dabrafenib’s absorption and elimination were studied in zebrafish melanoma model by 

administrating the inhibitor in the tank water. Dabrafenib concentrations were measured by mass 

spectrometry from blood samples taken in several timepoints after starting and discontinuing dosing 

(n=2-4 fish per timepoint). The collected blood sample volume varied between 0.6-6.4 µl. 

Effective dabrafenib concentration (IC50=0.19 µM, according to 2.3.1 Cell viability) was exceeded 

already at the first 0.5-hour timepoint after 10 mM administration into the tank water. The highest 

dabrafenib concentration (cmax), 13.7µM (SD 6.6), was reached at 4-hour time point (tmax). Dabrafenib 

concentration after 24-hour administration was 2.7 µM (SD 2.3) and after 2-week administration 5.9 
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µM (SD 3.3). The parameters of dabrafenib’s primary metabolite, hydroxy-dabrafenib, aligned with 

dabrafenib’s pharmacokinetic properties. Corresponding values for hydroxy-dabrafenib, were 0.64 

µM (SD 0.061), 0.15 µM (SD 0.19) and 0.14 µM (SD 0.12).  

We were unable to fit a representative curve for absorption. The fitted curve for elimination over time 

showed good fit for dabrafenib (weighted R2 0.95) and hydroxy-dabrafenib (weighted R2 0.81). 

During dabrafenib dosing, the concentration increased over the first 4 hours before gradually 

declining (Figure 5A). After discontinuing dosing, the concentration declined steadily (Figure 5B). 

Similar trends could be seen for hydroxy-dabrafenib (Figures 5C and 5D). Half-life (t1/2) of dabrafenib 

elimination was 1.0 h (95% CI 0.8-1.4), and that of hydroxy-dabrafenib was 1.6 h (95% CI 0.6-8.1). 

 

Figure 5. Absorption and elimination of dabrafenib and hydroxy-dabrafenib with dabrafenib. Concentrations 
were measured from blood samples taken at multiple time points following 10 mM dabrafenib administration 
to the tank water and discontinuing it using LC-MS. A. Absorption curve of dabrafenib (DAB). B. Elimination 
curve of dabrafenib (DAB). C. Absorption curve of hydroxy-dabrafenib (HDAB). D. Elimination curve of 
hydroxy-dabrafenib (HDAB). The mean and SEM are presented for each time point (n = 2-4 fish / time point). 
Note the discontinuity in the X-axes and differences between Y-axes. 
 

2.2.2 Distribution 

We observed dabrafenib, and its hydroxy- and desmethyl-metabolites in zebrafish, but we were 

unable to detect any carboxy-dabrafenib using mass spectrometry imaging (Figure 6, Supplementary 

Figure 1). Dabrafenib could be observed in many abdominal organs and gills (Figure 6A). Hydroxy-

dabrafenib and desmethyl-dabrafenib were mainly seen in the gut (Figure 6B and 6D), but in other 
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abdominal tissues as well.  We did not observe dabrafenib or its metabolites in brain or skeletal 

muscle. We could not identify the tissues more precisely in H&E staining due to the brokenness of 

the samples (Figure 6E). 

 

Figure 6. Localization of dabrafenib and its metabolites. Mass spectrometry imaging was performed using 
MALDI-MSI to visualise spatial distribution of dabrafenib and its most important metabolites in dabrafenib-
treated (n=6) and control (n=2) zebrafish. On left is a dabrafenib-treated fish (red annotation) and on right a 
control fish (blue annotation). Colour maps indicate relative abundance. A. Dabrafenib (DAB). B. Hydroxy-
dabrafenib (HDAB). C. Carboxy-dabrafenib (CDAB). D. Desmethyl-dabrafenib (DDAB). E. Hematoxylin-eosin 
staining. Scale bar = 5 mm. 
 



24 
 

2.3 Phamacodynamics of dabrafenib in zebrafish 

2.3.1 Dose-response 

Efficacy of dabrafenib in zebrafish melanoma model was verified in zebrafish melanoma cell line, 

ZMEL1-GFP, using CellTiter-Glo assay. Dose-dependent decrease was observed in cell viability 

with increasing dabrafenib concentrations (Figure 7). The IC50 value was 190 nM (95% CI 150-240 

nM). The fitted curve of dose-response showed a good fit (R2 0.80). 
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Figure 7. Cell viability with increasing dabrafenib concentrations. ZMEL1-GFP cells were treated with 
increasing concentrations of dabrafenib (from 1 nM to 10 mM) for 72 hours, and viability was assessed using 
CellTiter-Glo assay. The cell viability is expressed as the percentage of living cells compared to the control 
cells with 0 µM dabrafenib. The mean and SEM of four replicate studies are presented. 

 

2.3.2 Efficacy 

Zebrafish with visible melanoma tumours were treated for 2 weeks with dabrafenib to observe drug 

response. There was obvious visual difference between dabrafenib-treated and control fish with 

cutaneous melanoma: the tumour lightened and the area decreased (Figure 8A). The change in tumour 

size was between -98.3% and +26.1% for dabrafenib treated fish and between -41.9% and +30.7% 

for control fish (Figure 8B). The mean change for dabrafenib treated fish was -55.5% (SD 50.1, n=12) 

and for control fish +0.32% (SD 24.8, n=11) (Figure 8C). The difference was statistically significant 

(p=0.0032).  

There seemed to be non-responder and responder group in the dabrafenib-treated fish, while the 

control values are around the baseline (Figure 8D). Response rate was 67% (n=8/12). The size of the 
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tumours that responded to dabrafenib treatment decreased during the two-week experiment while 

control and non-responder groups stayed approximately the same size (Figure 8E). 

 

 

Figure 8. Cutaneous tumours in zebrafish during 2-week dabrafenib treatment. A. Representative images of 
zebrafish with BRAF V600E-mutated cutaneous tumours were taken on day 0 and day 15 of dabrafenib or 
control treatment. Scale bar = 5 mm. B. Waterfall plot presenting the change in percentage of the size of 
each cutaneous tumour during 2-week long dabrafenib treatment period. The change was calculated relative 
to baseline. Each bar represents one tumour. C. Boxplot summarizing the cutaneous melanoma size change 
in dabrafenib-treated and control groups. D. Scatter dot plot of cutaneous melanoma size change reveals 
responder and non-responder group. Individual data points represent tumours. E. The cutaneous tumour 
size change over time. The mean and SD are presented. Statistical tests have been performed using 
independent t-test, **p<0.01.  
 

The difference between dabrafenib-treated and control fish was also observed with uveal melanoma 

(Figure 9A). The change in uveal tumour size was between -88.5% and -41.92% for dabrafenib treated 

fish and between -26.1% and +42.7% for control fish (Figure 9B). The mean change for treated fish 

was -67.5% (SD 22.6, n=5) and for control fish -6.9% (SD 19.2, n=5) (Figure 9C). The difference is 

statistically significant (p=0.0017). For the uveal melanoma, we did not observe separate responders 

and non-responders to dabrafenib treatment (Figure 9D). Overall, dabrafenib seemed to be effective 
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to treat cutaneous and uveal BRAF V600E-mutated melanoma in zebrafish. The size of the uveal 

tumours that responded to dabrafenib treatment decreased during the two-week experiment while the 

tumour of control fish stayed approximately the same size (Figure 9E). 

 

Figure 9. Uveal tumours in zebrafish during 2-week dabrafenib treatment. A. Representative images of 
zebrafish with BRAF V600E-mutated uveal tumours were taken on day 0 and day 15 of dabrafenib or control 
treatment. Scale bar = 5 mm. B. Waterfall plot presenting the change in percentage of the size of each uveal 
tumour during 2-week long dabrafenib treatment period. The change was calculated relative to baseline. 
Each bar represents one tumour. C. Boxplot summarizing the uveal melanoma size change in dabrafenib-
treated and control groups. D. Scatter dot plot of uveal melanoma size change reveals responder and non-
responder group. Individual data points represent tumours. E. The uveal tumour size change over time. The 
mean and SD are presented. Statistical tests have been performed using independent t-test, **p<0.01. 
 

2.3.3 Histological changes 

Histological analyses were performed to see changes between dabrafenib treated 

and untreated zebrafish on a cellular level. We did not observe any statistically significant differences 

between the groups. Skin melanomas were observable in both groups: 64% control fish (n=11) and 

62% treated fish (n=13) (p>0.99, Figures 10B and 10F). However, the melanoma cells seemed to be 

lighter and reduced in number in treated fish.  
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Metastases were observed in 67% treated (n=12) and 29% untreated fish (n=7). The result was not 

statistically significant (p=0.17), but there was a notable difference in proportions. Most commonly 

melanoma cells had infiltrated into muscle (Figures 10C and 10F). Melanoma was also detectable in 

glandular structures (Figure 10C), spinal cord (Figures 10D) and brain (Figure 9G). The metastases 

seemed to be in the connective tissue surrounding organs even though for brain and spinal cord 

metastases, the melanoma cells had passed the bone. Although the melanoma had spread widely to 

the skin and muscle, it was not observed to spread to the internal organs. 

Melanocyte eating macrophages, melanophages, were observable in 58% dabrafenib treated (n=12) 

and in 29% control fish (n=7) (Figure 10H). Although the difference between groups did not reach 

statistical significance (p=0.37), there might be a trend towards more melanophages in dabrafenib-

treated group. 
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Figure 10. Histological cross-section of zebrafish with melanoma tumour. Haematoxylin & eosin staining was 
performed to visualize melanoma and the effects of dabrafenib-treatment on a cellular level. A. Cross-section 
of control fish with several areas of melanoma. B. Higher magnification image from panel A showing 
melanoma in skin and infiltered into muscle. C. Higher magnification image from panel A showing melanoma 
infiltered into muscle and glandular tissue. D. Higher magnification image from panel A showing melanoma 
infiltered into spinal cord. E. Cross-section of fish treated with dabrafenib with several melanoma areas. F. 
Higher magnification image from panel E showing melanoma in skin and infiltered into muscle. G. Higher 
magnification image from panel E showing melanoma infiltered into spinal cord. H. Higher magnification 
image from panel G showing melanophages (arrows) in the spinal cord. Scale bar = 800µm for panels A and 
E, 50µm for panels B-D and F-G, 10µm for panel H. 
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2.3.4 Mechanism of action 

To prove dabrafenib’s known mechanism of action, inhibition of MAPK pathway, we studied the 

expression of phosphorylated and non-phosphorylated ERK using Western blot (Figure 11A; full-

length blots in Supplementary Figure 2). With higher dabrafenib concentrations phospho-ERK levels 

decreased dose-dependently. ERK levels stayed stable. Loading control β-actin showed similar 

protein loading to all wells. These results from three replicate Western blot studies were quantified 

(Figure 11B), and IC50 value of phosphorylated ERK was 72 nM (CI 95% 39-130 nM). 

 

 

Figure 11. Western blot of total ERK and phosphorylated ERK with increasing dabrafenib concentrations. 
Protein lysates were extracted from ZMEL1-GFP cell treated with increasing dabrafenib concentrations (from 
1 nM to 10 mM) and probed with antibodies against ERK and phospho-ERK. β-actin was used as a loading 
control. A. Representative immunoblot of ERK, phospho-ERK (pERK) and β-actin. The same phospho-ERK 
levels are shown with two different exposure times. B. Quantified Western blot of total ERK and phospho-
ERK with increasing dabrafenib concentrations. Relative signal is calculated as the normalized value 
between phospho-ERK or ERK and β-actin. The mean and SEM of two replicate studies are presented. 
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To validate the in vitro observed reduction in ERK phosphorylation following dabrafenib treatment, 

we examined histological tissue sections ex vivo. We manually annotated the tumour region and 

identified the darkest area through threshold-based segmentation (Supplementary Figure 3). We did 

not observe any statistically significant difference in DAB staining of phosphorylated ERK (Figure 

12A) or melanoma colour (Figure 12B) intensity between the dabrafenib-treated and control fish. 

 

 

Figure 12. Quantification of phospho-ERK intensity with DAB staining intensity of histological sections. 
Brightfield images of tissue sections stained with DAB were analysed using colour deconvolution. The brown 
melanoma and pink DAB channels were isolated, and thresholding of brown channel was applied to quantify 
the positively stained area. A. Phospho-ERK (DAB) staining intensity. B. Tumour colour intensity. Statistical 
tests have been performed using independent t-test. 
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3 Discussion 

3.1 Feasibility of the zebrafish melanoma model treated with tank water-

administered dabrafenib 

3.1.1 The BRAF V600E-mutated zebrafish melanoma model 

In the study, we used the widely utilized BRAF V600E zebrafish melanoma model (Frantz and Ceol, 

2020). The injection efficacy was low as only 2% of the injected embryos developed melanocytic 

hyperplasia at 3 dpi, and all neoplasias at the embryo stage did not develop into melanomas in adult 

fish. Other studies using the same BRAF V600E-mutated model have reported also low transfection 

efficacies of 6% at 4-months (Patton et al., 2005) and 10% at 3-months of age (Ceol et al., 2011). 

However, we chose the positive embryos based on pigmented melanoma cells instead of using GFP 

marker. Possibly the lightest positive cells would have been observed more sensitively using the 

fluorescence. It also took a more than half a year to develop tumours. The other studies using this 

model reported tumour development in 4-12-month-old zebrafish (Patton et al., 2005; White et al., 

2011), which also indicated slow tumour development.  

Melanomas were mainly observed in the skin but also in the eyes. The tumour sizes were easy to 

follow as they appeared dark pigmented. The tumours could grow to cover large areas of skin without 

affecting the health of the zebrafish. Through histology, we observed metastases in subcutaneous 

tissue, central nervous system and other internal organs, where metastases have also been observed 

in humans (Damsky et al., 2010). In zebrafish, it is impossible to study all common metastasis sites 

as zebrafish do not have, for example, lungs (Hason and Bartůněk, 2019). We also observed tumours 

originating from other pigment cells, xanthophores (Kelsh et al., 1996), which are absent in humans 

and therefore not in our interest. Overall, we found the BRAF V600E mutant zebrafish model feasible 

and behaviourally similar to human melanoma even though the transfection efficacy was low and 

tumours needed to develop several months. 

3.1.2 Drug administration into tank water 

Oral administration is the predominant route for delivering drugs to humans (Alqahtani et al., 2021). 

BRAF inhibitor vemurafenib has been administered to adult fish reaching therapeutic response by 

oral gavage and feeding pellets including the drug (Dang et al., 2016; Lu and Patton, 2022). However, 

these routes are impractical as gavage to small fish is challenging (Dang et al., 2016), and uptake 

through food is difficult to control (Lu and Patton, 2022), which can cause uneven dosing between 
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fish. In addition, the administration can be performed only a couple times a day, which makes the 

administration of drugs with short half-life impractical.  

The waterborne exposure is often used for embryo or larvae stage zebrafish in pharmacological and 

toxicological studies, while in adult fish this administration route is more rarely used (Patton et al., 

2021). Our study indicates that administration of dabrafenib via tank water is a feasible method as we 

assessed pharmacokinetics, metabolism and efficacy. All the fish have the same external exposure, 

and the administration is continuous. In the case of drugs with short half-life in zebrafish, such as 

dabrafenib, the administration into tank water may facilitate the effective therapeutic dose better 

throughout long-term treatment. However, pharmacological comparisons between different delivery 

routes in zebrafish are still needed. 

3.2 Translatability of the zebrafish melanoma model treated with tank water-

administered dabrafenib 

3.2.1 Absorption and elimination kinetics 

Dabrafenib added to the tank water was quickly absorbed and detectable in the plasma within half an 

hour of exposure. The plasma levels peaked at four hours. In humans the maximum concentration has 

been observed 2.0 hours post-exposure (Falchook et al., 2014).  After the maximum serum 

concentration, the dabrafenib plasma levels started to decline reaching 2.7 µM (SD 2.3) at 24 hours 

post-exposure and 5.9 µM (SD 3.3) after 2 weeks. The phenomenon is similar to humans, where 

dabrafenib exposure decreases over time following repeated administration (Falchook et al., 2014). 

That and detection of hydroxy.dabrafenib soon after dabrafenib administration suggest active 

metabolism in zebrafish.  

After discontinuing dabrafenib administration, dabrafenib and hydroxy-dabrafenib were cleared 

rapidly from zebrafish as the concentration started to decline steadily. Half-life of dabrafenib was 1.0 

hours and of HDAB 1.6 hours. In humans, elimination half-life has been demonstrated to be 2.6 hours 

after intravenous administration and 4.8 hours after a single oral dose (Denton et al., 2013). The 

results demonstrate fast absorption and elimination kinetics of dabrafenib in zebrafish similar to 

humans with therapeutically relevant steady-state plasma levels.  

As the sample size was small and deviation relatively large, we were unable to model absorption in 

more detail. Small serum sample size caused technical issues with analysis and affected the deviation. 

However, there was indication of complex absorption pharmacokinetics. In humans, sex and body 
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weight has but age does not have a statistically significant influence on dabrafenib pharmacokinetics 

even though they are found to be clinically irrelevant (Oullet et al., 2014). Because of the small sample 

size, we were unable to model the effect of these characteristics on plasma exposure in zebrafish. 

3.2.2 Metabolites and distribution 

In humans, dabrafenib is metabolized into hydroxy-dabrafenib, carboxy-dabrafenib and desmethyl-

dabrafenib. We were able to detect dabrafenib and its hydroxy- and desmethyl-metabolites in 

zebrafish. However, we were unable to detect any carboxy-dabrafenib. Technical limitations of mass 

spectrometry imaging cannot be excluded, as carboxy-dabrafenib may undergo fast conversion to 

desmethyl-dabrafenib, which was detectable. These results indicate similar metabolism process in 

zebrafish as in humans. 

The signal localization reflected the distribution of dabrafenib and its metabolites. Dabrafenib was 

widely distributed, while hydroxy-dabrafenib and desmethyl-dabrafenib were mainly located 

presumably in the gut. As dabrafenib and its metabolites are mainly extracted in bile and the 

metabolism of carboxy-dabrafenib into desmethyl-dabrafenib happens non-enzymatically in the gut 

(Bershas et al., 2013), our results were indicative of similar distribution. Dabrafenib signal was also 

observed in gills, which are possible an absorption and elimination route for zebrafish. Obviously, 

this differs from humans. We did not observe dabrafenib or its metabolites in brain or skeletal muscle. 

Brain exposure has been observed to be low also in humans (Mittapalli et al., 2013). In addition, we 

need to take the suboptimal sample integrity into consideration when interpreting these results.  

There are differences between humans and zebrafish considering metabolism routes. In humans, the 

metabolism of dabrafenib and further metabolites is catalysed mainly by CYP3A4 and CYP2C8 

enzymes (Bershas et al., 2013). Zebrafish have orthologous CYP enzymes, but their substrate 

specificity and expression differ from humans (Goldstone et al., 2010). Dabrafenib has also been 

demonstrated to activate the human pregnane X receptor (PXR) receptor, which induces CYPs and 

clearance over time through auto-induction (Creusot et al., 2020). Dabrafenib does not activate 

zebrafish PXR (Creusot et al., 2020), so the auto-induction loop is probably different or absent in 

zebrafish. This can modify the dabrafenib metabolism route. 

3.2.3 Efficacy 

Dabrafenib was found to be efficient in BRAF V600E-mutated zebrafish and ZMEL1-GFP cells. In 

cells, dabrafenib halts proliferation and often triggers apoptosis (King et al., 2013). We observed 
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dose-dependent decrease in the ZMEL1-GFP cell model with increasing dabrafenib concentrations 

with IC50 value of 90 nM. The IC50 value is well below the reached steady state dabrafenib plasma 

levels of 2.7 µM. Consistent with in vitro analysis, study in BRAF V600E-mutated zebrafish 

demonstrated robust efficacy in vivo with tank water-administered dabrafenib. The size of cutaneous 

tumours in the dabrafenib-treated group declined 56% (compared to +0.32% in control group) and 

the size of uveal tumours declined 68% (compared to -6.9% in control group). The differences could 

also be observed and followed clearly visually. 

In our study, we observed responders and non-responders to the dabrafenib treatment with 67% 

response rate of cutaneous tumours. In clinical trials, the ORR was found to be 50% with dabrafenib 

treatment (Hauschild et al., 2012; Long et al., 2014), which was in line with our zebrafish efficacy 

study. Better response rate in zebrafish model can be due to multiple reasons. In our study, dabrafenib 

was delivered directly in the water which leads to continuous high local exposure. In zebrafish the 

tumours are less heterogenous and have more uniform drug sensitivity, while in humans the tumours 

have more diverse mutations due to cumulative sun damage (Yen et al., 2013). Response rates are 

also defined differently. In zebrafish response rate was measured by tumour size reduction during 

two weeks, while in clinical trials the ORR is defined differently, time period is longer and transient 

responses do not count (Hauschild et al., 2012; Long et al., 2014b). 

Resistance is a huge problem with dabrafenib treatment in clinics (Hauschild et al., 2012; Zhong et 

al., 2022). Because all BRAF V600E-mutated tumours did not respond to the treatment, we can 

believe that zebrafish also develop resistance to dabrafenib treatment. The resistance mechanisms and 

their similarity should be studied in more detail. However, this gives us a reason to use zebrafish as 

a model to study the resistance of BRAF V600E-mutated melanoma in this model. Overall, 

dabrafenib seemed to be effective to treat cutaneous and uveal BRAF V600E-mutated melanoma in 

zebrafish. 

3.2.4 Histological changes 

Pigmented melanoma cells were observable in skin, muscle, glandular structures and central nervous 

system. Although some of the melanomas covered a large area of the skin, they were not metastases 

widely into the internal organs. In addition, melanin eating macrophages common to vertebrates, 

melanophages (Bjørgen and Koppang, 2024), could be observed. 

We did not observe any statistically significant differences between the control and dabrafenib-treated 

groups considering number of observable melanomas in skin or metastases. This suggests that the 
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grouping for treatment was successful. The melanoma tumours seemed to be lighter and reduced in 

number of treated fish. There was no statistical significance between the control and dabrafenib 

treated groups considering the amount of melanophages, even though there might be a trend towards 

more melanophages in dabrafenib-treated group. 

3.2.5 Mechanism of action  

Dabrafenib inhibits mutated BRAF V600E kinase of MAPK pathway, which leads to downregulation 

ERK phosphorylation through blocked upstream MEK activity and results in cell death (King et al., 

2013). The western blot analysis of phospho-ERK levels showed that dabrafenib potently suppresses 

MAPK signalling in ZMEL1-GFP cells with an IC50 value of 72 nM, which is well below the steady-

state plasma concentration of 2.7 µM. We observed dose-dependent decrease in phospho-ERK levels 

with higher dabrafenib concentrations while ERK levels stayed stable. The result indicates that tank 

water-administered dabrafenib is able to suppress MAPK signalling in zebrafish similarly to humans. 

We also did phospho-ERK immunohistochemistry to validate the results from cell studies. In these 

samples, we did not observe difference in phospho-ERK signalling comparing fish treated two weeks 

with dabrafenib and control fish. However, there are several possible reasons why the reduction in 

phospho-ERK was not observed in these samples. Clinically, phospho-ERK levels fluctuate 

dynamically and timing of biopsy relative to dose is crucial: If the biopsy is taken too early or too late 

relative to dabrafenib dosing, the window of maximal phospho-ERK suppression may be missed 

(Falchook et al., 2014). We had only a few samples that had only sparse pigmented cells. The pigment 

could also cover the phospho-ERK signal. In addition, there might have been issues in the protocol, 

such as over fixation, poor antigen retrieval, melanin removal procedure, lack of decent positive or 

negative controls and quantification limits. Taken together, our data suggest that dabrafenib is able 

to suppress MAPK signalling in BRAF V600E driven zebrafish melanoma. 

3.3 Conclusions 

The BRAF V600E mutant zebrafish melanoma model served as a robust model for studying 

melanoma drug dabrafenib’s pharmacological properties in zebrafish. Dabrafenib behaved similarly 

in zebrafish than in humans considering its efficacy, mechanism of action and pharmacokinetics. 

Direct dabrafenib administration into tank water was a feasible and efficient delivery method for long-

term treatment of zebrafish, and we anticipate that this administration method extends also to other 

small molecule drugs. This study proved that zebrafish could be used to study resistance and new 

therapies in the future. The findings of this study demonstrate that zebrafish can serve as a viable 
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model for studying the major problem with current melanoma therapies, drug resistance, and 

exploring new therapeutic strategies. 
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4 Materials and methods 

4.1 Plasmid microinjection 

Mitfa (-/-), p53 (-/-) zebrafish were bred, and the embryos were collected the following morning. 

Embryos at 1-cell stage were microinjected with 2.3 nl of an injection mix containing 12.5 ng/µl 

miniCoopR BRAF-V600E-2A-EGFP plasmid, 12.5 ng/µl Tol2TP RNA, 150 mM KCl and phenol 

red in ultrapure water. Injections were performed using a Nanoject II injector (3-000-205A, 

Drummond). Glass needles were pulled from capillaries (TW100-4, World Precision Instruments 

Ltd., Sarasota, FL) using a PB-7 micropipette puller (Narishige, Tokyo, Japan). Following 

microinjection, embryos were maintained in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 

CaCl2, 0.33 mM MgSO4) supplemented with 50 U/ml penicillin-streptomycin (Gibco) at 28.5℃. At 

1 dpi, 20 mg/ml pronase E (Cas: 9036-06-0, Merck) was added to the embryos. At 3dpi, embryos 

were screened for patches or individual dark melanocytes using a Leica MZ6 stereomicroscope (Leica 

Microsystems, Wetzlar, Germany). 

4.2 Zebrafish husbandry 

Zebrafish were maintained according to the standard protocols (Aleström, 2020). During 

experiments, 5-20-month-old adult fish were housed in 2-litre tanks and fed Gemma Micro 300 dry 

food once daily.  All experimental procedures were approved by the Animal Experimental Board of 

the Regional State Administrative Agency for Southern Finland (ESAVI/2688/2020).   

4.3 Pharmacokinetic analysis from blood samples 

Adult zebrafish, housed 2-3 fish per 2-litre tank, were treated with 10µM dabrafenib (HY-14660, 

MedChemExpress) added directly to the tank water. Samples were taken from fish in different time 

points after administration (0, 0.5, 1, 2, 4, 8, 24 h and 2 weeks) for absorption kinetics and after 

withdrawal in fresh tank water (0, 0.5, 1, 2, 4, 8, 26 h) for elimination kinetics. Blood was collected 

following chemical euthanasia with 400 mg/l MS222 (Cas: 886-86-2, Sigma-Aldrich) by transecting 

the tail between caudal and anal fin using a steel blade (Swann-Morton). Tubes and pipette tips were 

coated with 0.5M EDTA (pH=8.5, Cas: 6381-92-6, VWR Chemicals) in milliQ-water and air-dried 

prior to use. Samples were centrifuged for 5 using a bench-top centrifuge, and plasma was transferred 

to fresh EDTA-coated tube. Plasma samples were snap-frozen on dry-ice and stored at -80℃ freezer. 

The serum samples were analysed using LC-MS/MS by Scherf-Clavel laboratory in University of 

München, Germany.  
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4.4 Distribution analysis with mass spectrometry imaging 

After terminal blood sample collection, zebrafish exposed to 10 µM dabrafenib for 24 h were snap-

frozen with dry ice in iso-propanol (Cas: 67-63-0, Sigma-Aldrich) and stored at –80℃. For 

sectioning, each fish was embedded on its left side onto specimen disk with M-1 Embedding Matrix 

(Epredia) inside the cooled Leica CM1950 cryostat. The samples were cryosectioned at 15 µm 

thickness. Mass spectrometry imaging was performed by Turku Metabolomics Centre. 

Following mass spectrometry imaging, the matrix was removed by incubating the slides in acetone 

(Cas: 67-64-1, Sigma-Aldrich) for 15 min. Slides were then rehydrated through ethanol series: twice 

in 100% ethanol, once in 70% ethanol and once in milliQ-water for 3 min. For haematoxylin-eosin 

staining, slides were immersed in Mayer's hematoxylin solution (Sigma-Aldrich) for 10 min, rinsed 

under running tap water for 10 min, and briefly washed in milliQ-water. Slides were then immersed 

in 96% ethanol for 30 s prior to eosin staining with alcoholic Eosin Y solution (HT110116, Sigma-

Aldrich) for 45 s. The staining was followed by a 1 min wash in 96% ethanol and two 3 min washes 

in 100% ethanol. The slides were then cleared twice in xylene (Sigma-Aldrich) for 5min, mounted 

with DPX mountant for histology (Ref: 06522, Sigma-Aldrich) and coverslipped. The sections were 

scanned using a Pannoramic P1000 (3DHISTECH) slide scanner at 40x magnification. 

4.5 Treatment experiment 

The fish were housed in groups of 2-3 individuals for 16 days. DMSO (Cas: 67-68-5, Sigma-Aldrich) 

or 10 µM dabrafenib (HY-14660, MedChemExpress) was administered directly into the tank 

water. Three studies at separate times were conducted (total n=28). Fish were visually inspected daily, 

and water quality was monitored by measuring nitrogen and oxygen levels every third day. The fish 

were weighted and imaged on days 0, 4, 8, 11 and 15 under anaesthesia with 160 mg/l tricaine (Cas: 

886-86-2, Sigma-Aldrich). At these time points, tank water and dabrafenib dosing were renewed. 

Imaging was performed using a mobile phone, capturing views from both lateral sides for each fish.  

4.6 Histology and immunohistochemistry 

Sample preparation, H&E staining and phospho-ERK immunohistochemistry were performed by the 

Histology Core Facility of the Institute of Biomedicine, University of Turku. Zebrafish treated with 

0 µM or 10 µM dabrafenib for 2 weeks were fixed in 10% neutral buffered formalin, cut into cross-

sections through the melanoma, decalcified, dehydrated through ascending alcohol series, cleared 

with xylene, and embedded into paraffin. Paraffin blocks were sectioned at 4 µm thickness, and 
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sections were deparaffinized with xylene followed by rehydration through descending ethanol series. 

Hematoxylin and eosin staining was performed using an automated stainer, Autostainer (Leica 

Biosystems), following standard protocols. 

For immunohistochemistry, antigen retrieval was performed using Epitope retrieval solution (Leica 

Biosystems). Staining was conducted using a semi-automated Lab Vision autostainer (Epredia). To 

remove melanin, sections were treated with 3.5% H2O2 and 1% KOH for 10 min, followed by 

incubation with BrightDiluent pre-protein block (BD09-125, WellMed). Sections were incubated 

with phospho-p44/42 primary antibody (1:800, #4370, Cell Signalling Technology) for 60 min, then 

with BrightVision secondary antibody (DPVR110HRP, WellMed) for 30 min, and finally with 

detection reagent (Polydetector HRP Fuchsia, BSB0364, BioSB) for 10 min. Counterstaining was 

performed with Mayer's hematoxylin for 1 min. The slides were scanned using Pannoramic P1000 

(3DHISTECH) slide scanner with 40x magnification. 

4.7 Cell culture 

The ZMEL1-GFP cells (Heilmann et al., 2015) were cultured in DMEM High glucose media 

(ECB7501L, Euroclone) supplemented with 10% fetal bovine serum (FBS) (Biowest), 200mM 

glutamine (Euroclone), and 100 U/ml Penicillin-100 ug/ml Streptomycin (Euroclone). Cells were 

maintained in a humidified incubator at 28℃ with 5% CO2. The cells were passaged and seeded for 

experiments once a week: Cells were detached using 0.25% Trypsin-EDTA (Gibco) at 28°C for 20 

min, neutralized with complete medium, and centrifuged at 500 xg for 5 minutes before resuspension 

in fresh medium. Cell counting was assessed by adding an aliquot of cell suspension to an 

equal volume of 0.4% Trypan Blue Stain (Invitrogen) and using TC10 Automatic Cell Counter (Bio-

Rad). The ZMEL1-GFP cells were granted by Dr. Richard White (Memorial Sloan Kettering 

Cancer Center).   

4.8 Dose-response assay 

ZMEL1-GFP cells were seeded into 96-well plates at a density of 5,000 cells per well and allowed to 

adhere for 24 h. Dabrafenib was added in triplicate at concentrations ranging from 1 nM to 10 µM 

using a HD D3000 Digital Dispenser (HP). After 72 h incubation, 30 µl of CellTiter-Glo Luminescent 

Cell Viability Assay Solution (Promega) was added to each well. Plates were incubated on a Certomat 

MO shaker at room temperature for 10 min in the dark. Luminescence was measured using an Agilent 

Biotek Cytation5 Cell Imaging Multimode Reader (AH diagnostics). Four replicate assays were 

performed. 
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4.9 Western blot 

In three replicate studies, 5x106 ZMEL1-GFP cells were seeded onto 10 cm dishes. After 24 h, cells 

were treated with dabrafenib (HY-14660, MedChemExpress) at concentrations ranging from 1 nM 

to10 µM and incubated for an additional 24 h. Cells were then collected by scraping into PBS, 

pelletted by centrifuging at 4℃ for 5 min and lysed in lysis buffer (150 mM NaCl, 50 mM Tris pH 

7.5, 0.4% Triton-X, 2 mM CaCl2, 2 mM MgCl2, 1 mM EDTA, 5 mM NaF in milliQ-water) 

supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific) and Genius 

Nuclease (Santa Cruz Biotechnology). Lysates were incubated on ice for 30 min. Equal amounts of 

cell lysate and 50mM Tris with 2% SDS (pH 7.4) was added before boiling samples at 95℃ for 5 

min on a heating block (Grant BT3) before centrifuging them at 21,000 xg for 5 min. Protein 

concentrations were measured using Pierce BCA Protein Assay (Thermo Scientific) according to 

manufacturer’s instructions and Synergy H1 Hybrid Reader (Biotek). 

For each sample, 30 µg total protein was mixed with 6x Laemmli buffer and boiled at 95°C for 5 min. 

Proteins were resolved by SDS-PAGE using Mini-Protean Tetra system (Bio-Rad) and transferred 

onto nitrocellulose membranes using Power Pac 2000 (Bio-Rad). Membranes were washed with 

milliQ-water and blocked with 5% or milk in TBST (150 mM NaCl, 0.005% Tween-20, 10 mM Tris-

HCl pH 7.5 in milliQ-water) for 30 min at room temperature. Primary antibody incubation was 

performed overnight at 4°C using either Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody 

(1:1000, 9101S, Cell Signaling Technology) or p44/42 MAPK (Erk1/2) antibody (1:1000, 9102S, 

Cell Signaling Technology) diluted in 5% BSA in TBST with 0.01% NaN3. After three TBST washes, 

membranes were incubated with IRDye 800CW Goat anti-Rabbit secondary antibody (1:10 000, LI-

COR) diluted in blocking buffer for 1.5 h at room temperature. Following three additional TBST 

washes, signals were detected using Odyssey CLx (LI-COR). For loading control detection, 

membranes were stripped with stripping buffer (25 mM glycine-HCl, 1% SDS, pH 2) for 20 min, 

reblocked in 5% milk in TBST, and incubated with monoclonal anti-β-actin antibody (1:1000, A2228, 

Sigma-Aldrich) followed by IRDye 680RD Donkey anti-Mouse secondary antibody (1:10 000, LI-

COR).  

4.10 Image analysis 

The zebrafish images, and histological and immunohistochemistry slides were analysed using QuPath 

(0.3.2). Melanoma lesions from 2-week treatment experiment were quantified by measuring the area 

of pigmented tumours. Response was determined to be over 30% decrease from baseline. Matching 
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pre-, and post-treatment lesions were compared by calculating the relative percentage change based 

on the tumour are. Phospho-ERK stainings were analysed by annotating the area around the dark 

melanocytes, separating dark (pigmented melanoma) and purple (phosphor-ERK staining) channels 

and measuring their intensity. Analysis and quantification of Western blot images were carried out 

using Image Studio (Version 5.5). Phospho- ERK and ERK band intensities were measured and 

normalized to actin signal for each line. 

4.11 Statistical methods 

The statistical analyses were performed and graphs generated using GraphPad Prism (Version 10.4.1). 

Data is presented as mean ± standard deviation (SD) or standard error of the mean (SEM). For 

comparisons between two groups, independent t-test was used for continuous variables and Fisher’s 

exact test for categorical variables. P-values less than 0.05 were considered statistically significant.  

Nonlinear curve fitting of dabrafenib absorption and elimination values was performed with a one-

phase association and decay. Dose-response and quantified Western blot data was fitted using a non-

linear regression (inhibitor vs. normalized response, variable slope). Dose-response data was 

normalized to DMSO-treated control and Western blot data to beta-actin loading control. In addition, 

IC₅₀-values were defined. The fittings were conducted using a least-squares regression, and goodness 

of fit was evaluated by R² values. Confidence intervals (95%) were calculated for estimated 

parameters. 
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6 Abbreviations 

CDAB  carboxy-dabrafenib 

CPI  Immune checkpoint inhibitor 

CR  complete response 

CRISPR clustered regularly interspaced short palindromic repeats 

CYP  cytochrome P450 

DAB  dabrafenib 

DDAB  desmethyl-dabrafenib 

DoR  duration of response 

dpf  days post fertilization 

dpi   days post injection 

DTIC  dacarbazine 

EMA  European Medicines Agency   

ERK  Extracellular signal regulated kinase  

FDA  U.S. Food & Drug Administration  

HDAB  hydroxy-dabrafenib 

HR  hazard ratio 

MAPK  mitogen-activated protein kinase  

MITF  microphthalmia-associated transcription factor 

NMSC  non-melanoma skin cancer 

ORR  objective response rate 

OS  overall survival 

PFS  progression-free survival 

pERK  phosphorylated extracellular signal regulated kinase  

PR  partial response 

TTR  time to response 

zPDX  zebrafish patient-derived xenograft 
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8 Supplementary material 

 

 

Supplementary figure 1. Quantification of mass spectrometry imaging. The pixel intensity of selected ion was 
observed using MALDI-MSI of dabrafenib and its most important metabolites in dabrafenib-treated (n=6) and 
control (n=2) zebrafish. A. Dabrafenib. B. Hydroxy-dabrafenib. C. Carboxy-dabrafenib. D. Desmethyl-
dabrafenib. 
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Supplementary figure 2. Uncropped Western blots for Fig. 11A. Membranes were probed with phospho-ERK 
(pERK) (A) or ERK (B) (700 nm channel) and reprobed with loading control β-actin (800 nm channel). 
Molecular weight markers are indicated, and the regions corresponding to each figure subpanel are 
highlighted in red. 
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Supplementary figure 3. Colour deconvolution analysis of phospho-ERK immunohistochemistry staining of 
histological sections. Red line indicates manually annotated tumour region, and yellow line outlines the area 
measured and identified through threshold-based segmentation. Stain vectors were separated using colour 
deconvolution to separate channels. A. Brightfield image of control fish. B. Brightfield image of dabrafenib-
treated fish. C. Brown channel showing melanoma of control fish. D. Brown channel showing melanoma of 
dabrafenib-treated fish. E. Pink channel showing DAB staining of phospho-ERK in control fish. F. Pink 
channel showing DAB staining of phospho-ERK in dabrafenib-treated fish. G. Residual channel of control 
fish. H. Residual channel of dabrafenib-treated fish. Scale bar = 50µm. 

 


