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Abstract 

The most frequent mutation identified in both benign nevi and malignant melanoma 

is the constitutively activating V600E substitution of BRAF. However, how 

additional mutations co-operate with BRAFV600E to promote subtypes of melanoma in 

animals is only beginning to be understood. In this thesis, I generate and analyze 

zebrafish BRAFV600E melanoma models and also develop the first animal model for 

BRAFV600E nevus recurrence. 

 

In my first data chapter, I develop a unique animal model of nevus recurrence. In 

people it is not uncommon for a nevus to recur following removal, even when no 

pigmented nevus cells remain. The biology of how and why this happens is unknown. 

By partial amputation of the nevus in the zebrafish tail fin, we described both nevus 

regrowth, as well as nevi that do not regrow. Utilising melanin as a lineage tracer, I 

was able to show that recurrent nevi are repopulated from an unpigmented precursor 

population. This suggested that BRAFV600E nevi are supported by an undifferentiated 

stem cell population that is recruited to regenerate and pigment the nevus after 

removal. 

 

In my second data chapter, I use genetics to develop BRAFV600E zebrafish models of 

melanoma. In collaboration with Dr. James Lister and Professor Jeroen den Hertog, I 

describe three differing models of zebrafish melanoma. All three models show 

progression to melanoma, and in collaboration with Dr. Marie Mathers I establish 

that while BRAFV600E is present in all three models, co-operating mutations affect 

melanoma pathology. 

 

In my third data chapter, I develop tools to study the molecular differences in the 

BRAFV600E melanoma models. I described the optimisation of a broad range of 

antibodies, raised against human peptides due to the lack of reliable antibodies in the 

zebrafish field. I use punch core biopsies of both zebrafish and human tumours, and 

whole sagittal sections of juvenile zebrafish, to show specific staining throughout 

many organs of the developing fish. I then use some of these antibodies to analyse 

molecular pathways in the melanoma models. 



Contents 

Chapter 1 - Introduction............................................................................................... 1 
1.1 – Melanocyte Function Confers Pigment to Hair and Protects Skin Cells from 
UV Induced Damage................................................................................................ 3 
1.2 – Malignant Melanoma ...................................................................................... 5 

1.2.1 – Nevi are Benign Expansions of Melanocytes ......................................... 6 
1.2.2 – Malignant Melanoma Subtypes .............................................................. 7 
1.2.3 – Melanoma Staging .................................................................................. 8 

1.3 – Melanoma Driver Mutations ........................................................................... 9 
1.3.1 – Mitogen Activated Protein Kinase Pathway Members are Frequently 
Mutated in Melanoma ....................................................................................... 10 

1.3.1.1 – Animal Models of Oncogenic RAS Driven Melanoma .................. 13 
1.3.2 – BRAF Mutations are Found at High Frequency in Melanoma.............. 14 

1.4 –Senescence Plays a Key Role in Tumour Prevention .................................... 16 
1.5 - Pathways Regulating Senescence .................................................................. 18 

1.5.1 – The Retinoblastoma Pathway in Cellular Senescence .......................... 18 
1.5.2 – The p53 Pathway in Cellular Senescence ............................................. 20 

1.6 – Oncogene Induced Senescence ..................................................................... 21 
1.7 – Environmental Risk Factors in Melanoma.................................................... 23 
1.8 – Other Genetic Risk Factors in Melanoma..................................................... 24 

1.8.1 – Phosphatase and Tensin Homologue (PTEN)....................................... 24 
1.8.2 – Micropthalmia Associated Transcription Factor (MITF) ..................... 25 

1.9 – Therapeutic Strategies for Melanoma ........................................................... 27 
1.9.1 – Targeted Therapeutics........................................................................... 28 

1.10 – Animal Models of Melanoma ..................................................................... 29 
1.10.1 – Xiphophorus – A Model of Spontaneous Melanoma.......................... 29 
1.10.2 – Xmrk is Sufficient to Induce Melanoma in Medaka........................... 30 
1.10.3 – Zebrafish ............................................................................................. 31 

1.11 - Aims............................................................................................................. 32 
Chapter 2 – The Zebrafish as a Model of Nevus Recurrence .................................... 34 

2.1 – Introduction................................................................................................... 35 
2.2 – Mosaic Integration of the BRAFV600E Transgene Produces Nevi .................. 37 
2.3 – Zebrafish Caudal Fin Nevi can be Used in a Recurrence Assay................... 39 

2.3.1 – Repopulation of the Nevus is the Most Frequent Outcome .................. 41 
2.3.1.1 – Recurrent Nevi are not Exclusive to Wild Type Strain................... 43 
2.3.1.2 – Zebrafish Differ in the Amount of Repopulation............................ 44 
2.3.1.3 – Rates of Nevus Repopulation Can Vary ......................................... 46 

2.3.2 – An Individual Case of Non-Recurrence of a Nevus.............................. 48 
2.3.3 – An Individual Case of Regression of a Nevus ...................................... 50 

2.4 – Zebrafish Nevi are Repopulated from an Unpigmented Precursor Population
................................................................................................................................ 52 
2.5 – Induced Recurrence Does Not Induce Malignancy ...................................... 55 
2.6 - Discussion...................................................................................................... 58 

2.6.1 – Future Directions................................................................................... 63 
Chapter 3 – BRAFV600E Melanoma Pathology is Determined by Co-operating 
Mutations ................................................................................................................... 65 

3.1 – Introduction................................................................................................... 66 



3.1.1 – Aims ...................................................................................................... 67 
3.2 – p53M214K as a Co-operating Mutation Leads to an Aggressive Melanoma 
Subtype................................................................................................................... 68 
3.3 – Hypomorphic mitfavc7 Co-operates with BRAFV600E to Form Melanoma .... 72 

3.3.1 – The BRAFV600E;mitfavc7 Melanoma Subtype is Altered by an Additional 
Loss of One Allele of p53 ................................................................................. 76 

3.4 – Hubrecht Control Fish Show Melanocyte Invasion of the Skeletal 
Musculature............................................................................................................ 78 

3.4.1 – Melanoma Development in the Hubrecht Control Background ........... 81 
3.5 – Rates of Proliferation Vary Between the Melanoma Groups........................ 84 
3.6 – Discussion ..................................................................................................... 85 

3.6.1 – Co-operating Mutations Alter Melanoma Pathology............................ 85 
3.6.1.1 – BRAFV600E;p53M214K is an Aggressive, Exophytic Tumour Subtype86 

3.6.2 – BRAFV600E;mitfavc7 Shows a Superficial Spreading Growth Pattern ..... 87 
3.6.3 – The Hubrecht Background Confers Invasion of Melanocytes.............. 89 
3.6.4 - Future directions .................................................................................... 92 

Chapter 4 – Antibody Validation for Use in Zebrafish Immunohistochemistry........ 94 
4.1 – Introduction................................................................................................... 95 
4.2 – Antibodies Previously Showed Cross Reactivity in Zebrafish Sections....... 97 
4.3 – Antibody Panel.............................................................................................. 97 
4.4 – Methodology for Determining Zebrafish Cross Reactivity ........................ 102 

4.4.1 – Antigen Retrieval Optimisation .......................................................... 106 
4.5 – Antibody Optimisation on Juvenile Zebrafish Sagittal Sections ................ 108 
4.6 – Antibody Validation on Zebrafish Juvenile Sagittal Sections .................... 108 

4.6.1 - Successful Antibodies.......................................................................... 111 
4.6.1.1 – Phospho-AMPKα (Thr172)........................................................... 111 
4.6.1.2 – Phospho-BRAF (Ser445) .............................................................. 113 
4.6.1.3 – Phospho-cdc2 (Thr14)................................................................... 113 
4.6.1.4 – Phospho-GSK3α (Ser21)............................................................... 117 
4.6.1.5 – Phospho-GSK3β (Ser9)................................................................. 117 
4.6.1.6 – Maternal Embryonic Leucine Zipper Kinase (MELK)................. 121 
4.6.1.7 – Phospho p38 MAPK (Thr180/Tyr182) ......................................... 121 
4.6.1.8 – Phospho-p70 S6 kinase (Thr389).................................................. 125 
4.6.1.9 – Phospho-p70 S6 kinase (Thr421/Ser424) ..................................... 125 
4.6.1.10 – Pyruvate kinase muscle isozyme1/2 (PKM1/2) .......................... 130 
4.6.1.11 – Phospho-SAPK/JNK (Thr183/Tyr185)....................................... 130 
4.6.1.12 - Non-phospho Src (Tyr416).......................................................... 135 
4.6.1.13 – TAK1 .......................................................................................... 137 
4.6.1.14 – Phospho-TAK1 (Thr184/187)..................................................... 137 

4.6.2 - Indeterminate Staining......................................................................... 141 
4.6.3 – Failed Antibodies ................................................................................ 141 

4.7 – Antibody Staining of Zebrafish BRAFV600E Tumours ................................. 144 
4.7.1 – Phospho-AMPK (Thr142)................................................................... 147 
4.7.2 – Phospho-cdc2 (Thr14)......................................................................... 150 
4.7.3 – Phospho-GSK3α.................................................................................. 150 
4.7.4 - MELK .................................................................................................. 155 
4.7.5 – Non-phospho Src (Tyr416) ................................................................. 155 
4.7.6 – Phospho-BRAF (Ser445) .................................................................... 160 



4.7.7 – Phospho-SAPK/JNK (Thr183/Tyr185)............................................... 160 
4.7.8 – PKM1/2............................................................................................... 160 
4.7.9 – TAK1 .................................................................................................. 167 
4.7.10 – Phospho-TAK1 ................................................................................. 167 
4.7.11 – Phospho-GSK3β (Ser9)..................................................................... 172 
4.7.12 – Phospho-p38 MAPK (Thr180/Tyr182)............................................. 172 

        4.7.13 - p70 S6 kinase………………………………………………………...177 
4.8 - Discussion.................................................................................................... 182 

4.8.1 - The Stepwise Model of IHC Validation .............................................. 182 
4.8.2 - Cross Reactivity in Zebrafish and Medaka Tissue .............................. 183 
4.8.3 – Zebrafish BRAFV600E Melanoma Antibody Staining........................... 189 
4.8.4 - Future Directions ................................................................................. 194 

Chapter 5 – Concluding Remarks ............................................................................ 196 
Chapter 6 – Materials and Methods ......................................................................... 199 

6.1 – Solutions...................................................................................................... 200 
6.2 – Zebrafish Husbandry................................................................................... 204 

6.2.1 – Zebrafish Aquarium Facilities and Fish Husbandry ........................... 204 
6.2.2 – Zebrafish Breeding.............................................................................. 205 
6.2.3 – Bleaching and Raising Embryos to Five Days Post Fertilisation ....... 205 
6.2.4 – Zebrafish Strain Origins...................................................................... 206 

6.3 – Zebrafish Procedures................................................................................... 207 
6.3.1 – Microinjection of Embryos ................................................................. 207 
6.3.2 – Anaesthetising Adult Zebrafish .......................................................... 207 
6.3.3 - Caudal Fin Amputation........................................................................ 208 
6.3.4 – N-phenylthiourea Treatment ............................................................... 208 

6.4 – Molecular Biology Methods ....................................................................... 208 
6.4.1 – BRAFV600E Vectors used for Microinjection ....................................... 208 

6.4.1.1 – Restriction Digest.......................................................................... 209 
6.4.1.2 – Gel Extraction ............................................................................... 211 

6.4.2 – Vector Amplification – E.coli ............................................................. 211 
6.4.3 – Tol2 RNA............................................................................................ 212 
6.4.4 – DNA Extraction .................................................................................. 212 
6.4.5 – Ethanol Precipitation........................................................................... 212 
6.4.6 – Genotyping.......................................................................................... 213 

6.4.6.1 – Primers .......................................................................................... 213 
6.4.6.2 – PCR Protocols ............................................................................... 213 
6.4.6.3 – Sequencing .................................................................................... 214 
6.4.6.4 – Obtaining DNA from Paraformaldehyde Fixed or Paraffin 
Embedded Tissues........................................................................................ 214 

6.5 – Pathology .................................................................................................... 216 
6.5.1 – Schedule 1 Killing and Paraformaldehyde Fixation ........................... 216 
6.5.2 – Paraffin Wax Embedding.................................................................... 216 
6.5.3 – Haematoxylin and Eosin Staining....................................................... 216 

6.5.3.1 – Re-Haematoxylin Staining............................................................ 217 
6.6 – Immunohistochemistry................................................................................ 217 

6.6.1 – Immunohistochemistry Protocol ......................................................... 217 
6.6.2 – Antibody List and Supplier ................................................................. 219 
6.6.3 – IHC Protocols for Established Antibodies .......................................... 220 



6.6.4 – Lambda Phosphatase Validation ......................................................... 220 
6.6.5 – Competing Peptide Assays.................................................................. 221 

Chapter 7 – Reference List....................................................................................... 222 
Appendix 1…………………………………………………………………………249 
Appendix 2…………………………………………………………………………277 

 

Figures 

Figure 1.1: Melanin-type switching in mouse hair pigmentation…………………….4 
Figure 1.2: Model of Melanoma Progression………………………………………...6 
Figure 1.3: Schematic of RAS MAPK pathway signalling…………………………12 
Figure 1.4: Replication of the lagging DNA strand results in a loss of telomeric 
repeats……………………………………………………………………………….17 
Figure 1.5: Cell cycle progression is halted by p16………………………………...19 
Figure 1.6: Schematic of p53 regulation by its inhibitor MDM2…………………...20 
Figure 1.7: PTEN inhibits activation of AKT………………………………………24 
Figure 2.1: Mosaic integration of the BRAFV600E transgene leads to nevi occurring in 
differing locations and frequency…………………………………………………...38 
Figure 2.2: Uninjected zebrafish on both striped and leopard longfin backgrounds 
recapitulate pigmentation patterning………………………………………………..40 
Figure 2.3: Nevus repopulation was observed following partial amputation…….…42 
Figure 2.4: Some nevi show repopulation of a larger nevus area following partial 
amputation…………………………………………………………………………..45 
Figure 2.5: A slower rate of nevus repopulation was observed following amputation 
……………………………………………………………………………………....47 
Figure 2.6: Not all nevi show repopulation following partial amputation……….....49 
Figure 2.7: An individual case of nevus regression………………………………...51 
Figure 2.8: Recurrent nevi develop from an unpigmented precursor population......54 
Figure 2.9: Recurrence in the presence of tumour suppressor mutations does not 
induce malignancy…………………………………………………………………..57 
Figure 3.1 BRAFV600E;p53M214K tumours show exophytic tumour growth………….70 
Figure 3.2: The BRAFV600E;mitfavc7 tumour subtype shows a superficial spreading 
growth pattern……………………………………………………………………....74 
Figure 3.3: mitfavc7;BRAFV600E;p53M214K/+ tumours showed features of both co-
operating mutations………………………………………………………………....77 
Figure 3.4: BRAFV600E microinjected zebrafish on the Hubrecht background showed 
melanocyte invasion of the musculature………………………………………….....80 
Figure 3.5: BRAFV600E;Hubrecht melanoma has an endophytic growth pattern….....82 
Figure 3.6: Proliferation of tumour subtypes measured by phospho-Histone H3 
staining…………………………………………………………………………..…..84 
Figure 4.1: Schematic of stepwise antibody validation process…………………...104 
Figure 4.2: Antigen retrieval preference…………………………………………...107 
Figure 4.3: Zebrafish juvenile staining for SAPK/JNK shows a lack of specificity… 
……………………………………………………………………………………..110 
Figure 4.4: Zebrafish juvenile staining for phospho-AMPKα (Thr172)……..……112 
Figure 4.5: Zebrafish juvenile staining for phospho-BRAF (Ser445)…………..…114 
Figure 4.6: Medaka juvenile staining for phospho-BRAF (Ser445)………...……..115 



Figure 4.7: Zebrafish juvenile staining for phospho-cdc2 (Thr14)……...…………116 
Figure 4.8: Zebrafish juvenile staining for phospho-GSK3α (Ser21)……………..118 
Figure 4.9: Medaka juvenile staining for phospho-GSK3α (Ser21)…………….…119 
Figure 4.10: Zebrafish juvenile staining for phospho-GSK3β (Ser9)……………..120 
Figure 4.11: Zebrafish juvenile staining for MELK……………………………….122 
Figure 4.12: Medaka juvenile staining for MELK………………………………...123 
Figure 4.13: Zebrafish juvenile staining for phospho-p38 MAPK 
(Thr180/Tyr182)…………………………………………………………………...124 
Figure 4.14: Zebrafish juvenile staining for phospho-p70 S6 kinase (Thr389)…...126 
Figure 4.15: Medaka juvenile staining for phospho-p70 S6 kinase (Thr389)……..127 
Figure 4.16: Zebrafish juvenile staining for phospho-p70 S6 kinase 
(Thr421/Ser424)……………………………………………………………………128 
Figure 4.17: Medaka juvenile staining for phospho-p70 S6 kinase 
(Thr421/Ser424)……………………………………………………………………129 
Figure 4.18: Zebrafish juvenile staining for PKM1/2……………………………...131 
Figure 4.19: Medaka juvenile staining for PKM1/2……………………………….132 
Figure 4.20: Zebrafish juvenile staining for phospho-SAPK/JNK (Thr183/Tyr185).. 
……………………………………………………………………………………...133 
Figure 4.21: Medaka juvenile staining for phospho-SAPK/JNK (Thr183/Tyr185).134 
Figure 4.22: Zebrafish juvenile staining for Non-phospho-Src (Tyr416)………….136 
Figure 4.23: Zebrafish juvenile staining for TAK1………………………………..138 
Figure 4.24: Zebrafish juvenile staining for phospho-TAK1 (Thr184/187)……….139 
Figure 4.25: Medaka juvenile staining for phospho-TAK1 (Thr184/187)………...140 
Figure 4.26: Zebrafish juvenile staining for CK1………………………………….142 
Figure 4.27: Heavily Melanised tumours show traces of faint melanin following 
bleaching…………………………………………………………………………...145 
Figure 4.28: Phospho-AMPKα (Thr172)…………………………………………..148 
Figure 4.29: Phospho-cdc2 (Thr14) ……………………………………………….151 
Figure 4.30: Phospho-GSK3α (Ser21)……………………………………………..153 
Figure 4.31: MELK………………………………………………………………...156 
Figure 4.32: Non-phospho-src (Tyr416)…………………………………………...158 
Figure 4.33: Phospho-BRAF (Ser445)…………………………………………….161 
Figure 4.34: Phospho-SAPK/JNK (Thr183/Tyr185)………………………………163 
Figure 4.35: PKM1/2………………………………………………………………165 
Figure 4.36: TAK1…………………………………………………………………168 
Figure 4.37: phospho-TAK1 (Thr184/187)………………………………………..170 
Figure 4.38: phospho-GSK3β (Ser9)………………………………………………173 
Figure 4.39: phospho-p38 MAPK (Thr180/Tyr182)………………………………175 
Figure 4.40: phospho-p70 S6 kinase (Thr389)…………………………………….178 
Figure 4.41: phospho-p70 S6 kinase (Thr421/Ser424)…………………………….180 
Figure 6.1 BRAFV600E Vectors……………………………………………………...210 
 
 

Tables 
Table 1.1: Recurrent nevi are observed in differing backgrounds…………………..43 
Table 2.1: Summary of the effect of differing co-operating mutations on tumour 
pathology……………………………………………………………….....................86 
Table 4.1: Phosphorylated residue specific antibodies……………………………...99 



Table 4.2: Antibodies detecting total levels of protein…………………………….101 
Table 4.3: Antibody conditions and cross reactivity in zebrafish and medaka tissues.. 
..…………………………………………………………………………………….143 
Table 4.4: Showing antibody staining for tissues in zebrafish and medaka 
juveniles……………………………………………………………………………185 
Table 6.1: Primer sequences used for genotyping transgenic zebrafish…………...213 
Table 6.2: Suppliers for antibodies used for validation screening…………………219 
Table 6.3: IHC conditions for antibodies supplied with protocols………………...220 
 
 

Abbreviations 
 
CFC – cardio-facio-cutaneous syndrome 

DDR – DNA damage response 

Dpf – days post fertilisation 

dH20 – distilled H20 

DNA – deoxyribonucleic acid 

GFP – green fluorescent protein 

Hpf – hours post fertilisation 

IHC - immunohistochemistry 

MAPK – mitogen activated protein kinase 

OIS – oncogene induced senescence 

PCR – polymerase chain reaction 

PFA - paraformaldehyde 

RGP – radial growth phase 

RNA – ribonucleic acid 

RPE – retinal pigment epithelium 

RPM – revolutions per minute 

SA-β gal – senescence associated β galactosidase 

SAHF – senescence associated heterochromatin foci 

TMA – tissue microarray 

Tol2 – Medaka (Oryzias latipes) transposase RNA



 1

 

 

 

 

 

Chapter 1 

Introduction 

 
 



 2

Cases of skin cancer are increasing worldwide, notably in Caucasian populations 

(Dennis, 1999; MacKie et al., 2007; Marrett et al., 2001). Skin cancer can be 

separated into the two main categories of melanoma and non-melanoma skin cancer. 

Non-melanoma skin cancer consists of squamous cell carcinoma and basal cell 

carcinoma. While non-melanoma skin cancer is responsible for the majority of skin 

cancer cases, the lower propensity for metastasis and successful surgical treatment 

means that the mortality rate is low.  

 

The number of cases of malignant melanoma in Scotland tripled in men and more 

than doubled in women between 1979 and 2003 (MacKie et al., 2007). The majority 

of skin cancer deaths are from malignant melanoma despite the lower frequency of 

cases. The dramatic increase in cases of melanoma has been linked to populations 

living in climates with a high degree of ultraviolet (UV) radiation exposure such as 

Australia. Although changes in lifestyle choices and sun-seeking behaviour, 

discussed further in 1.7, are increasingly thought to be partially responsible for 

increases in melanoma in regions that do not have high degrees of UV exposure. This 

is particularly noted in the young female demographic and is attributed to an increase 

in sun-seeking behaviour such as sun-bed use (Cust et al., 2011). 

 

There is a dramatic difference in survival depending on the progress of the disease at 

the time of clinical presentation. Early stage disease has successful treatment 

outcomes; surgical removal of the lesion leads to a high survival rate at five years of 

around 95% (MacKie et al., 2007). Late stage disease, marked by increased tumour 

thickness and metastasis, is noted to be highly resistant to traditional therapeutics 

with low response rates and a decreased five year survival percentage.   
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1.1 – Melanocyte Function Confers Pigment to Hair and Protects 
Skin Cells from UV Induced Damage 

Melanocytes are neural crest derived pigment producing cells responsible for 

pigmenting hair and producing melanin in response to UV damage in the skin. In 

mammals melanocytes produce two forms of melanin, red/yellow phaeomelanin and 

brown/black eumelanin (often simply referred to as melanin). Melanocytes actively 

transport pigment containing vesicles, melanosomes, along dendrites to the 

surrounding cells (Hara, et al., 2000; Wu et al., 1998). Melanocytes have differing 

roles in hair and skin pigmentation, with those residing in the bulb of the hair follicle 

responsible for pigmentation of the developing hair (reviewed by Slominski et al., 

2005). Much of the research into the control of either phaeomelanin or eumelanin 

production to confer hair colouration has been studied in mice, utilising coat colour 

as a phenotypic read-out. Eumelanin production is stimulated by hormone signalling, 

with phaeomelanin produced in the absence of signalling. Key components of this 

signalling pathway consist of pro-opiomelanocortin (POMC), a precursor protein 

which when cleaved produces, α, β, δ and γ melanocyte stimulating hormones 

(MSH) and adrenocorticotropic hormones, ACTH. Both α-MSH and ACTH have 

been shown to be capable of stimulating eumelanin production in melanocytes 

(reviewed by Suzuki et al., 1999). These hormones bind to the melanocortin 1 

receptor (MC1R), which results in an increase in cyclic AMP (cAMP). This increase 

in cAMP results in an increase in micropthalmia transcription factor (mitf) 

transcription, which is required for stimulation of the transcription of the tyrosinase 

gene (Bertolotto et al., 1998). Tyrosinase and tyrosinase related protein 1 (tyrp1) are 

responsible for the production of eumelanin. In mouse hair pigmentation a further 

signalling protein Agouti is responsible for final hair colouration. Agouti acts as an 

antagonist of MC1R competing with α-MSH for binding, and preventing production 

of eumelanin (Ollmann et al., 1998). Agouti acts during the middle of the hair cycle 

resulting in a yellow Agouti band in the middle of the hair shaft (Figure 1.1). A loss 

of agouti signalling results in a darker coat colour in mice (Miltenberger et al., 2002), 

and loss of POMC results in an increasingly yellow coat colouration (Yaswen et al., 

1999).  
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Figure 1.1: Melanin-type switching in mouse hair pigmentation. Image from Hoekstra, 2006. In 

mice the competition between α-MSH and the antagonist Agouti controls the production of eumelanin 

along the tyrosinase pathway. Signalling through Mc1r results in increase in cAMP and leads to the 

production of eumelanin. Inhibition of signalling through Mc1r by agouti binding prevents the 

increase in cAMP, the subsequent increase in tyrosinase activity and results in the production of 

phaeomelanin. Further proteins such as the xCT, a cysteine/glutamate transporter are involved in 

phaeomelanin synthesis (Chintala et al., 2005). 

 

In human skin, melanocytes are responsible for transporting pigment to the 

surrounding keratinocytes and production of eumelanin upon UV light exposure. An 

increase in cAMP by α-MSH is required for eumelanin production in response to UV 

exposure (Im et al., 1998). Following this eumelanin is transported to neighbouring 

epidermal cells where it forms supranuclear caps which protect against UV induced 

damage (Kobayashi et al., 1998).  

 

Allele variations and mutations in a number of the genes required for melanin 

production are responsible for pigmentation variations in human skin colour and a 

variety of clinical conditions. For example, albinism has been attributed to mutations 

in genes such as tyrosinase and tyrosinase related protein (Tyrp1) among others 

(Chaki et al., 2005; Zühlke et al., 2007). Polymorphisms in MC1R are linked to 

differences in skin colouration and frequencies of polymorphisms segregate by 

population. Variants in MC1R were found with high frequency in individuals with 

red hair, pale skin and an inability to tan. These variants were found at a much lower 

frequency in those with brown or black hair with a good tanning response (Valverde 

et al., 1995). Schiöth and colleagues later showed some that variants failed to induce 
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as much of an increase in cAMP as wild type MC1R (Schiöth et al., 1999). Certain 

variants of MC1R are linked to an increased risk of melanoma (Fargnoli et al., 2008; 

Kennedy et al., 2001), which on non-chronically sun exposed areas are also 

associated with an increased risk of mutations in BRAF (Landi et al., 2006). 

However other studies have reported no association between MC1R variants and 

acquired BRAF mutations (Hacker et al., 2010; Thomas et al., 2010). 

 

Polymorphisms in the potassium driven sodium/calcium exchanger SLC24a5 also 

show strong associations with population groups and skin pigmentation. A mutation 

in a zebrafish orthologue to SLC24a5 was identified to cause the golden phenotype, 

which is much paler than that of wild type, due to fewer, less densely pigmented 

melanocytes (Lamason et al., 2005). In humans the Threonine111 variant of SLC24a5 

was found almost exclusively in Caucasian European and American populations, 

while the Alanine111 variant was almost exclusively found in darker skinned 

populations such as African and East Asian populations (Lamason et al., 2005; 

Giardina et al., 2008).  

 

Another population of melanocytes are those of the retinal pigment epithelium (RPE). 

Located in the eye, these cells do not derive from the neural crest as epidermal 

melanocytes do, instead deriving from monolayer cells from the optic cup during 

development (reviewed by Bharti et al., 2006). RPE cells serve many functions such 

as light absorption and nutrient supply (Hillenkamp et al., 2004; Peles and Simon, 

2010). These cells also have the propensity to develop melanoma, though this is 

much rarer in incidence than cutaneous melanoma. Uveal melanoma arises from the 

iris or choroidal layer (reviewed by Papastefanou and Cohen, 2011), whereas 

conjunctival melanoma arises from the conjunctiva of the eye (reviewed by 

Zembowicz et al., 2010). 

1.2 – Malignant Melanoma 

Malignant melanoma arises from melanocytes. One proposed model for the 

progression of melanoma is that it arises from a nevus, a benign ectopic expansion of 

melanocytes (Clark et al., 1984). An initiating somatic mutation such as BRAFV600E 
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(discussed in 1.3) induces melanocyte proliferation to form a nevus, which shows 

evidence of senescence markers such as senescence associated β-galactosidase 

(Michaloglou et al., 2005). A stepwise model was proposed for the progression of a 

nevus to melanoma (Figure 1.2), beginning with a radial growth phase (RGP), which 

consists of nevus melanocytes proliferating and spreading radially through the skin. 

Following radial growth the stepwise model proposes the lesion entering a vertical 

growth phase (VGP) during which the malignant melanocytes invade the deeper skin 

layers; this is followed by metastasis beyond the primary tumour site involving 

lymph nodes and other metastasis (Clark et al., 1984). While these stages have been 

observed clinically, they have not been observed progressively in patients. 

 

 

 
 

Figure 1.2: Model of Melanoma Progression. Image obtained from Miller et al., 2006. The stepwise 

melanoma progression model from a benign nevus to metastatic melanoma is proposed to consist of 

changes in growth and proliferation. The model shows progression from a benign nevus, to a 

dysplastic nevus, spreading radially through the epidermis, before breaching the dermis and finally 

metastasising. 

 

1.2.1 – Nevi are Benign Expansions of Melanocytes 

Nevi are ectopic clusters of melanocytes located at the base of the epidermis, they 

have been shown to be senescent clusters of melanocytes (Michaloglou et al., 2005; 

Gray-Schopfer et al., 2006) and are sometimes referred to as benign lesions. An 
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increased number of nevi on an individual is associated with an increased risk of 

melanoma (Gandini et al., 2005a). While some melanoma tumours arise de novo, 

others are thought to arise from nevi. Initiating mutations discussed in 1.3.1 confer 

the ability to proliferate irrespective of extracellular signals, leading to an expansion 

of melanocytes (Dhomen et al., 2009; Goel et al., 2009; Michaloglou et al., 2005) 

and the formation of a nevus. As well as awareness of the dangers of UV, one of the 

key melanoma prevention campaign strategies is the monitoring of nevi for any 

changes or irregularities in appearance, such as the Sun Awareness Campaign by the 

British Association of Dermatologists (http://www.bad.org.uk/site/715/default. 

Aspx, accessed August 2011). 

 

1.2.2 – Malignant Melanoma Subtypes 

Malignant melanoma can be further classified into subtypes which show differences 

in appearance and progression. These are classified by external appearance, 

anatomical location and histopathology. The four main subtypes are; nodular 

melanoma, lentigo maligna melanoma, superficial spreading melanoma, which were 

first described by Clark and colleagues (Clark et al., 1969a, b) and acral melanoma 

(Arrington et al., 1977).  

 

Nodular melanoma is classed as a highly aggressive type of melanoma. This 

melanoma shows rapid growth, often has a short radial growth phase and progresses 

rapidly to the vertical growth phase, moving into the dermis at an early stage. 

Tumours have a relatively uniform appearance, and are uniformly invasive (Clark et 

al., 1969a). 

 

Lentigo maligna melanoma is often observed on sun exposed regions, such as the 

face of older Caucasians who have experienced chronic sun exposure during their 

lifetime (Gaudy-Marqueste et al., 2009). This type of melanoma can be preceded by 

lentigo maligna, which are lesions containing malignant cells that are not invasive. 

These lesions can grow fairly large, are often flat and confined to the epidermis, and 

can remain stable for a long period of time (reviewed by Reed and Shea, 2011).  
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Superficial spreading melanoma has had the greatest increase in incidence in both 

sexes (MacKie et al., 2007). This type of melanoma is the most common in 

Caucasian populations and is associated with intermittent but intense sun exposure. 

In keeping with this, it most frequently occurs on anatomical sites occasionally 

exposed to UV such as the lower legs and torso (Cress et al., 1995). Superficial 

spreading melanoma has a prolonged radial ‘spreading’ growth phase, during which 

malignant melanocytes are mostly confined to the epidermis (Clark et al., 1984). If 

the tumour is not detected during the prolonged RGP it will enter the vertical growth 

phase progressing into the dermis, at this point the thickness of the tumour at 

diagnosis determines the survival prognosis of the patient.  

 

Acral lentiginous melanoma is more common in non-Caucasian populations and very 

rare in Caucasian populations. Cases are mostly confined to non-sun-exposed regions 

such as the palms of the hands, soles of the feet, and nail beds (Arrington et al., 

1977). This type of melanoma has an extended radial growth phase, however there is 

quite a high mortality rate due to often late stage detection of the lesions (Bradford et 

al., 2009).  

 

1.2.3 – Melanoma Staging 

Melanoma is currently diagnosed and staged by histopathology. The most common 

melanoma staging method was first proposed by Clark et al., in 1969. Current 

melanoma staging can be performed by a number of staging methods depending on 

medical health board or country, though all examine the same criteria; tumour 

thickness, mitotic figures, skin layers penetrated, ulceration and the presence of 

metastasis.  

 

One system used in the UK is numbered staging, melanomas are staged from zero to 

four with increasing progression of the tumour and decreasing survival. At stage 0 

the melanoma has not progressed into the dermis, this stage is also referred to as 

melanoma in situ, where cells remain in the epidermis and show no sign of spreading. 
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Stages 1A and 1B consist of tumours that have begun to increase in thickness but 

show no signs of spreading, tumours that are less than 1mm thick with/without 

ulceration, or 1-2mm thick without ulceration but do not show further spread. Stage 2 

shows an increased thickness of the tumour but has yet to show spreading beyond the 

skin. Stages 2A and 2B consist of tumours 1-4mm thick with ulceration, or over 

4mm thick without ulceration and with no lymph node involvement. Stage 2C 

consists of tumours over 4mm thick with ulceration though still shows no spreading 

beyond the primary site. Melanoma is classed as stage 3 upon the identification of 

melanoma cells spreading to the lymph nodes, and is classed as stage 4 upon 

metastasis away from the primary site (Marsden et al., 2010). The identification of 

mitotic figures is also crucial during histopathological examination. Staging by 

tumour thickness represents an increasing mortality rate due to the increasing 

propensity for metastatic spread. 

 

1.3 – Melanoma Driver Mutations 

Studies into the genetic causes for melanoma initially focused on linkage studies 

using families with a high incidence of melanoma. Utilising both familial linkage 

studies with sporadic cases of melanoma identified germline mutations in CDK4 and 

the CDKN2A locus (Hussussian et al., 1994; Nikolaou et al., 2011; Soufir et al., 

1998; Walker et al., 1995).  

 

The CDKN2A locus was identified especially in familial melanoma due to a high 

frequency of mutations (Hussussian et al., 1994; Walker et al., 1995) resulting in loss 

of function (Ranade et al., 1995). Frequently mutated in a wide range of cancers, the 

locus encodes for two essential tumour suppressor genes p16INK4A (hereafter referred 

to as p16) and ARF (p14 in humans, p19 in mouse). The two products of this locus 

are transcribed from alternate reading frames within the locus, though each acts 

through separate pathways (Quelle et al., 1995). p16 acts as a tumour suppressor via 

inhibition of the retinoblastoma (Rb) pathway, preventing progression through the 

cell cycle (Serrano et al., 1993). Whereas ARF acts as a tumour suppressor via the 

p53 pathway, specifically inhibiting MDM2 and therefore preventing MDM2 
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mediated ubiquitination and degradation of p53 (Pomerantz et al., 1998; both 

pathways reviewed by Sharpless, 2004). 

 

Due to the complex nature of the locus, it has been somewhat challenging to discern 

whether loss of one gene or another is more critical for melanoma development. 

Mutations have been identified in patients in one gene, or changes in expression 

obeserved, however these patients often have not been tested for loss of expression in 

the second gene product (Randerson-Moor et al., 2001; Rizos et al., 2001).  

 

Mouse models with loss of the INK4A locus targeting both p16 and ARF developed 

tumours. Following carcinogenic exposure tumour latency was reduced and tumour 

incidence increased (Serrano et al., 1996). However, these tumours were primarily 

sarcomas and lymphomas, with no melanoma tumours identified.  

 

When mice with loss of both p16 and ARF also carried tyrosinase driven oncogenic 

HRASG12V both cutaneous and ocular melanoma tumours were observed. In mice that 

were heterozygous for the INK4A locus mutation, the melanoma tumours which 

arose showed loss of heterozygosity (Chin et al., 1997). Sharpless and colleagues 

showed that mice with loss of either p16 or ARF were susceptible to HRASG12V 

driven melanoma. However, upon examination the tumours showed high frequency 

loss of expression of the reciprocal gene (Sharpless et al., 2003), indicating the 

importance of both the p53 and Rb pathways in melanoma prevention. 

 

1.3.1 – Mitogen Activated Protein Kinase Pathway Members are Frequently 

Mutated in Melanoma 

The RAS-RAF-MEK-ERK pathway is a signal transduction pathway shown to be 

important in cancer. Mutations in RAS family members are frequently observed in a 

variety of cancers, see below, and mutations in BRAF are frequently observed in 

melanoma (Discussed in 1.3.2).  
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The MAPK pathway is involved in relaying extracellular signals from receptors, 

such as epidermal growth factor receptor (EGFR), to intracellular responses such as 

progression through the cell cycle (reviewed by Chang et al., 2003). Signalling 

through receptor tyrosine kinases leads to phosphorylation and activation of the 

MAPKKK family members, NRAS, HRAS and KRAS. RAS family members are 

located at the cell membrane and when phosphorylated result in the translocation of 

members of the MAPKK RAF family, which consists of ARAF, BRAF and CRAF, 

to the membrane upon which they are phosphorylated (Leevers et al., 1994). BRAF 

is the family member most strongly regulated by RAS signalling (Marais et al., 

1997), though activated members of the RAF family are thought to be able to act in 

heterodimers. BRAF and CRAF are able to form heterodimers upon activation via 

RAS (Garnett et al., 2005; Weber et al., 2001). Activated RAF then phosphorylates 

and activates MEK1/2, which in turn phosphorylate and activate ERK1/2. Activated 

ERK is then able to translocate to the nucleus (Chen et al., 1992). 

 
Activating mutations in RAS family members are found with relatively high 

frequency in human cancer. Mutations in HRAS were identified in cervical (9%), 

pituitary (3%) and stomach cancer (4%) among others. Mutations are observed in 

KRAS in pancreatic (58%), ovarian (14%) and lung cancer (17%) among others. 

Mutations in NRAS have been most frequently identified in approximately 28% of 

skin cancer, specifically melanoma. All statistics were obtained from the Welcome 

Trust Sanger COSMIC database (Forbes et al., 2011). 
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Figure 1.3: Schematic of RAS MAPK pathway signalling. Image obtained from Dhomen and 

Marais 2007. The MAPK signal transduction pathway, external signals are relayed into the cell by the 

sequential activation of downstream proteins by phosphorylation. (A) Under wild type RAS activation, 

BRAF is preferentially phosphorylated, (B) Whereas oncogenic RAS preferentially phosphorylates 

CRAF leading to hyperactivation of the pathway (thick arrows). 
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1.3.1.1 – Animal Models of Oncogenic RAS Driven Melanoma 

As previously described, oncogenic RAS is sufficient to drive melanoma formation in 

co-operation with loss of a tumour suppressor, such as p16 or ARF in mice (Chin et 

al., 1997; Serrano et al., 1996; Sharpless et al., 2003). Tyrosinase driven HRASG12V 

alone was also able to induce melanoma development upon treatment with UV and 

chemical carcinogens (Broome Powel et al., 1999). The requirement of oncogenic 

expression is essential for the development and maintenance of melanoma. A 

doxycycline inducible HRASG12V on a p16 null background was used to generate 

melanoma for which oncogene expression could be switched off. Following 

melanoma development doxycycline was removed to switch off expression of 

HRASG12V, following this loss of expression regression of melanoma tumours was 

observed, indicating the requirement of continued oncogenic expression for 

melanoma maintenance (Chin et al., 1999). More recently a mouse model of 

melanoma utilised the human activating NRASQ61K mutation. These mice also 

developed melanoma following loss of a tumour suppressor such as p16 (Ackermann 

et al., 2005). 

 

Recent melanoma models of zebrafish have also been developed using oncogenic 

NRASQ61K. Dovey and colleagues noted that mitfa driven NRASQ61K caused 

hyperproliferation of melanocytes in adult zebrafish, with some developing low 

grade neoplasias after a long latency period. In the absence of p53, fish developed 

advanced melanomas after a reduced latency period and gene expression profiling of 

the tumours showed significant association with human melanoma (Dovey et al., 

2009).  

 

However, a model utilising mitfa driven HRASG12V was able to promote melanoma 

formation without genetic modification of loss of tumour suppressors. Though 

signalling through the AKT pathway was shown to be required for progression 

beyond a nevus by oncogenic HRASG12V (Michailidou et al., 2009). Santoriello and 

colleagues developed a kita driven HRASG12V zebrafish melanoma that did not 

require additional co-operating mutations in tumour suppressor genes. These fish 

displayed increased melanocytes even at the larval stage, with continued melanocyte 
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proliferation. Almost 100% of zebrafish developed melanocytic hyperplasia around 

the caudal fin beginning from two weeks of age, some of which progressed to 

malignancy with short latency between one to three months of age. These tumours 

were highly invasive and expressed the same markers as human melanoma, they 

were observed to be mitotically active and showed multinucleated cells. Interestingly 

these tumours were able to form in the presence of both functional p53 and pten. 

This development of melanoma was found to be kit promoter dependant (Santoriello 

et al., 2010). 

 

1.3.2 – BRAF Mutations are Found at High Frequency in Melanoma 

Due to the prevalence of NRAS mutations in human cancer types and the role of the 

signalling pathways in relaying extracellular signals such as growth signalling, 

members of the MAPK pathway were screened as part of the Cancer Genome Project 

(Davies et al., 2002). Screening of both primary tumours and melanoma cells lines 

identified mutations in BRAF in 59% of those studied. Examination of further 

melanoma tumours showed up to 80% harboured mutations in BRAF (Pollock et al., 

2003). Analysis which included a range of other tumours and cell lines such as breast, 

colorectal, glioma, etc showed that the mutations clustered in or around the 

activation domain, specifically with almost 92% of BRAF mutations identified to be 

a single transversion at position 1799 (previously referred to as 1796) from a T to an 

A, leading to a Valine to Glutamic acid substitution V600E (previously referred to as 

V599E). Further investigations by Davies and colleagues showed that BRAFV600E 

had up to a 10.7 fold higher kinase activity than that of wild type and in culture was 

able to transform NIH3T3 cells (Davies et al., 2002). The amino acid change is 

proposed to destabilise the inactive conformation of BRAF and remove the 

requirement for phosphorylation of the protein for activation (Wan et al., 2004). 

Though mutations are found at high frequency in both NRAS and BRAF in cancer, 

these are observed to be mutually exclusive (Omholt et al., 2003). As briefly 

mentioned previously, BRAF can form heterodimers with CRAF in signalling, 

BRAFV600E has been shown to be able to bind and activate CRAF in vitro, though it 

is not required for activation of MEK (Wan et al., 2004). 
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Due to the high frequency of BRAF mutations identified in melanoma, Pollock and 

colleagues examined a range of nevi for the BRAFV600E mutation, noting the presence 

of the mutation in 82% of nevi examined, indicating that this is an initiating event in 

melanocyte hyperplasia. Notably, cases for which skin surrounding the nevus was 

available the surrounding skin showed no mutations in BRAF, suggesting the 

mutation arose somatically (Pollock et al., 2003). Interestingly, patients with cadio-

facio-cutaneous syndrome (CFC) caused by germline mutations in the MAPK 

pathway show high numbers of acquired nevi, though do not show a predisposition 

to melanoma (reviewed by Tidyman and Rauen, 2008). Although most nevi will not 

progress to melanoma during an individual’s lifetime, increased numbers of nevi is 

associated with an increased risk of developing melanoma (Gandini et al., 2005a). 

 

Introduction of BRAFV600E into cultured human melanocytes initially drove cell 

proliferation, followed by entry of the cells into senescence (Michaloglou et al., 

2005). BRAFV600E is sufficient to drive initial proliferation of melanocytes, but is not 

sufficient to fully transform melanocytes. Patton and colleagues showed in vivo that 

mosaic expression of BRAFV600E was able to drive ectopic expansions of melanocytes 

to form fish nevi (hereafter referred to as nevi). However, on a wild type background 

the nevi were unable to progress to malignancy (Patton et al., 2005). This is also 

echoed in CFC patients, who, despite a high number of nevi do not appear to display 

a predisposition to melanoma. These studies show that while BRAFV600E is a driver 

mutation of melanocyte proliferation in the formation of nevi, it is not sufficient 

alone to cause progression to malignancy. Patton and colleagues showed that a co-

operating mutation in p53 was required for progression from a nevus to melanoma 

(Patton et al., 2005). 

 
More recent mouse models of melanoma have utilised the highly predominant 

BRAFV600E mutation. Both Dhomen and colleagues and Goel and colleagues have 

developed BRAFV600E melanoma models in mice. Both models showed melanocytic 

hyperplasia (nevi), which stained positively for senescence associated β-

galactosidase (SA β-gal) and both models were disposed to melanoma development. 

The difference between the two models however, lies with the status of p16 
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expression within the tumours. Goel and colleagues reported loss of expression of 

p16 in tumours, whereas Dhomen and colleagues report maintenance of expression 

of p16 in tumours (Dhomen et al. 2009; Goel et al. 2009). Although mutations of 

p16 have been described in melanoma and shown to co-operate with oncogenes to 

induce melanoma, studies such as these show that our understanding of p16 in 

melanoma is not yet complete. 

 

1.4 –Senescence Plays a Key Role in Tumour Prevention 

Oncogene induced senescence has been described in nevi following oncogenic 

signalling. Cellular senescence is the growth arrested state of somatic cells for which 

it would be detrimental to continue cell division and proliferation. First described for 

replicative senescence by Hayflick and Moorhead, who observed that mammalian 

fibroblasts were only able to proliferate through a limited number of passages 

(Hayflick et al., 1961, 1965), later termed the Hayflick limit.  

 

Replicative senescence was determined to be due to a progressive and critical 

shortening of telomeres (Harley et al., 1990), short non-coding repeat sequences 

located at the ends of chromosomes which can form looped structures (Griffith et al., 

1999). The end replication problem emerges due to the synthesis of DNA in a 5` to 

3` direction only. In order to synthesise the lagging strand of DNA short Okazaki 

fragments in a 5` to 3` direction form short RNA primers (Figure 1.4A; reviewed by 

Zheng and Shen, 2011). To complete DNA replication the RNA primers are digested 

and the short DNA sequences on the lagging strand can be extended (Figure 1.4B; 

Turchi et al., 1994). This however leaves the most terminal telomeric repeats on the 

lagging strand unable to be replicated, resulting in a shorter telomere on the daughter 

chromosome of the lagging strand (Figure 1.4C; Wright et al., 1997). Following 

many replicative events telomeres can reach a critical length triggering senescence. 

Increased telomere length was observed in the leukocytes of individuals with higher 

numbers of nevi compared to controls (Bataille et al., 2007), it was observed to be 

reduced in melanoma tumours, and the telomere lengthening enzyme telomerase was 
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also observed to be increased in melanoma compared to nevi and control skin 

(Miracco et al., 2002). 

 

 

 

 

 

 

 

Figure 1.4: Replication of the lagging DNA strand results in a loss of telomeric repeats. (A) DNA 

polymerase adds nucleotides onto the synthesising DNA strand in a 5` to 3` direction, the daughter 

strand which runs in this direction is the leading strand and complementary nucleotides will be added 

while template DNA is available. The other daughter strand, the lagging strand, runs in a 3` to 5` 

direction, in order to add nucleotides, short DNA fragments are added away from the direction of the 

replication fork, from RNA primers. (B) The RNA primers are removed from the lagging strand and 

the DNA fragments extended. (C) Upon separation of the daughter chromosomes the telomeric 

repeats of the lagging strand are reduced. Reviewed by Zheng and Shen, 2011. 
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Cells that enter senescence undergo characteristic changes; cell morphology can 

change and cells may become enlarged (Nishio et al., 2001). Chromatin switches 

from the more open euchromatin where transcription may take place, to increased 

regions of the densely packed heterochromatin, a transcriptionally inactive form of 

chromatin folding, known as senescence associated heterochromatin foci (SAHF; 

Narita et al., 2003). Senescent cells are also thought to contain increased numbers of 

lysosomes, which contain lysosomal β-galactosidase (Lee et al., 2006). Dimri and 

colleagues described the use of SA β-gal as a marker for cells in the senescent state. 

Performed specifically at pH6 the assay results in the staining of senescent cells blue 

(Dimri et al., 1995). SA β-gal staining is a widely used method of determining which 

cells have entered senescence, however, it has been shown to be simply associated 

with the state of senescence rather than essential for entry or maintenance (Lee et al., 

2006), this has led some researchers to question its use as a determinant marker of 

senescence.  

 

1.5 - Pathways Regulating Senescence 

The two main mechanisms by which cells enter and maintain senescence are either 

the p53 or Rb pathway (reviewed by Sharpless, 2004). Loss of the CDKN2A locus 

which regulates both pathways causes strong susceptibility to melanoma 

development.  

1.5.1 – The Retinoblastoma Pathway in Cellular Senescence 

The Rb protein is involved in progression through the cell cycle from G1 to S phase. 

In G1 Rb is hypophosphorylated and bound to a member of the transcription factor 

family E2F and associated with histone deacetylases, preventing the transcription of 

genes required for entry into S phase (Magnaghi-Jaulin et al., 1998). Upon 

hyperphosphorylation of Rb by the cyclin dependent kinases 4 and 6 (CDK4/6) – 

cyclin D complex, the binding of Rb with E2F is released and transcription is no 

longer repressed (Kato et al., 1993). One method for entry into senescence is the 

interruption of this pathway, the main inhibitor of Rb cell cycle progression is p16, 
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discussed in Chapter 1.5. p16 acts to inhibit the CDK4/6-cyclin D complex by 

binding to the CDKs, thereby blocking its binding and subsequent activation by 

cyclin D (Russo et al., 1998; Serrano et al., 1993). Inhibition of complex formation 

results in an inability to hyperphosphorylate Rb. Rb remains bound to the 

transcription factor E2F, repressing transcription and therefore blocking entry into S 

phase (Figure 1.5; Serrano et al., 1993).  

 

 

 

 
 

Figure 1.5: Cell cycle progression is halted by p16. Image obtained from Miller and Mihm, 2006.  

Schematic showing the senescence pathway activated by INK4A. At G1 phase hypophosphorylated 

Rb is bound to E2F preventing transcription and cell cycle progression. Hyperphosphorylation of Rb 

occurs upon interaction by CDK4/6-Cyclin D, and binding to E2F is relieved. p16 (INK4A) acts to 

inhibit formation of the CDK4/6-Cyclin D1 complex, preventing phosphorylation and release of Rb. 

Mitf has been linked to transcriptional activation of p16 (Loercher et al., 2005) and will be discussed 

in 1.6. 
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1.5.2 – The p53 Pathway in Cellular Senescence 

The second main pathway in cellular senescence is via activation of p53. Regulation 

of p53 is complex and it has roles in inducing both cell cycle arrest and apoptosis in 

response to DNA damage. One of the mechanisms of cell cycle arrest by p53 is the 

induction of p21, which is capable of inhibiting both the CDK4-cyclin D and CDK2-

cyclin E complexes, inducing cell cycle arrest (He et al., 2005). p53 itself is carefully 

regulated, chiefly by the E3 ubiquitin ligase MDM2 (sometimes also referred to as 

HDM2 in humans), MDM2 ubiquitinates p53 targeting it for degradation (Haupt et 

al., 1997). Transcription of MDM2 itself in turn is promoted by p53 (Barak et al., 

1993). As previously discussed in Chapter 1.5, ARF directly inhibits MDM2, 

preventing the degradation of p53 and therefore maintaining cell cycle arrest (Figure 

1.6; Pomerantz et al., 1998) 

 

 

 
 

Figure 1.6: Schematic of p53 regulation by its inhibitor MDM2.  p53 is targeted for degradation by 

the E3 ubiquitin ligase MDM2, however p53 also plays a role in regulation of MDM2 transcription 

resulting in a negative feedback loop. ARF functions to inhibit MDM2 leading to the stabilisation of 

p53. 
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1.6 – Oncogene Induced Senescence 

Oncogene induced senescence (OIS) is induced by constitutively high expression of 

oncogenes (Serrano et al., 1997). OIS is thought to be a mechanism by which cells 

that have unregulated cell cycle progression signalling are halted in premalignancy. 

OIS has been shown in part to be due to the activation of the DNA damage response 

following the hyper-replication which oncogenic signalling induces, often involving 

unregulated replication. Inhibition of key genes involved in the DNA damage 

response such as CHK2 and ATM prevented oncogenic RAS expression from 

resulting in senescence (Bartkova et al., 2006; Di Micco et al., 2006). Early 

precursor lesions of several cancers have been shown to express activated members 

of the DNA damage response pathway, such as superficial lesions of the breast and 

bladder, which was slightly attenuated upon progression to invasion. The authors 

infer that the activation of the DNA damage response pathway may be responsible 

for an increase in latency from premalignant to invasive tumours (Bartkova et al., 

2005). Cell culture experiments have also shown that introduction of an oncogene 

induces senescence after a short period of proliferation (Michaloglou et al., 2005; 

Zhu et al., 1998). 

 

Key examples of premalignant lesions are nevi, which are often referred to as benign 

lesions. Following activation of an oncogene such as BRAFV600E, melanocytes are 

stimulated to proliferate. However, in cell culture Michaloglou and colleagues 

showed that proliferation following BRAFV600E introduction was short term and 

followed by cell cycle arrest and senescence, with heterogeneous expression of p16. 

Examination of a panel of human nevi showed cell cycle arrest, heterogeneous p16 

expression and SA-β gal staining (Michaloglou et al., 2005; Gray-Schopfer et al., 

2006). Using KRASV12 expressing mice, Collado and colleagues showed that 

premalignant lung adenomas showed markers for senescence, such as p16 and SA-β 

gal, whereas malignant adenocarcinomas did not (Collado et al., 2005). Animal 

models described previously have shown that co-operating mutations in tumour 

suppressors are required in addition to oncogenes for melanoma development (Chin 

et al., 1997; Dovey et al., 2009; Patton et al., 2005; Serrano et al., 1996; Sharpless et 

al., 2003). 
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However, immunohistochemical staining of melanoma samples for p16 showed that 

approximately half of the tumours showed p16 expression, though thicker tumours 

were likely to be associated with lack of p16 expression (Pavey et al., 2002). This 

complex relationship with p16 still requires further investigation.  

 

One explanation for the link of p16INK4a with melanoma was shown by the ability of 

MITF to activate p16INK4a leading to phosphorylation of Rb and cell cycle arrest. In 

melanocytes, micropthalmia associated transcription factor (MITF) is a key regulator 

of cell survival and differentiation. MITF has been shown to negatively regulate the 

Rb pathway to halt cell cycle by differing methods. Firstly, MITF has been shown to 

bind to the p16 promoter and lead to transcription, as well as being required for the 

maintenance of p16 expression in differentiated melanocytes (Loercher et al., 2005). 

However, MITF has been shown to bind to the p21 promoter and induce expression 

independently of p16, and also been shown to interact with hypophosphorylated Rb 

(Carreira et al., 2005). 

 

The p53 signalling pathway is a key factor in inducing senescence in response to 

cellular signalling and mutations in p53 are highly prevalent in a wide range of 

cancers. However the frequency of mutations in p53 itself remains unclear in 

melanoma, with some studies reporting low frequency or no mutations in p53 (Lübbe 

et al., 1994; Sparrow et al., 1995). Though others identified a higher frequency of 

p53 mutations (Akslen et al., 1998). Mutations in p53 have the capacity to allow 

progression to melanoma in co-operation with driver mutations in genes such as 

BRAF and RAS, as shown in model organisms (Dovey et al., 2009; Patton et al., 

2005). The high prevalence of mutations in the CDKN2A locus has led to the 

proposal that mutations in genes elsewhere in the pathway such as ARF may remove 

the requirement for mutations in p53 itself.  

 

Interestingly, the genetic event leading to the presence of both CDKN2A and 

CDKN2B, as well as p16 and ARF, appears to have occurred after the ancestral 

divergence of the mammalian and fish lineages. In Fugu two INK4 genes have been 

identified, corresponding to CDKN2A/B and INK4D neither of which contain an ARF 
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orthologue (Gilley and Fried, 2001). In Xiphophorus a locus corresponding to human 

CDKN2D and a locus showing homology to both CDKN2A and CDKN2B have also 

been identified (Kazianis et al., 2004). 

 

1.7 – Environmental Risk Factors in Melanoma 

Environmental risk is known to play a significant role in melanoma development. In 

particular, UV exposure is known to be a major risk factor of skin cancer in both 

melanoma and non-melanoma skin cancer (Gandini et al., 2005b). Particularly 

Caucasians living in Australia have long shown an increasing incidence of melanoma 

(MacLennan et al., 1992). The nature of sun exposure is correlated with the type of 

skin cancer; cumulative exposure to UV is linked to non-melanoma skin cancer 

(Rosso et al., 1996), while intermittent, intense UV exposures resulting in sunburn 

are seen to correlate with melanoma (Gandini et al., 2005b), with an increasing 

number of sunburn episodes correlated with an increasing risk of melanoma (Dennis 

et al., 2008). Some evidence for a reduction in the rate of increase in melanoma cases 

has been observed (Cayuel et al., 2005). Interestingly there are differences in 

frequencies of melanoma at anatomical sites between Scotland, with lower levels of 

UV and Queensland, Australia with higher UV levels. In Scotland melanoma on the 

lower limbs was higher than that in Queensland, which showed a higher proportion 

in the upper limbs (Whiteman et al., 2007). However, over time in a Scottish 

population an increase in the incidence of melanoma at anatomical regions usually 

covered by clothing, such as the posterior trunk and arm was observed (Mowbray et 

al., 2007). 

 

A new but increasing risk factor to melanoma, particularly in the United Kingdom, 

and areas of Scotland especially, is the increasing use of sunbeds. In 2007 the 

International Agency for Research on Cancer (IACR) listed sunbeds as a human 

carcinogen (El Ghissassi et al., 2007). With sunbed use associated with an increased 

risk of melanoma (Frears et al., 2011), in particular the use of sunbeds under the age 

of 35 being the highest risk factor (IARC Working Group, 2006).  
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1.8 – Other Genetic Risk Factors in Melanoma 

1.8.1 – Phosphatase and Tensin Homologue (PTEN) 

PTEN is a tumour suppressor, the expression of which is altered with high frequency 

in melanoma tumours (Reifenberger et al., 2000; Zhou et al., 2000). PTEN functions 

through the AKT pathway to inhibit cell survival, PTEN acts to dephosphorylate 

phosphatidylinositol-3,4,5-bisphosphate (PIP3; Maehama and Dixon, 1998) and 

therefore prevents activation of AKT. Under permissive conditions, such as growth 

factor signalling, phosphatidylinositol-3-kinase (PI-3 kinase) results in an increase of 

PIP3 that leads to phosphorylation of AKT, which is then able to promote cell 

survival (Figure 1.7; Banfíc et al., 1998; Stokoe et al., 1997; reviewed by Datta et al., 

1999). Hence the important role of PTEN in controlling cell growth, and the effect of 

loss of PTEN in malignant cells. 

 
 

 
 

Figure 1.7: PTEN inhibits activation of AKT. Image obtained from Schulze-Bergkamen et al., 2009. 

Activation of PI3K leads to phosphorylation of PIP2 converting it to PIP3 which leads to activation of 

AKT and antiapoptotic cell survival responses. PTEN inhibits the pathway by dephosphorylating PIP3, 

preventing activation of AKT.  

 

 

The importance of control of the AKT pathway by PTEN for control of cellular 

proliferation is observed in patients with germline mutations in PTEN. Germline 

mutations in PTEN have been associated with several syndromes which show clinical 
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overlap with each other. Adult onset Lhermitte-Dulcos disease results in thickening 

of the cerebellum causing symptoms of an increase intracranial pressure (Zhou et al., 

2003). Cowden disease is associated with hamartoma (a disorganised growth) within 

multiple organs, as well as an increased predisposition to breast and thyroid cancer 

(Liaw et al., 1997). Bannayan-Zonana syndrome is associated with disorganised 

benign growths and macrocephaly (Marsh et al., 1997). Somatic mutations in PTEN 

are observed in a variety of cancers other than melanoma, such as gliomas, prostate 

and endometrial cancer (Cairns et al., 1997; Li et al., 1997; Monte et al., 2010).  

 

Interestingly RAS signalling is known to activate the PI3-K AKT pathway 

(Rodriguez-Viciana et al., 1996) as well as the MAPK pathway. Animal models of 

oncogenic RAS expression are able to progress to malignancy, whereas activating 

only the MAPK pathway by expression of oncogenic BRAF cannot (Patton et al., 

2005). However oncogenic RAF with a co-operating mutation in PTEN is able to 

promote melanoma. Mutations in both BRAF and PTEN have been observed in cell 

lines and metastasis, which was mutually exclusive to mutations in NRAS (Tsao et al., 

2004). More recently a BRAFV600E mouse model was reported to develop melanocytic 

hyperplasia, which only progressed upon loss of PTEN expression. Following this, 

melanomas developed with short latency and 100% penetrance. Inhibition of either 

MEK1/2 or the PI3K downstream effector mTOR was sufficient to inhibit melanoma 

formation, though only during continued drug treatment (Dankort et al., 2009). 

 
 

1.8.2 – Micropthalmia Associated Transcription Factor (MITF) 

MITF is a basic helix-loop-helix leucine zipper transcription factor (Hodgkinson et 

al., 1993), which is a key regulator of melanocytes, due to its involvement with 

pathways in melanocyte development, differentiation and function (reviewed by 

Levy et al., 2006). The human MITF gene contains up to nine differing promoters, 

with the M promoter identified as the melanocyte specific promoter (Fuse et al., 

1996). Loss of function of MITF in model organisms such as mice and zebrafish 

leads to a lack of neural crest derived melanocytes (the road to discovery of which is 

described by Arnheiter, 2010; Hodgkinson et al., 2003; Lister et al., 1999). 
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Interestingly, zebrafish mitf has undergone an ancestral duplication and shows 

divergence in localisation of expression. Nacre (mitfa) mutants display loss of only 

neural crest derived melanocytes, while mitfb is primarily expressed in the RPE 

(Lister et al., 2001).  

 

In humans mutations in MITF are known to cause Waardenburg syndrome type IIA, 

one symptom of which is lack of melanocytes in some regions of the skin and hair, 

such as a white forelock. This syndrome is also characterised by hearing deficiencies 

and changes in the pigment of the eyes due to melanocytes in these organs being 

affected (Tassabehji et al., 1994).  

 

Mitf is also important in melanoma, melanocytes are highly sensitive to levels of 

MITF expression, and the role MITF plays in melanocytes is correlated to expression 

levels. At low levels of Mitf cells do not proliferate and can be entered into cell cycle 

arrest (Carreira et al., 2006), at high levels proliferation is also prevented and cells 

differentiate and enter cell cycle arrest (Carreira et al., 2005), it is only at particularly 

controlled levels that proliferation occurs. Expression of Mitf is found to be 

heterogeneous in melanoma, although decreased levels have been observed in 

invasive melanoma cell lines compared to proliferative cell lines (Hoek et al., 2008). 

Studies have shown MITF to be amplified at the genomic level in melanoma and also 

found at higher frequencies in metastatic melanoma. Amplification of MITF is 

correlated with poor clinical prognosis (Garraway et al., 2005). The differences in 

proliferation and invasiveness observed with differing levels of MITF are proposed 

to be due to the regulation of Dia1, a gene which regulates the cytoskeleton at the 

cell periphery, with low levels promoting invasiveness and higher levels 

downregulating p27 and preventing cell cycle arrest (Carreira et al., 2006).   

 

Expression of BRAFV600E in melanoma presents the question of regulation of MITF 

levels, as ERK is known to target MITF for degradation (Wu et al., 2000). Wellbrock 

and colleagues propose that while increased levels of BRAFV600E signalling through 

the MAPK pathway would target MITF for degradation, in these cells MAPK 

signalling leads to transcription of Brn2, itself a transcription factor for MITF, 
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therefore crucially maintaining MITF at levels conducive to proliferation (Wellbrock 

et al., 2008). However, Goodall and colleagues showed that Brn2 represses MITF 

transcription upon binding to the promoter (Goodall et al., 2008), indicating a 

complex role for Brn2 in the regulation of MITF. 

 

Recent studies in zebrafish have shown that levels of mitf are highly important in 

differentiated melanocytes in vivo. Taylor and colleagues showed that decreased 

(hypomorphic) levels of mitfa resulted in increased proliferation of differentiated 

melanocytes. Introduction of a mutated form of MITF identified in human melanoma 

also resulted in proliferation of differentiated melanocytes, indicating the crucial role 

that MITF plays in melanoma (Taylor et al., 2011). 

 

1.9 – Therapeutic Strategies for Melanoma 

Therapeutic strategies for melanoma traditionally depend upon the presentation and 

stage of the disease, wherever possible melanoma lesions are surgically removed. 

Early stages of the disease may be simply treated by surgical resection of the tumour 

as well as a prescribed margin of healthy skin surrounding the tumour, with smaller 

margins linked to recurrence (Thomas et al., 2004). Later stages of melanoma may 

also involve the examination of lymph nodes for metastasis and removal, with lymph 

node involvement associated with negative survival rates (Essner et al., 2006). Later 

stages of disease may also be followed up by chemotherapeutic limb perfusion 

(Testori et al., 2011), or radiotherapy (reviewed by Khan et al., 2011). Interferon 

treatments have shown some success in relapse free survival (Moschos et al., 2006), 

though more studies are needed. In metastatic disease dacarbazine and temozolomide 

are offered, however, results on disease free survival are limited, with only 15% of 

patients showing some response to treatment (Marsden et al., 2010). 
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1.9.1 – Targeted Therapeutics 

More recently, targeted therapeutics have been the goal of those seeking more 

effective treatments for melanoma. Following the observation that particular genes 

are frequently altered in melanoma, and the use of animal models to show that the 

genes are required for maintenance of the tumours, targeting these genes is key to 

new therapeutics. One key pathway that has been well described is the MAPK 

pathway, upregulated often by BRAFV600E.  For this reason the multikinase inhibitor 

Sorafenib was put through clinical trials, due to its ability to inhibit RAF proteins, 

however, clinical response to the drug did not occur (Ott et al., 2010).  

 

One of the most exciting advances in metastatic melanoma therapeutics in recent 

years is the Plexxikon/Roche drug PLX4032 (also known as RG7204 and 

vemurafenib) a selective BRAFV600E inhibitor. Significant effects were observed in 

the clinic, with up to 80% of patients exhibiting partial or complete regression. 

However, patients required careful monitoring as a proportion developed squamous 

cell carcinomas. The majority of patients, however, experienced resistance and 

relapse on the course of treatment (Bollag et al., 2010; Flaherty et al., 2010), 

resistance mechanisms are now well documented. Research into acquired resistance 

to PLX4032 has been identified to be due to re-establishment of phosphorylation of 

ERK (Paraiso et al., 2010). One method is via overexpression of CRAF or an 

alternative MAP kinase protein COT, both of which can activate ERK in the 

presence of PLX4032, with expression of COT observed in melanoma samples 

following PLX4032 treatment (Johannessen et al., 2010). Further mechanisms of 

acquired resistance include signalling through an alternative receptor tyrosine kinase 

and PDGFRβ or activating mutations in NRAS (Nazarian et al., 2010). 

 

The emergence of the development of targeted therapeutics strengthens the 

requirement for further understanding of genetic alterations in melanoma and the 

effects on tumour development. Current staging and grouping is based solely on 

histopathological markers, even though one clear distinction that may be of great 

importance following the development of PLX4032 is the status of BRAF. Studies 

into developing a new grouping system based on genetic alterations rather than 
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anatomical location and histopathologic presentation are underway, in order to 

corroborate with the new direction of targeted therapeutics. Initial progress has been 

made, correlating characteristics to melanomas which carry the BRAFV600E mutation, 

showing that these lesions show a higher degree of pigmentation, cells are larger and 

more rounded, a higher percentage of melanocytes were arranged in nests, and the 

epidermal layer of the radial growth phase appeared thicker. The ability to segregate 

these tumours based on morphology was confirmed utilising blinded classification, 

indicating that BRAF mutational status has an effect on tumour pathology (Viros et 

al., 2008). 

 

1.10 – Animal Models of Melanoma 

Model organisms are a well established laboratory tool with which to study human 

disease, particularly with a complex and diverse disease such as cancer. Several 

animal models demonstrating the function and regulation of genes in the 

development of melanoma have been described in this chapter. For example, 

previous models of melanoma have examined the effects of loss of the tumour 

suppressor locus CDKN2A, and oncogenic forms of RAS (reviewed by Chin, 2003; 

Damsky and Bosenberg, 2010). More recent models have begun to utilise oncogenic 

BRAFV600E and co-operating mutations in Pten, in order to investigate these pathways 

that are frequently mutated in human melanoma (Dankort et al., 2009).  

 

1.10.1 – Xiphophorus – A Model of Spontaneous Melanoma 

Non-mammalian animal models of melanoma are also well established. In particular 

members of the teleost genus have well characterised models of melanoma. The 

Xiphophorus genus was the first example of spontaneous fish melanoma 

development. The Xiphophorus genus is made up of both platyfish and swordtail 

species. In the 1920’s it was observed that hybrid crosses of the platyfish 

Xiphophorus maculates and swordtail Xiphophorus hellerii when backcrossed to  

swordtails gave rise to offspring which were excessively pigmented and some which 

progressed to develop pigmented lesions. Pigmentation effects and tumour 
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susceptibility of these crosses was determined to be due to two genes, a tumour 

suppressor DIFF and oncogene Tu (reviewed by Meierjohann and Schartl, 2006; 

Nairn et al., 2001).  

 

The RDIFF tumour suppressor locus has to date proved the more challenging of the 

two loci to determine, with it showing a 55 percent amino acid homology to human 

CDKN2 genes (Kazianis et al., 2004), loss of RDIFF was also shown to confer UV 

induced melanoma susceptibility.  

 

However, Wittbrodt and colleagues identified the Tu gene as a receptor tyrosine 

kinase naming it, Xiphophorus melanoma receptor kinase (Xmrk; Wittbrodt et al., 

1989). Xmrk is related to the epidermal growth factor receptor (EGFR), which 

appears to have arisen as a gene duplication event. Loss of Xmrk in Xiphophorus 

families was shown to prevent tumour formation (Schartl et al., 1999). The 

oncogenic nature of Xmrk derives from two activating mutations which confer 

activity independently of signalling factors (Gómez et al., 2000).  

 

1.10.2 – Xmrk is Sufficient to Induce Melanoma in Medaka 

As Xiphophorus species are live bearing this prevents introduction of genes of 

interest into embryos. Schartl and colleagues have recently introduced the 

Xiphophorus Xmrk gene under the Medaka mitfa promoter into medaka. Expression 

of Xmrk was able to cause enlarged pigment cells, hyperplasia and development of 

pigment cell derived melanoma. Melanomas arising from melanocytes and 

xanthoerythrophoromas arising from both xanthophores and erythrophores were 

observed. These tumours were both invasive and metastatic and accompanied by 

activation of AKT and upregulation of mitf. Interestingly differences in tumours 

were observed upon introduction of Xmrk onto differing backgrounds strains, with 

one strain predominantly developing melanoma and another xanthoerythrophoromas 

(Schartl et al., 2010).  
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1.10.3 – Zebrafish 

The use of zebrafish as an animal model has risen rapidly over recent years in a wide 

range of research areas. While the generation time is longer that that of mice, 

(zebrafish reach breeding age at around three months), the ease of housing large 

numbers and zebrafish being able to produce up to several hundred eggs in one 

breeding session, allows large scale projects such as genetic or chemical screens to 

be performed. The zebrafish genome project has currently released the ninth version 

of the zebrafish genome (Zv9) and the zebrafish community has access to wild type 

and mutant zebrafish stock centres, in the UK (Sanger, Zebrafish Mutation Resource), 

Europe (Tübingen Zebrafish stock enter) and in the USA (Zebrafish International 

Resource Centre, ZIRC). These mutation resources, the advent of gateway 

technology and the high degree of homology within genes and pathways make the 

zebrafish a useful model organism. 

 

Zebrafish have three differing types of pigment cells which all derive from the neural 

crest to give the zebrafish its distinctive striped patterning, with the exception of the 

melanocytes which make up the retinal pigment epithelium. These consist of 

xanthophores that contain yellow pigment, iridophores which appear iridescent due 

to light reflection and melanocytes (sometimes referred to as melanophores) which 

contain black melanin pigment. Zebrafish have proved highly amenable to large 

scale mutation screens to identify genes which have key role in pigment cell 

specification and patterning (Kelsh et al., 1996). The pathways important in 

melanocyte differentiation and function appear highly conserved between zebrafish 

and mammals. Expression of tyrosinase and dopachrome tautomerase (dct) act as 

melanoblast markers in both zebrafish and mice (Kelsh et al., 2000).  

 

While in humans melanocyte pigmentation functions in response to UV exposure, 

zebrafish melanocytes function as part of the background adaptation response, the 

gene pathways involved in regulation of melanocytes remain conserved. Zebrafish 

melanocytes are able to alter their melanosome distribution within melanocytes 

rather than the production and export of melanin to surrounding keratinocytes as in 

humans. Signalling of α-MSH through MC1R has been shown to be essential in this 



 32

function (Logan et al., 2006; Richardson et al., 2008). Although the function is 

altered the pathways remain highly conserved.  

 

More recently the zebrafish BRAFV600E model of melanoma has been utilised to 

screen potential gene candidates for effects on enhancement of melanoma formation. 

This screen identified the histone methyltransferase SETDB1, which is amplified in 

melanoma to significantly accelerate the onset of tumours (Ceol et al., 2011). This 

indicates the value of the zebrafish system with which the roles of co-operating 

mutations in melanoma development can be investigated. 

 

1.11 - Aims 

In this work, I intended to utilise the zebrafish as a model organism to further study 

BRAFV600E driven nevi and melanoma.  

 

The first aim of this project was to examine the maintenance of the nevus. Utilising 

BRAFV600E in a mosaic setting at which it can induce ectopic hyperplasia of 

melanocytes, I aimed to exploit the regenerative capacity of the zebrafish, in 

particular, the response of the nevus when challenged with regeneration. Clinical 

observations show that excised nevi must maintain the capacity for proliferation in 

order to recur. I aimed to investigate whether the zebrafish can be used as a model 

organism to begin to investigate the mechanism behind this.  

 

The second aim of this project was to further investigate the role of co-operating 

mutations in the pathology of BRAFV600E driven melanoma. I aimed to characterise 

the existing BRAFV600E;p53M214K nevus-to-melanoma model developed by Patton et 

al., 2005. Investigation into whether other mutations are able to co-operate with 

BRAFV600E to enable melanoma progression was planned. In collaboration with 

Professor Jeroen den Hertog, I intended to examine whether loss of either of the 

zebrafish pten genes was sufficient to co-operate with BRAFV600E to promote 

melanoma. In collaboration with Dr James Lister, who has developed and provided 
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us with a hypomorphic BRAFV600E;mitfavc7, I planned to examine whether differing 

co-operating mutations affects the outcome of melanoma development in zebrafish. 

 

The third aim of my project was to develop tools with which to further investigate 

differing models of zebrafish BRAFV600E melanoma. I also aimed to determine 

whether commercial antibodies raised against highly conserved regions of human 

peptides were able to be cross reactive with zebrafish tissues. Successful antibodies 

could then be used to further characterise zebrafish melanoma models. 

 

 

 



 34

 

 

 

 

 
 

Chapter 2 

The Zebrafish as a Model of Nevus Recurrence 



 35

2.1 – Introduction 

Nevi are sometimes described as benign melanocytic lesions, with mutations in 

BRAF identified in an approximately similar percentage to melanoma (Pollock et al., 

2003, Davies et al., 2002). As described in Chapter 1, the oncogenic transformation 

of BRAF is often described as an initiating event or driver mutation in melanoma. 

Michaloglou et al. showed that the most frequent mutation BRAFV600E was alone able 

to initiate proliferation of melanocytes before prolonged expression of BRAFV600E 

induced oncogene-induced-senescence (Michaloglou et al., 2005). 

 

In humans nevi are senescent, staining for senescence-associated β-galactosidase (SA 

β-galactosidase), mosaic expression of p16 and for a lack of proliferation 

(Michaloglou et al., 2005). Other molecular events are required for cells to overcome 

senescence, a reduction in staining for p16 is observed in primary melanoma 

compared to nevi (Gray-Schopfer et al., 2006). This however, is a rare event, with 

most nevi remaining senescent throughout the life of the individual. A population 

based estimation of the lifetime risk of a single nevus progressing to melanoma was 

placed between 0.009 and 0.03% (Tsao et al. 2003).  

 

Both mouse and zebrafish models of BRAFV600E melanocytic hyperplasia (nevi) have 

been developed. While mouse models showed senescence by SA β-galactosidase 

staining and p16 expression (Dhomen et al., 2009), a proportion of these nevi did 

progress to melanoma, either due to high levels of BRAFV600E, or later what was 

shown to be loss of CDKN2A (Dhomen et al., 2009, Goel et al., 2009). However, the 

melanocytic hyperplasia (nevi) in zebrafish remained stable and required a co-

operating mutation in p53 for progression to melanoma (Patton et al., 2005). The 

requirement of further co-operating mutations resembles the human nevus to 

melanoma progression, and enables the study of stable nevi when in a wild type 

zebrafish background.  

 

Despite the senescence block it has long been observed that some nevi show a 

capacity for recurrence following either partial or complete removal (Park et al., 
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1987; Schoenfeld et al., 1958). A variety of surgical techniques such as 

electrocautery, electrodesiccation, curettage and dermabrasion have been used for the 

removal of nevi for either cosmetic or medical purposes, as well as diagnostic 

biopsies. Between 13-28% of patients are reported to present back with some 

recurrence of the excised nevus, with the majority of cases seen in females, located 

on the trunk (Bong and Perkins, 2003; Gambichler et al., 2000; Ferrandiz et al., 

2005). In cases where histologic analysis was performed, residual nevus cells were 

noted in one third, as well as atypical features seen in a proportion. Recurrent nevi 

can sometimes share overlapping features with primary melanoma with regression 

(King et al. 2009). These have been described as similar to a dysplastic nevus or 

melanoma (pseudomelanoma) (Harvell et al., 2002; Kornberg et al., 1975).  

 

Zebrafish are among the vertebrates which retain a regenerative capability able to 

regenerate complex tissues after partial amputation, enabling the investigation into 

the pathways responsible for such regeneration. Some examples are the heart 

(reviewed by Poss, 2007), retina (Thummel et al., 2010) and fins (Johnson and 

Weston 1995; Whitehead et al., 2005). In particular caudal fin regeneration has been 

of much interest due to the ease of visibility during the regeneration of a number of 

cell types which make up the structure, and the pigment cells which make up the 

pattern of the fin, due to the relative transparency of the fin.  Upon partial amputation 

of the distal fin region, a blastema forms consisting of highly proliferative cells from 

which the fin is able to regenerate (Poleo et al., 2001).  

 

Zebrafish have three differing types of chromatophores: xanthophores (yellow), 

iridophores (iridescent) and melanocytes (also referred to as melanophores and 

contain black pigment) which make up the distinctive patterning which are highly 

organised (Hirata et al., 2003). Zebrafish regenerating fins recapitulate pigment 

patterning during regeneration. Caudal fin regeneration experiments utilising melanin 

as a lineage tracer have shown that unpigmented precursor cells reside in the fin, and 

are responsible for producing differentiated melanocytes which repopulate the 

regenerate (Rawls & Johnson, 2001). 
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Caudal fin regeneration experiments have been utilised to dissect some of the genetic 

pathways important during fin regeneration and recapitulation of the pigment pattern. 

Zebrafish have two classes of melanocytes during regeneration, the melanocytes 

which appear initially and seem to be  responsible for repopulating the stripe pattern 

are dependent on kit and a second class which arises later and is able to repopulate 

the stripes in the absence of the first class is kit independent (Rawls and Johnson, 

2000; Rawls and Johnson 2001). 

 

In this chapter I describe utilising the regenerative capacity of the zebrafish as a 

unique model with which to study nevus recurrence. The work in this chapter has 

been published in brief, Richardson et al., 2011, and is included in Appendix 2 with 

permission. 

 

2.2 – Mosaic Integration of the BRAFV600E Transgene Produces 
Nevi 

Microinjection at the one cell stage of the mitfa promoter driven human BRAFV600E 

Tol2 Gateway construct (hereafter referred to as BRAFV600E Gateway vector), leads to 

mosaic genomic integration during early development. It has previously been shown 

that mitfa promoter driven human BRAFV600E injected as a linear fragment of DNA 

can drive ectopic hyperplasia of melanocytes (nevi) (Patton et al., 2005). I found that 

microinjection of the BRAFV600E Gateway vector also successfully drove nevus 

formation in the zebrafish, with nevi noted throughout the area of the zebrafish body, 

excluding the melanocyte poor ventral region (Figure 2.1). Of particular interest was 

the development of nevi within the caudal fin (Figure 2.1 D). 
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Figure 2.1: Mosaic integration of the BRAFV600E transgene leads to nevi occurring in differing 

locations and frequency. Four individual zebrafish show differing locations of nevi (asterisks). (A, 

B) Several small nevi are observed along the rostral-caudal axis. (C) A large and a small nevus are 

located on the right lateral flank of the zebrafish near the head, as well as a nevus at the base of the 

caudal fin. (D) A nevus is observed towards the tail of the fish as well as nevi in the dorsal and central 

regions of the caudal fin reaching to the distal tip. 
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2.3 – Zebrafish Caudal Fin Nevi can be Used in a Recurrence 
Assay 

I investigated whether the regenerative capacity of the zebrafish caudal fin could be 

utilised to observe the behaviour of a nevus when partially amputated. Zebrafish 

which displayed nevi within the distal portion of the caudal fin were isolated. In 

order to track nevus behaviour, zebrafish were anaesthetised in tricaine and imaged 

prior to amputation to provide an original reference image. Approximately between 

one quarter and one half of the nevus was amputated, judged on the amount of nevus 

removed and how proximal the amputation site would be for efficient recovery. 

Zebrafish were imaged immediately following surgery to record the amputation site. 

In order to track the regenerating fins zebrafish were anaesthetised and imaged 

regularly up to four weeks post amputation.  

 

Due to availability zebrafish of both striped (AB, TE) and spotted (leopard, TL) 

backgrounds were utilised. Partial amputations of uninjected fish, led to 

recapitulation of both striped and leopard pigment patterns (Figure 2.2, fish shown 

are from the AB and TL backgrounds). Both strains showed dispersed melanocytes 

through the regenerate at one week post amputation (Figure 2.2B, E distal to red 

amputation line). At four weeks post amputation melanocytes were noted to have 

localised to produce the striped or leopard pattern (Figure 2.2C, F). 

 

I hypothesised that there could be four differing outcomes following partial nevus 

amputation: no nevus recurrence, nevus recurrence, nevus recurrence with increased 

nevus size, and regression of the original nevus. 

 

 

 

 

 

 

 



 40

 

 

 

 

 

 

 

 



 41

2.3.1 – Repopulation of the Nevus is the Most Frequent Outcome 

The most frequent outcome of partial nevus amputation was recurrence of the nevus 

(n=32, Table 2.1). Recurrence was scored as nevi which showed a considerable 

repopulation of the nevus beyond the amputation site. The representative image of 

nevus recurrence shows a TL zebrafish (carrying the leopard, leot1, and longfin, lofdt2 

mutations). The nevus in this fin covered the dorsal region of the caudal fin (Figure 

2.3A asterisks), while in the remaining portion of the caudal fin melanocytes were 

sparse, as seen in uninjected TL leopard zebrafish. Approximately one third of the 

nevus was surgically removed by scalpel (Figure 2.3a).  

 

At one week post amputation pigmented melanocytes were noted in the regenerating 

fin (Figure 2.3B, b, distal to the red amputation line). Many melanocytes were noted 

to align with the regenerating fin rays, while a region more densely populated with 

disorganised melanocytes was observed adjacent to the remaining nevus (Figure 2.3b 

arrows). The recurrent nevus population was visible at two weeks post amputation, 

both at low and high magnification (Figure 2.3C, c) as melanocytes repopulated the 

region of the regenerate adjacent to that of the original nevus.  

 

At three and four weeks post amputation the normal patterning of the non nevus 

region of the caudal fin was observed (Figure 2.3D, E). The recurrent nevus was also 

noted to show an increased density of melanocytes, which appeared as a continuation 

from the remaining portion of the original nevus (Figure 2.3d, e). At four weeks post 

amputation the nevus was noted to extend to the distal regenerating edge of the 

regenerating caudal fin. Though the fin had not completely regenerated the complete 

length prior to amputation this nevus was called as recurrent, due to the considerable 

repopulation beyond the line of amputation.  

 

Despite the ability of the nevus for recurrence, once recurred these nevi showed no 

progression to malignancy. No progression to malignancy was noted even following 

multiple, successive amputations and recurrence (up to three amputations, data not 

shown). 
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2.3.1.1 – Recurrent Nevi are not Exclusive to Wild Type Strain 

Recurrence was not restricted to the TL background. Partial nevus amputations were 

performed on differing wild type backgrounds, those with striped, normal length fins 

(AB/TE, Table 1.1), leopard, normal length fins (leo) and leopard longfin (TL). 

Although, due to availability the number of leopard, normal fin amputations 

performed were low (n=3) nevi were noted to recur in this background. Two of the 

recurrent fish on the striped, normal fin background also carried both p53M214K and 

ptenahu1864 heterozygous mutation, these fish are discussed further in Chapter 2.5. It 

was noted that the cases of recurrence and regression both occurred in the striped, 

normal fin background, however, with only one case of each outcome conclusions 

cannot be drawn as to whether this is linked to background strain. 

 

 

Outcome Total number 
of fish 

Striped, 
normal fin 

leopard, 
normal fin 

leopard, 
longfin 

Recurrent 32 141 3 15 
Non-recurrent 1 1 -- -- 
Regression 1 1 -- -- 
 
Table 1.1: Recurrent nevi are observed in differing backgrounds. Recurrence, non-recurrence and 

regression are separated according to phenotypic presentation of the fins and pigmentation pattern.  
1 Two zebrafish with recurrent nevi with striped, normal length fins carried heterozygous mutations in 

p53M214K and ptenahu1864. 
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2.3.1.2 – Zebrafish Differ in the Amount of Repopulation 

Nevus recurrence was the most frequent outcome observed of partial nevus 

amputation. In three of the recurrent nevi on the leopard, Tupfel long fin background 

either an increased proportion of the fin was noted to be populated by nevus 

melanocytes, or a nevus which had recurred with an increased density of 

melanocytes was observed at four weeks post amputation. All three increased 

recurrences were noted in the TL (leopard, longfin) background. In the zebrafish 

shown, the original nevus appeared to consist of several neighbouring patches of 

nevus melanocytes with regions of lower melanocyte density (Figure 2.4A arrows). 

The nevus was amputated as shown by the red amputation line. At four weeks post 

amputation, regions which were previously melanocyte poor were visually observed 

to have an increase in melanocytes (Figure 2.4B arrows). Though an increased 

repopulation of the nevus was observed, this did not continue through to malignancy, 

remaining as a nevus at four months post amputation (data not shown). 
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Figure 2.4: some nevi show repopulation of a larger nevus area following partial amputation. 

(A) A caudal fin showed several expansions of melanocytes, which sparsely covered the dorsal region 

of the caudal fin, also showing melanocyte poor areas before amputation (black and white arrows). 

(B) Four weeks post amputation the corresponding arrows indicate the same areas of the caudal fin 

which showed dense regions of melanocytes extending beyond the amputation site (red line). Scale 

bars equal 500μm. 
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2.3.1.3 – Rates of Nevus Repopulation Can Vary 

Although the most frequent outcome of partial nevus amputation is recurrence, 

differences in recurrence were noted. In Chapter 2.3.1.2 nevus repopulation with an 

increase in nevus size compared to that of the original nevus was described. 

Variation in the rate at which melanocytes repopulated the regenerate was also 

observed. In the example shown in Figure 2.3 a dense population of melanocytes 

were observed immediately distal to the amputated nevus at one week post 

amputation and by three and four weeks post amputation a large proportion of the 

nevus was seen in the regenerate.  

 

However, one case was observed in which repopulation of the nevus was slower, 

taking an increased length of time to repopulate the regenerate. Approximately a 

third of the nevus located in the ventral region of the caudal fin was amputated 

(Figure 2.5a). At one week post amputation the regenerate contains dispersed 

melanocytes (Figure 2.5b). At two weeks post amputation a small dense region of 

melanocytes was observed in the regenerating fin adjacent to the remaining nevus 

(data not shown). Three and four weeks post amputation the nevus showed a small 

increase in melanocyte density (Figure 2.5c, d, arrows). The nevus was initially 

called as questionable recurrence due to the limited amount of repopulation distal to 

the amputation line and remained isolated for visual observation where it continued 

to repopulate and was later called as a recurrent nevus. When imaged for further 

experiments at four months post amputation the nevus was noted to have repopulated 

to the original size (Figure 2.5E, asterisks). 
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2.3.2 – An Individual Case of Non-Recurrence of a Nevus  

One case of non-recurrence following partial nevus removal was also observed, i.e. 

ectopic melanocytes did not repopulate the nevus region of the regenerated portion of 

caudal fin. This zebrafish on a striped background displayed a large nevus in the 

proximal dorsal region of the fin (Figure 2.6A, asterisks), as well as several ectopic 

stripes of melanocytes in the ventral region. The amputation removed a smaller 

fraction of the dorsal nevus due to the proximal location, although a large proportion 

of the ectopic ventral stripes were amputated (Figure 2.6, red amputation line). 

 

The zebrafish was initially visualised at nine days post amputation when melanocytes 

were identified throughout the regenerate (Figure 2.6B, b, arrows). At two weeks 

post amputation melanocytes in the regenerate were noted to have localised to the 

dorsal and ventral regions as well as a central stripe (Figure 2.6C). While the large 

dorsal nevus shown appears to have few melanocytes past the plane of amputation, 

xanthophores were identified immediately distal to the nevus (Figure 2.6c, arrows 

indicate melanocytes remaining in the regenerate distal to the nevus). At four weeks 

post amputation, three stripes of melanocytes were observed in the regenerate, these 

may constitute part of the normal striped patterning of this fin, though due to the 

disruption of patterning by nevi this cannot be definitely determined (Figure 2.6D 

black arrow). Two other ventral nevi stripes however, did not show repopulation to 

the distal tip of the caudal fin, though did show some repopulation of the regenerate 

(Figure 2.6D white arrow). The large dorsal nevus showed no substantial 

repopulation beyond the amputation plane, as was noted initially at two weeks post 

amputation. 
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2.3.3 – An Individual Case of Regression of a Nevus 

The fourth hypothesised outcome was regression of the nevus following partial 

amputation. Although this outcome was noted in a single individual it was striking in 

its presentation. The nevus on the zebrafish of a striped background covered a large 

centralised portion of the caudal fin showing none of the normal stripe pattern 

(Figure 2.7A). The caudal fin was amputated at the site indicated (Figure 2.7A red 

line) removing approximately one third of the nevus. At nine days post amputation 

imaging of the caudal fin showed melanocytes dispersed throughout the regenerate, 

these appeared paler than the melanocytes of the remaining nevus (Figure 2.7b black 

arrows). At two weeks post amputation melanocytes no longer appeared dispersed 

throughout the regenerate, but were located at the leading regenerative edge, ventral 

lobe and extending from the original nevus (Figure 2.7C black arrows). At higher 

magnification however a region of fewer melanocytes in the original portion of 

nevus was identified (Figure 2.7c red arrow), in what was previously a melanocyte 

dense region at nine days.  

 

By four weeks post amputation the loss of melanocytes was increasingly pronounced. 

The melanocytes in the regenerate were now clearly localised to the central distal 

region, ventral and dorsal lobes, and extending from the original nevus region. 

However, the original nevus appeared to have lost melanocytes, leaving what could 

be hypothesised to be wild type pigment stripes (Figure 2.7D). Upon higher 

magnification a clear melanocyte poor, xanthophore rich stripe can be identified 

between denser melanocyte regions (Figure 2.7d red arrow). 

 



51 

 



52 

2.4 – Zebrafish Nevi are Repopulated from an Unpigmented 
Precursor Population  

The most frequent outcome of partial nevus amputation observed was that of 

recurrence, however, the mechanism remained undetermined. Possible mechanisms 

of recurrence were migration of melanocytes from the remaining nevus or 

proliferation of remaining nevus melanocytes. A further possible mechanism was 

proliferation from an unpigmented precursor, as seen for melanocytes which make 

up the normal pigmentation pattern of the regenerating fin. In order to determine 

which mechanism gave rise to nevus repopulation melanin was used as a lineage 

tracer (Rawls and Johnson 2000). Following amputation zebrafish were soaked in N-

phenylthiourea (PTU), a copper chelator which inhibits the novel production of 

melanin, therefore any pigmented melanocytes observed in the regenerate while 

immersed in PTU would have arisen from differentiated melanocytes.  

 

Ten nevi which had previously been shown to be recurrent were amputated and 

soaked in PTU, which was refreshed every two days. The zebrafish were imaged 

periodically for up to 11 days post amputation, which is beyond the seven day time-

point at which melanocytes had previously been observed in the regenerate.  

 

In the representative image on a TL (leopard, longfin) a nevus covered the ventral 

half of the caudal fin (Figure 2.8A), which was amputated and soaked in PTU. 

Following 11 days of PTU exposure the fin is noted to regenerate normally, with 

visible veins and xanthophores in the regenerate fin in both the non-nevus dorsal half 

and nevus ventral half of the fin (Figures 2.8C, E). Though few melanocytes were 

noted in the regenerate (Figure 2.8E black arrows), this has previously been reported 

during regeneration in PTU (Rawls and Johnson, 2000).  

 

In order to determine the presence of unpigmented melanocytes in the regenerate fin, 

fish were removed from PTU, placed in aquarium system water and imaged after 24 

hours of removal from PTU (washout). Pigmented melanocytes were observed in 

both the non-nevus dorsal, and nevus ventral regions of the regenerated fin (Figure 

2.8, F). In the non-nevus region, the melanocytes were noted to be correctly localised 
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within the fin rays (Figure 2.8D), while in the nevus region there was an increased 

number of melanocytes which appeared to be disorganised within the regenerate 

(Figure 2.8F). The pigmented melanocytes in the regenerate were observed to be 

paler than those in the original fin, following only 24 hours of de novo melanin 

synthesis, and extended to the distal edge of the tail fin, indicating that they were 

present but unpigmented during PTU treatment. While it is known that melanocytes 

contributing to the normal pattern of the regenerating fin arise from an unpigmented 

precursor (Rawls and Johnson 2000), this indicated that the melanocytes 

repopulating the nevus are also derived from an unpigmented precursor. 
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Figure 2.8: Recurrent nevi develop from an undifferentiated precursor population. (A) A nevus 

covering the ventral half of the caudal fin was amputated and regrown in PTU for 11 days to block de 

novo melanin synthesis (B). (C, E) In PTU the normal and nevus regions of the fin regenerate without 

melanin, while blood vessels and a few migratory melanocytes are visible (arrows). (D, F) Following 

24 hours in aquarium system water (washout) melanocytes are clearly pigmented. A-B scale bars 

equal 1mm, C-F equals 250μm. 
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2.5 – Induced Recurrence Does Not Induce Malignancy 

One question which arose from the development of zebrafish as a model of nevus 

recurrence, was whether this promotion of repopulation would be a catalyst in 

progression to malignancy. I showed that nevi in wild type fish (mosaic for 

BRAFV600E) were able to recur, but did not progress beyond repopulating the 

regenerating fin. The same nevus was also amputated three times, and while the 

nevus was able to recur each time, there appeared to be no progression to melanoma 

(data not shown).  

 

In order to test whether an additional loss of a tumour suppressor could induce 

progression to malignancy upon caudal fin repopulation, five zebrafish stable for 

both the mitfa promoter driven human BRAFV600E and the non-functional 

p53M214K/M214K mutation were obtained from Dr Craig Ceol (University of 

Massachusetts Medical School). These fish do not present with nevi, however, all 

melanocytes carry BRAFV600E and p53M214K/M214K mutations and this line develops 

melanoma with relatively high frequency. The distal portion of the caudal fin was 

amputated (Figure 2.9A red line), and the fish monitored for four weeks post 

amputation. The amputated fin tissue underwent DNA extraction to confirm the 

genotype.  Although these fish do not display the large nevus expansions of zebrafish 

expressing BRAFV600E in a mosaic fashion, I closely monitored the caudal fin for 

normal repopulation of melanocytes.  

 

At four weeks post amputation, melanocytes were observed to have repopulated the 

regenerated portion of caudal fin (Figure 2.9B distal to the red amputation line). 

These melanocytes were noted to localise to the original stripe pattern of the fin, with 

no appearance of malignancy. By visual examination these fish did not appear to 

have a sizeable increase in the number of melanocytes which would indicate 

excessive proliferation.  

 

In the course of the caudal fin regeneration assays, the caudal fin nevi of two 

zebrafish mosaic for BRAFV600E, but also carrying stable heterozygous p53M214K and 

heterozygous ptenahu1864 mutations were also partially amputated (Figure 2.9C, E). 
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The fish were visualised weekly, and imaged at three weeks, it was noted that both 

nevi had repopulated the regenerate (Figure 2.9D, F distal to the red amputation line) 

and did not cover a larger region of the caudal fin than the original nevus. Both fish 

remained in individual tanks within the system, for long term monitoring. At three 

and four months post amputation, both fish developed tumours elsewhere. One fish 

developed an eye malignancy, the other arose in the posterior-most region of the 

body adjacent to the tail fin (the caudal peduncle), however the tumour mass 

remained in the body. Thus, while partial nevus amputation did not induce tumours, 

both fish had the potential for tumour development. 
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Figure 2.9: Recurrence in the presence of tumour suppressor mutations does not induce 

malignancy. (A) A BRAFV600E;p53M214K stable line expressing both mutations in all melanocytes 

underwent partial caudal fin amputation (red line). (B) At four weeks post amputation the melanocyte 

pigmentation pattern was re-established, with no excess proliferation of melanocytes noted. (C, E) 

Two BRAFV600E injected fish carrying heterozygous mutations in p53M214K and ptenahu1864 with caudal 

fin nevi were partially amputated, asterisks indicate nevus (C). (D, F) At three weeks post amputation 

repopulation of the nevi was observed. Scale bars equal 1mm. 
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2.6 - Discussion 

I have described here a novel animal model with which to study nevus regeneration 

following partial amputation. Nevus recurrence has previously been described from 

patient presentation and histopathological examination. To date the focus of 

BRAFV600E animal models has been on the transformation of melanocyte hyperplasia 

(nevi) to malignant melanoma (Patton et al., 2005, Dhomen et al., 2009, Goel et al., 

2009).  

 

As has previously been discussed, zebrafish caudal fin regeneration provides a 

visually accessible system with which to approach questions of pigment cell 

behaviour (Rawls and Johnson 2000). Due to accessibility, availability and the ease 

with which a nevus could be easily distinguished from the leopard melanocyte 

pigmentation pattern, a large proportion of the nevi regeneration experiments were 

performed in the TL background strain. This strain carries a nonsense mutation in 

connexion41.8 giving the leopard pigmentation pattern (Watanabe et al., 2006), as 

well as mutation in kcnh21 causing fin overgrowth (S. Johnson, personal 

communication). Although carrying these phenotypic differences this strain is listed 

as wild type by both the Zebrafish Model Organism Database (ZFIN) and the 

Zebrafish International Resource Centre (ZIRC). Due to the spotted patterning, rather 

than the melanocyte dense stripes of the AB wild type strain, the ectopic expansion 

of melanocytes forming a nevus was more easily identified and followed during 

repopulation.  

 

In this chapter I describe the majority of nevi (32/34) as recurrent (Table 1.1). 

However human cases of recurrence have been reported in between 13-28% of nevi 

removal by varying surgical methods (Bong et al., 2003, Ganbichler et al., 2000, 

Ferrandiz et al., 2005). I showed that recurrence also occurs in striped AB zebrafish 

and leopard, with no mutation in knch21 and no caudal fin overgrowth.  However, a 

larger sample size of AB zebrafish injected with the BRAFV600E Gateway vector may 

be required before an effect of either mutation can be definitively excluded from 

affecting the outcome of partial nevus amputation. One possibility for the propensity 
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towards recurrence in zebrafish may be due to the regenerative capacity of the 

zebrafish. A second possibility arises from work by Lee and colleagues, showing that 

overexpression of v-ras resulted in hyperpigmented fins upon regeneration. Ras was 

shown to be involved in the expansion of melanocytes from the precursor cell 

population (Lee et al., 2010). The model described in this chapter utilises oncogenic 

BRAFV600E resulting in hyperactivation of the MAPK pathway, which if integrated 

into a melanocyte precursor cell resulted in a nevus, may also give evidence to the 

role of the MAPK pathway in melanocyte regeneration. 

 

Though nevi were shown to be able to repopulate following partial nevus amputation, 

whether the melanocytes responsible for repopulating the recurrent nevus were those 

carrying the BRAFV600E transgene was unable to be determined. The BRAFV600E 

transgene utilised for this study was untagged, preventing tracking of the cells 

expressing the transgene. However, the transgene used was human cDNA of the 

BRAFV600E mutation, thereby allowing the exploitation of sequence differences 

between the zebrafish endogenous BRAF and the transgene. Following regeneration, 

caudal fin tissue from the regenerate was dissected and Dr Zhiqiang Zeng in Dr E. 

Elizabeth Patton’s group performed both PCR and RT PCR. Zebrafish with a nevus 

which did not encompass the entire caudal fin were chosen, in order to obtain both 

nevus and non-nevus tissue. Both PCR and RT PCR experiments showed the 

BRAFV600E transgene in both nevus and non-nevus tissue (data not shown). An 

explanation for this may be that the BRAFV600E transgene has integrated into 

melanocytes which have not undergone proliferation to form a nevus. However this 

prevents the determination of whether melanocyte precursors, wild type for BRAF, 

were also recruited for repopulation of the nevus. One of the mechanisms which has 

been proposed for recurrence of human nevi is recruitment of melanocyte precursors 

from either the surrounding epidermis or from neighbouring hair follicles (Nishimura 

et al.,  2002), prompted by the observation in one study that 23% of recurrent nevi 

occurred from lesions which were visually determined to be completely excised 

(King et al., 2009). In future, a tagged version of the transgene could be used to help 

address this question. 
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Variability in recurrence was also observed between zebrafish, both in the amount 

and the speed of repopulation of the recurrent nevus. Three zebrafish showed nevi 

which once recurred appeared to cover more of the caudal fin (Figure 2.4). All of the 

of the increased nevus repopulation outcomes were observed in the TL zebrafish line, 

it is therefore possible that the mutation carried in kcnh21 causing fin overgrowth 

may also have contributed to the increase in repopulation. However, an increased 

sample size of differing wild type background strains will be required to answer this. 

It is interesting to note, that while some nevi showed a capacity for repopulation 

beyond the size of the original nevus, once repopulated these nevi do not show 

progression to malignancy, when followed for up to four months post amputation.  

 

Following the establishment of the ability of zebrafish nevi to recur I addressed the 

question of the cell population responsible for recurrence of nevi, utilising a 

previously described technique of using pre-existing melanin as a lineage tracer 

(Rawls and Johnson, 2000). Using PTU treatment to block de novo melanin synthesis 

I showed that an unpigmented cell precursor cell population, rather than cells from 

the remaining nevus, is responsible for repopulating the nevus as is noted during the 

recapitulation of the normal pigmentation patterning. As with pigment pattern 

regeneration, pigmented melanocytes were only observed following PTU removal. 

 

The individual cases of non-recurrence and regression (Figure 2.6 and 2.7) may start 

to allow hypotheses as to the behaviour of the nevus. Due to the proximal location on 

the caudal fin of the non-recurrent nevus, only a small portion of the nevus was 

amputated. It is therefore possible that the removal of a smaller area of nevus was not 

sufficient to stimulate proliferation of the unpigmented precursor cells. Whereas, the 

occurrence of a case of nevus regression following partial nevus amputation leads to 

the hypothesis that there may have been a mechanism of maintenance which was lost 

following partial nevus amputation.  

 

The hypothesis of maintenance of the nevus in a benign state, follows the 

observation that nevi in both humans and mouse models, show staining for 

senescence markers as well as a lack of proliferation (Dhomen et al., 2009; 
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Michaloglou et al., 2005). However, the mechanism by which a nevus is able to 

recur without progression to malignancy is unknown. Clinically recurrent nevi can 

show similar hallmarks to melanoma, though recurrence of a nevus does not 

associate with an increased propensity to progress to melanoma (King et al., 2007; 

Park et al., 1987). In this chapter I show that nevus recurrence did not induce 

progression to melanoma. Several nevi on a wild type zebrafish background 

underwent partial amputation between two and three consecutive times without 

progression to melanoma. Zebrafish were followed for up to four months post 

amputation with no signs of malignancy. A further observation noted for human nevi 

is that the number of nevi appears to decline with increasing age (Schäfer et al., 

2006). This decrease with age, may also lend some suggestion that nevi may have a 

form of maintenance. 

 

Suggestion of an autocrine/paracrine signalling pathway for maintenance of 

senescence following BRAF-MEK-ERK pathway upregulation was put forward in 

2008 by Wajapeyee and colleagues. The Insulin growth factor binding protein 7 

(IGFBP7) was shown to be upregulated following BRAFV600E expression and was 

able to induce senescence and apoptosis, as well as downregulating levels of 

phosphorylated ERK. Expression of IGFBP7 was observed in nevi, but lost in 

melanoma, and systemic introduction of IGFBP7 suppressed tumour growth in 

xenograft models (Wajapeyee et al., 2008). However, contradicting reports suggest 

that IGFBP7 is not expressed following introduction of BRAFV600E and is not 

required for senescence (Scurr et al., 2010). Further investigation into the role of 

IGFBP7 as a secreted factor involved in senescence is required. 

 

In this model of nevus recurrence I have shown that nevus recurrence in a wild type 

background expressing mitfa promoter driven BRAFV600E (BRAFV600E Gateway 

vector) does not promote progression to malignancy. Indicating that even during 

proliferation and repopulation of the nevus, sufficient cellular controls remain to 

prevent malignancy. Five zebrafish from the tumour prone germline 

BRAFV600E;p53M214K line, as well as two fish carrying heterozygous mutations in 

p53M214K and ptenahu1864 and mosaic for BRAFV600E underwent partial nevus 
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amputation. Nevus and pigment stripe recapitulation was observed in all the fish, 

though tumour development in the caudal fin was not observed. The zebrafish 

heterozygous for both, p53M214K and ptenahu1864 and mosaic for BRAFV600E were 

observed to be tumour prone. The fish were kept isolated for long term study and 

developed tumours elsewhere in the body a minimum of three months post 

amputation (data not shown). Dr Marina Mione (Milan, Italy) also performed partial 

caudal fin amputations in the highly tumour prone RASV12 stable line (Santoriello et 

al., 2010). This zebrafish line develops melanoma between one to three months of 

age. It was noted at three weeks post amputation that tumourigenesis was not 

induced in this line (n=24; Richardson et al., 2011). Therefore, while zebrafish with 

BRAFV600E;p53M214K mutations are capable of developing melanoma in the caudal fin, 

partial amputation to stimulate proliferation does not induce tumourigenesis. 

Indicating that zebrafish have robust cellular controls, as seen from their regenerative 

capacity, as well as noting that only some nevi on a p53 deficient background 

progress to melanoma, also hinting that loss of p53 function alone is not sufficient 

for progression to malignancy (Patton et al., 2005). 

 

Conversely, a recent study into a mouse model of basal cell carcinoma (BCC), 

previously postulated to arise from stem cells located in the hair follicle bulge region, 

has shown that while a mutation in Smoothened in the stem cells of the skin did not 

induce tumourigenesis alone, wounding was sufficient to recruit these cells out of the 

stem cell niche during wound healing. Following this recruitment the mice developed 

BCC like tumours (Wong et al., 2011). The authors postulate that while cells are in 

the stem cell niche sufficient controls are maintained to prevent tumourigenesis, but 

upon recruitment to the wound these cells are able to progress to tumourigenesis. 

Investigation into the location and any changes which occur to the melanocyte 

precursor cells in the zebrafish nevus model would be of great interest. 

 

I have described in this chapter a novel animal model with which to investigate 

nevus recurrence. The clinical presentation of recurrent nevi has been described, 

however the potential for misdiagnosis remains. A study showing that recurrent nevi 

and melanoma with regression share histologic characteristics, also describes cases in 
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which re-excised samples previously diagnosed as recurrent nevi were re-diagnosed 

as malignant melanoma following further investigation (King et al., 2009). This 

emphasises the need for increased understanding into the mechanism by which nevi 

recur. While zebrafish differ from mammals in skin structure and regenerative 

capacity they provide a unique model with which the biology of the nevus and 

recurrence can be probed. The zebrafish model provides ease of visualisation of 

individual melanocytes within the nevus, as well as for repeat amputations, genetic 

modifications and treatment with small molecules in order to attempt to understand 

the mechanism of recurrence.  

 

2.6.1 – Future Directions 

Future directions for this project would look to investigate further into the 

mechanisms by which the nevus is able to recur and repopulate the regenerate. An 

initial step would be to utilise a GFP tagged BRAFV600E construct. This would enable 

nevus recurrence to be observed in the presence of PTU, following removal of PTU 

nevus melanocytes can be observed after a few hours when melanin pigmentation is 

weak (thereby not blocking the GFP signal). This would help determine whether 

BRAFV600E melanocytes are solely responsible for nevus recurrence or whether BRAF 

wild type melanocytes are also recruited. 

 

Another way in which to investigate the clonal nature of the nevus, particularly 

during recurrence could be utilising the mechanism described by Tu and Johnson, 

utilising an fTyrp driven GFP Gateway Tol2 construct, which integrates before the 

1000 cell stage of embryogenesis (Tu and Johnson 2010). Micro-injection of a 

construct containing both mitfa driven BRAFV600E as well as fTyrp driven GFP would 

lead to mosaic integration, marking a limited number of cells. Following caudal fin 

amputation, the fish would be soaked in PTU to enable the GFP signal to be 

visualised and the regenerating melanocytes tracked. 

 

Further investigation into the mechanisms by which nevi are able to recur could be 

undertaken by gene expression microarray. In order to do this caudal fin amputations 
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of nevi would be undertaken and the fish allowed to regenerate for a defined period 

of time. Following this, the caudal fin could then be amputated for a second time at 

the original amputation site and the tissue collected. As shown in this chapter, many 

of the nevi in the caudal fin do not completely expand across the fin, therefore the 

caudal fin tissue can be dissected into nevus and non-nevus fin regions, which could 

be compared by expression microarray. A way to further this experiment would be to 

also dissect caudal fin tissue immediately proximal to the amputation site, i.e. tissue 

which has not undergone regeneration, but from which the blastema had formed. 

This would enable investigation into which genes are upregulated in the remaining 

portion of the nevus, while the non-nevus tissue would provide a control for the 

regeneration of other tissues of the fin, such as blood vessels, and bone.  
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Chapter 3 

BRAFV600E Melanoma Pathology is Determined by 

Co-operating Mutations 
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3.1 – Introduction 

Human melanoma is traditionally described clinically by histopathology using key 

factors such as Breslow thickness, Clark levels, mitotic index and the involvement of 

lymph nodes (Clark et al., in 1969; Marsden et al., 2010). These factors are used to 

classify melanoma to the correct staging, predict patient prognosis and direct 

treatment options. Melanoma subtypes are based upon histopathological criteria as 

well as anatomical location, and the method is widely used.  

 

As described in Chapter 1, mutations and expression changes in key genes have been 

observed at high frequency in melanoma. Therapeutics to target genes such as KIT 

and mTOR have been trialled, showing differing success rates. Inhibition of mTOR 

showed little response in melanoma (Margolin et al., 2005), while inhibition of KIT 

showed more promising responses when selecting for tumours harbouring mutations 

(Carvajel et al., 2011; Handolias et al., 2010). The most recent targeted therapeutic 

PLX4032 the Plexxikon/Roche BRAF inhibitor, which specifically targets the V600E 

mutation (Bollag et al., 2010), has been the subject of intense research and has 

shown success in treatment. An extended phase I trial of 26 of 32 patients showed at 

least a partial response, however many patients experience relapse associated with 

resistance to the inhibitor (Bollag et al., 2010; Flaherty et al., 2010).  

 

Increasingly, genomic expression studies have begun to group melanoma into 

subtypes based either solely on the genetic profile, or integrating both genetic and 

morphologic features of melanoma in order to gain a higher degree of specificity of 

classification. Studies have shown that some expression signature groupings can be 

verified by pathologists in blind testing, as well as having some links to clinical 

outcome (Viros et al., 2008). One example is the classification of stage IV melanoma 

into four new groups based on gene expression: high immune response, proliferative, 

pigmentation and normal-like. In this study the proliferative group showed the lowest 

survival rate and over half of the patients showing a response to the stage IV 

Dacarbazine treatment belonged to the pigmentation group (Jönsson et al., 2010).  

 



67 

Molecular grouping in combination with pathological analysis is increasingly 

important with the emergence of new targeted therapeutics. However, expression 

array analysis of each tumour is not currently practical, therefore understanding the 

impact of changes in particular genes on the presentation and progression of tumours 

is essential. With the problem of identifying those key genes which can be easily 

tested for in the clinical setting, it is essential to determine the role that certain 

changes in gene expression have on tumour progression and behaviour.  

3.1.1 – Aims 

The aim of this chapter was to use the zebrafish to investigate the effect of 

interrupting differing pathways on melanoma. I aimed to utilise oncogenic 

BRAFV600E as an initiating mutation, and determine whether differing co-operating 

mutations have differing affects on the melanoma tumours.  

 

The three co-operating mutations I aimed to examine are commonly disrupted in 

human melanoma. I aimed to re-establish the BRAFV600E;p53M214K melanoma model 

(Patton et al., 2005). In collaboration with Professor Jeroen den Hertog (Hubrecht 

Institute, The Netherlands) I aimed to introduce BRAFV600E into zebrafish carrying 

non-functional mutations in one of the pten genes (Faucherre et al., 2008). In 

collaboration with Dr. James Lister (Virginia Commonwealth University, USA), I 

also aimed to compare tumours arising from BRAFV600E on a hypomorphic 

temperature sensitive mitfavc7 background.  

 

A collaboration with NHS consultant histopathologist Dr Marie Mathers (Western 

General Hospital, Edinburgh) a member of the dermatopathology service, was 

established in order to describe the tumours from a clinical perspective. All tumours 

were examined with Dr Marie Mathers who provided clinical histopathological 

descriptions of the tumour types.  
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3.2 – p53M214K as a Co-operating Mutation Leads to an Aggressive 
Melanoma Subtype 

Mutations in p53 have been shown to promote BRAFV600E melanoma in the zebrafish 

model system (Patton et al., 2005). The high frequency of mutations and deletions of 

the CDKN2A locus in human melanoma, may account for the unusually low 

frequency of p53 mutations in comparison to the high frequency noted in many other 

cancer types, due to the ability of ARF to affect p53 via MDM2 (Pomerantz et al., 

1998). 

 

Complete loss of p53 function (p53M214K/M214K) allows BRAFV600E nevi to progress to 

melanoma in zebrafish, where introduction of a linear DNA fragment of mitfa-

BRAFV600E (referred to as mitfa promoter driven BRAFV600E) onto a p53 null 

background was sufficient to drive tumour progression (Patton et al., 2005). Using 

mitfa-BRAFV600E introduced using the Tol2 Gateway system (Kawakami et al., 2000) 

I showed that this construct was able to induce melanoma when in a background 

lacking a tumour suppressor. As discussed in Chapter 2, the mosaic nature of the 

microinjection of BRAFV600E led to random genomic integration and nevus 

occurrence (Figure 2.1). To describe this melanoma subtype, three cases of 

melanoma arising in a p53 deficient background (either homozygous or heterozygous, 

although the p53 status of one tumour was unable to be determined due to 

insufficient DNA) were examined macroscopically. Two tumours presented as a 

unilateral protrusion of the eye, while the third arose in the head adjacent to, but not 

affecting the eye (Figure 3.1A) and all showed staining for Melan-A (also referred to 

as MART-1), a marker of melanocytic cells (Figure 3.1B). 

 

As BRAFV600E is under the control of the mitfa promoter we can infer that the eye 

tumours have arisen from neural crest derived melanocytes. However it is not 

possible to conclusively exclude the involvement of melanocytes from the retinal 

pigment epithelium (RPE), as these cells express both mitfa and mitfb at 18 hours 

post fertilisation (hpf), although by 60 hours hpf these melanocytes express only 

mitfb (Lister et al., 2001).  
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In collaboration with Dr Marie Mathers, histopathological examination showed 

exophytic (external) expansile growth patterns with well defined margins (Figure 

3.1A). Entrapment of some eye structures was noted in those tumours which had 

presented as protrusions of the eye (Figure 3.1C arrow). 

 

This tumour group displayed atypical cytology, consisting of cells with epithelioid 

and spindle morphology (Figure 3.1D). Regions of notable nuclear pleomorphism 

were observed with enlarged hyperchromatic cells and unusual nuclei (Figure 3.1E 

arrows). This group has an intermediate degree of melanin pigmentation and were 

clinically viewed and analysed by Dr Marie Mathers, to be the most mitotically 

active tumour group with up to two mitotic figures per mm2. All factors described 

above suggest an aggressive tumour type. These tumours also stained positively for 

phospho-ERK showing strong staining at 1:1000 dilution (performed by Andrew 

Nortcliffe), both positive (black arrow) and negative (white arrow) nuclei were 

observed (Figure 3.1F). A reduction in phospho-ERK concentration to 1:100,000 

showed a decrease in overall staining (Figure 3.1G). These tumours also show a 

degree of DNA damage following staining for γH2AX (Figure 3.1H; antibody 

provided by Professor James Amatruda), as well as heterogeneous accumulation of 

p53, using the p53 5.1 antibody (provided by Professor David Lane; Lee et al., 2008; 

Figure 3.1I). 
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Figure 3.1 BRAFV600E;p53M214K tumours show exophytic tumour growth: Previous page (A) 

Whole sections of the three tumours, a large heavily nucleated mass was noted to protrude from the 

head, while the invasive region has well defined margins. (B) Tumours stain positive for MelanA. (C) 

Tumour 3 shows the encapsulation of some optical structures, arrows. (D) A mix of spindle and 

epithelioid cell morphology was noted. (E) Tumours showed enlarged, hyperchromatic cells and 

bizarre nuclei, arrows. (F) Staining for phospho-ERK at a dilution of 1:1000 (performed by Andrew 

Nortcliffe) showed intense heterogeneous staining, both positive (black arrow) and negative (white 

arrow) nuclei were observed. (G) Reduction of antibody concentration to 1:100,000 showed a reduced 

total level of staining. (H) γH2AX showed cells with DNA damage (I) Staining for p53, using p53 

antibody 5.1 from David Lane showed an accumulation of p53. B, scale bar equals 100μm, C and D 

scale bars equal 20μm. 
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3.3 – Hypomorphic mitfavc7 Co-operates with BRAFV600E to Form 
Melanoma 

The mitfavc7 mutation arose from an ENU screen for mitfa alleles and was identified 

as a mutation in a splice donor site. This allele functions in a temperature sensitive 

manner ranging from normal melanocyte number at 23˚C through to complete 

ablation at 32˚C (Johnson et al., 2011). The ability to control melanocyte 

development and number in this way enabled Dr. James Lister to introduce 

BRAFV600E into mitfafvc7 fish and raise at a hypomorphic temperature. I initially 

received four of these fish which had developed melanoma, three of which upon 

external examination presented with a pigmented tumour mass which also appeared 

to have undergone a radial growth phase step (Figure 3.2A). 

 

Histopathological examination with Dr Marie Mathers showed both an area of 

superficial growth as well as infiltrative, invasive growth into the skeletal 

musculature (Figure 3.2B). The tumour shown in Figure 3.2A showed 

invasion/infiltration of tumour cells up to the renal capsule, with a possible breach of 

the capsule itself (Figure 3.2C). One of the tumours examined showed an extensive 

amount of infiltration, while two tumours had a more limited amount of invasion. 

This may have been due to sacrificing the zebrafish at an earlier stage of tumour 

progression (data not shown). A fourth melanoma arose on the head of the zebrafish 

as a more exophytic tumour which showed some superficial spreading but limited 

invasion (data not shown). These tumours were more heavily pigmented in 

comparison to the BRAFV600E;p53M241K tumours. 

 

This group of tumours showed a mix of spindle and epithelioid morphology and 

intermediate pigmentation (Figure 3.2D, E), with a moderate amount of nuclear 

pleomorphism and clinically described by Dr Marie Mathers as having rare mitotic 

figures. Variation was noted in the melanoma which arose in the head, with a more 

rounded cell morphology and nuclear pleomorphism. While this was noted more than 

in other tumours of this subtype, it remained less frequent than that seen in the 

BRAFV600E;p53M241K subtype (data not shown). The large darkly pigmented cells also 
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observed in the kidney were interpreted to be melanophages (Figure 3.2D, E white 

arrow), due to their size in comparison to the tumour cells and the nature of melanin 

accumulation. However, the CD68 macrophage marker antibody stain used in 

clinical diagnosis did not appear to be cross reactive in zebrafish sections. Positive 

staining for MelanA was observed (Figure 3.2F). Staining for phospho-ERK at a 

1:1000 dilution showed heterogeneous expression (performed by Andrew Nortcliffe). 

Reduction of concentration to 1:100,000 resulted in total loss of staining (Figure 

3.2G). Staining for the DNA damage marker γH2AX showed differences in positive 

staining between the external and internal region of the tumour (Figure 3.2H), though 

it is possible that this may be due to insufficient fixative penetration. The tumours 

showed no expression of p53 (Figure 3.2I).  

 

Immunohistochemistry staining for phosphorylated Histone H3 was performed, 

discussed in 3.5. It was interesting to note that the two tumours which showed 

invasion of the skeletal musculature showed proliferation in the non-invasive regions, 

and extremely low proliferation in the invasive regions (Figure 3.6). 

 

Examination of a further seven tumours of this subtype also showed the same 

superficial growth pattern and high numbers of melanophages.  
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Figure 3.2: The BRAFV600E;mitfavc7 tumour subtype shows a superficial spreading growth 

pattern. Previous page (A) Whole section image of mitfvc7;BRAFV600E melanoma, the tumour was 

seen to extend laterally on both sides of the fish, growing externally as well as invading skeletal 

musculature. (B) Tumour cells encapsulated individual muscle fibres. (C) The tumour possibly 

breached the kidney capsule, red line denotes the border. (D) Cells with spindle morphology, are 

noted as well as those with epithelioid morphology (E), white arrows show large, heavily melanised 

cells interpreted as melanophages of macrophage lineage. (F) Positive staining for melanA was 

observed. (G) Staining for phospho-ERK at a 1:1000 dilution showed heterogeneous expression 

(performed by Andrew Nortcliffe). Reduction of concentration to 1:100,000 resulted in total loss of 

staining. (H) Staining for γH2AX for the presence of DNA damage. The external region of the tumour 

showed more positive staining than that of the internal region. (I) No expression of p53 was observed. 

Figures, F-I, at the same magnification, scale bars represent 20μm. i: intestine, k: kidney, l: liver, m: 

muscle, o: oocytes, t: tumour. 
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3.3.1 – The BRAFV600E;mitfavc7 Melanoma Subtype is Altered by an Additional 

Loss of One Allele of p53 

In order to determine whether the additional loss of a p53 allele, which conferred a 

highly proliferative phenotype, could alter the pathology of the BRAFV600E;mitfavc7 

subtype, I obtained BRAFV600E;mitfavc7;p53M214K/+ fish from Dr James Lister. 

  

External examination of these fish showed that two of the five fish displayed a 

mostly amelanotic tumour in the main body of the fish (Figure 3.3A). The remaining 

three tumours arose in the region of the head (Figure 3.3B). All tumours were 

confirmed as melanoma by MelanA staining (Figure 3.3F). One tumour was 

discounted from contributing to the group pathological description due to the reduced 

tumour region remaining following tissue collection for exome sequencing.  

 

This melanoma subtype exhibited both external growth as well as extensive 

infiltration of either the underlying musculature or into the head (data not shown). 

These tumours showed a mostly epithelioid morphology with some spindle cells 

(figure 3.3C, D), while one of the unpigmented tumours showed a mix of spindle and 

epithelioid morphology, with spindle cell morphology particularly observed in 

regions where space appeared restricted without vertical growth (Figure 3.3C). These 

tumours showed a higher degree of nuclear pleomorphism, with some giant 

multinucleated cells (Figure 3.3D, arrows). Unlike the BRAFV600E;mitfavc7 subtype 

these tumours showed both heavily melanised enlarged melanophages as wells as 

tumour cells which retained paler, more granulated melanin (Figure 3.3.1E). The 

tumours showed positive staining for MelanA (Figure 3.3F) 

 

These tumours had characteristics of both the mitfa and the p53 tumour subtypes, 

showing the radial growth and invasiveness of the BRAFV600E;mitfavc7 subtype, whilst 

consisting of a higher proportion of nuclear pleomorphism as noted in the p53 

subtype (Figure 3.3D, black arrows). These tumours did not undergo further 

immunohistochemical staining due to tissue availability.  
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Figure 3.3: mitfavc7;BRAFV600E;p53M214K/+ tumours showed features of both co-operating 

mutations (A) A representative image of a largely amelanotic tumour. The tumour was observed in 

the dorsal region, with few melanocytes externally visible. (B) A representative image of a pigmented 

tumour. The tumour was observed in the head of the fish and showed both vertical growth and 

spreading towards the posterior. (C) A section of the unpigmented tumour (shown in A) showed 

spindle cell morphology in regions where space was restricted due to a lack of vertical growth. (D) A 

section from a differing unpigmented tumour showed large hyperchromatic nuclei, arrows. (E) Large 

heavily pigmented cells (melanophages) red arrows were identified, red arrows, as well as tumour 

cells containing paler granulated melanin, white arrows in sections of the pigmented tumour shown in 

(B). (F) Positive staining for MelanA was observed, section shown from pigmented tumour in (B). C-

F scale bars equal 20μm. 
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3.4 – Hubrecht Control Fish Show Melanocyte Invasion of the 
Skeletal Musculature 

As discussed in Chapter 1, pten is frequently mutated in human melanoma 

(Reifenberger et al., 2000; Zhou et al., 2000). In collaboration with Professor Jeroen 

den Hertog (Hubrecht Institute, Utrecht) I obtained zebrafish lines of both ptenahu1864 

and ptenbhu1435 mutations both of which created premature stop codons, hereafter 

referred to as ptena-/- and ptenb-/- (Faucherre et al., 2008), both identified from an 

ENU screen library (Wienholds et al., 2002). 

 

Control fish from the pten backgrounds which were identified to carry wild type 

copies of ptena and ptenb (named Hubrecht control fish after their origin) were also 

injected with the BRAFV600E Tol2 Gateway construct as controls to the ptena and 

ptenb mutant fish. Ten Hubrecht control fish with nevi were dissected and nine were 

noted to show some internalised pigment. In order to determine the nature of this 

pigmentation, these individuals were sectioned and examined following 

haematoxylin and eosin staining, I noted a range of melanocytic inclusion. I 

categorised the extent of melanocyte infiltration for each fish as: no melanocytes in 

the skeletal musculature, an initial breach of the muscle adjacent to the dermis, one 

or two melanocytes identified in the musculature, several melanocytes in the 

musculature, large clusters of melanocytes surrounding muscle fibres, and a tumour 

(Figure 3.4A). Two tumours were identified in the control Hubrecht background, 

while the most common occurrence was multiple melanocytes throughout the muscle 

(n=5) and large clusters of melanocytes surrounding muscle fibres (n=4) (Figure 

3.4B). Melanocytes observed in the head kidney and blood vessels were discounted, 

as documented in wild type fish and observed in the Penn State Zebrafish Atlas 

(Miano et al., 2006; http://zfatlas.psu.edu/progress.php, accessed 2011). 

 

In order to discount BRAFV600E integration by Gateway Tol2 transgenesis as 

causative of significant melanocyte infiltration and tumour progression, nine 

zebrafish on backgrounds, AB, TU and TL with nevi were also sectioned. This 

subset was randomly chosen out of the 45 fish from these defined wild type 

backgrounds that were visually followed for any external changes in the nevus due to 
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the BRAFV600E Gateway Tol2 integration method. Some mild infiltration of 

melanocytes was observed, with two fish showing an initial muscle breach, and two 

fish showing an individual melanocyte in the skeletal musculature, while the 

remaining individuals showed no melanocyte infiltration (Figure 3.4C). This may 

indicate that use of the Tol2 Gateway system may have some role in BRAFV600E 

melanocytes in becoming more migratory. Control fish were sacrificed at 

approximately 17 months of age, while those in the Hubrecht control background 

were sacrificed before they reached one year of age. This indicated that time to 

development of the phenotype was not a contributing factor to the difference seen. 
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Figure 3.4: BRAFV600E microinjected zebrafish on the Hubrecht background showed melanocyte 

invasion of the musculature (A) Four of the categories of melanocytic infiltration of the skeletal 

musculature. Initial muscle breach from the dermis, isolated melanocyte in the musculature, inset box 

enlarged, several melanocytes in the musculature, and large clusters of melanocytes encircling muscle 

fibres. (B) The numbers of zebrafish examined placed into each category in the Hubrecht control fish. 

(C) The corresponding numbers of wild type fish from backgrounds, AB, TU and TL. 
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3.4.1 – Melanoma Development in the Hubrecht Control Background 

As described, two tumours in the Hubrecht control background were observed, one 

tumour was also observed in a fish which carried a heterozygous ptenb mutation. 

These tumours were highly endophytic (internal), one tumour was exclusively 

endophytic with no visible external growth (Figure 3.5A). This tumour was highly 

melanised upon examination (Figure 3.5B), which had encapsulation of the kidney 

and muscle fibres (Figure 3.5C, D) and a region of necrosis (Figure 3.5B, arrow). 

The other two tumours did not show such intense melanisation, though localised 

regions of pigment were observed. Upon histopathological examination following 

melanin bleaching, with Dr Marie Mathers, these tumours were determined to consist 

of a mix of both spindle and epithelioid morphology (Figure 3.5D, E). These tumours 

also showed mild to moderate nuclear pleomorphism and mitotic figures were rare. 

Staining for phospho-ERK showed intense staining throughout the tumour at a 

dilution of 1:1000 (performed by Andrew Nortcliffe; Figure 3.5G). A reduced 

dilution of 1:100,000 also showed intense staining throughout the tumour samples 

(Figure 3.5H). These tumours showed little staining for both γH2AX and p53 

(Figures 3.5I, J). 
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Figure 3.5: BRAFV600E;Hubrecht melanoma has an endophytic growth pattern. Continued from 

previous page. (A) Dissected anterior section of a BRAFV600E driven tumour in the Hubrecht control 

background showed a heavily pigmented internalised mass. (B) A heavily pigmented tumour was 

observed upon histological analysis, with an area of necrosis, arrow. (C, D) Bleached sections 

revealed encapsulation of the kidney and muscle fibres. A relatively uniform cellular morphology was 

observed (D, E). (F) Tumours stained positive for MelanA, (G) Strong staining was observed for 

phospho-ERK at a dilution of 1:1000, performed by Andrew Nortcliffe. (H) Reduction to 1:100,000 

still showed intense staining throughout the tumour. (I) Few cells staining for the DNA damage 

marker γH2AX were observed, (J) as for that of p53. Scale bars indicate 20µm. 
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3.5 – Rates of Proliferation Vary Between the Melanoma Groups 

In order to obtain preliminary rates of proliferation of the tumours described in this 

chapter immunohistochemistry with phosphorylated Histone H3 was performed. A 

total cell count of several randomly selected regions of the tumour was carried out to 

obtain the percentage of proliferative cells. Although large error bars prevented 

definitive conclusions from being drawn, a trend was observed in which the three 

BRAFV600E;p53M214K tumours had the highest average proliferation (0.866%). Three 

of the BRAFV600E;mitfavc7 tumours showed a lower percentage proliferation in the 

external regions of the tumour (0.416%) and two tumours which showed invasion 

had a 0.011% average proliferation. While three tumours in the BRAFV600E;Hubrecht 

control tumour had a proliferation rate of 0.367% (Figure 3.6).  
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Figure 3.6: Proliferation of tumour subtypes measured by phospho-Histone H3 staining. The 

BRAFV600E;p53M214K (labelled p53; n=3) tumour subtype showed the most proliferation of the groups. 

The BRAFV600E;mitfavc7 (labelled mitf; n=3) and BRAFV600E;Hubrecht (labelled Hubrecht; n=3) showed 

reduced percentages of proliferation in comparison. The internalised region of the BRAFV600E;mitfavc7 

tumours (n=2) showed a very low percentage of proliferation. Although large error bars showed that 

there was variation in proliferation rates.  
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3.6 – Discussion 

3.6.1 – Co-operating Mutations Alter Melanoma Pathology 

I have shown that differing co-operating mutations affect the pathology of BRAFV600E 

driven melanoma in zebrafish. The introduction of BRAFV600E into lines carrying 

mutations in p53, mitfa and the Hubrecht background showed distinct differences in 

tumour pathology and behaviour. One of the key differences between the tumour 

groups are growth patterns; that is whether the tumours are extensively endophytic 

(internal) or exophytic (external) and whether there is an extensive area of radial 

growth as well as vertical growth. There are also differences in tumour cell 

morphology, the degree of pigmentation and the mitotic rate (Table 2.1). 

 

Schartl and colleagues recently described a new Medaka model of melanoma driven 

by the Xiphophorus oncogene Xmrk. Interestingly they showed that introduction of 

Xmrk onto differing background strains led to differing tumour pathology. Fish from 

the CabR’ background developed exophytic xanthoerythrophoromas. While those 

from the HB32C background developed invasive melanoma (Schartl et al., 2010). 

The authors postulate that differences in genetic modifiers in the Medaka 

backgrounds influenced tumour pathology, thus providing another model of 

melanoma in which altered gene status results in differing tumour pathology. 
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Co-operating 

Mutation 

 

p53M214K 

 

mitfavc7 

 

Hubrecht 

Growth Pattern Exophytic Superficial spreading Endophytic 

Degree of Melanin Mild Mild to moderate Variable 

Morphology mix mix mix 

Nuclear 

pleomorphism 

Marked Mild to moderate Mild to moderate 

Melanophages Sparse Frequent Sparse 

Age of fish with 

tumours 

4-9 months* Tumours examined 

were between 7 to 9 

months † 

Tumours examined 

were observed at; 3, 4 

and 9 months 

respectively 

Number of 

tumours 

3 4 tumours examined  3 

Frequency 3/50 fish developed 

melanoma** 

12/40 fish had visible 

melanoma at 12 

months of age † 

3/54 fish developed 

tumours*** 

Table 2.1: Summary of the effect of differing co-operating mutations on tumour pathology. 

*Age of tumours approximated, due to space limitations, fish of differing D.O.B were combined. 

** Not all fish confirmed genotype by tail clip. 

*** Hubrecht zebrafish which were dissected upon sacrifice to ensure no tumour development, this 

includes the fish identified with the Hubrecht phenotype by histology in Chapter 4.3. 
† Data provided by Dr. James Lister. 

3.6.1.1 – BRAFV600E;p53M214K is an Aggressive, Exophytic Tumour Subtype 

The most highly aggressive/proliferative tumour group was that with a co-operating 

mutation in p53M214K. These tumours showed not only the highest rate of mitotic 

activity, but also showed a high degree of nuclear pleomorphism with 

hyperchromatic nuclei (Figure 3.1E). This model was developed initially by Patton et 

al., who described invasion into skeletal musculature and nuclear pleomorphism in 

the tumours (Patton et al, 2005). Nuclear pleomorphism was also reported in the 

NRASQ61K;p53M214K zebrafish melanoma model (Dovey et al., 2009). Loss of p53 in 

the medaka Xmrk melanoma model also induced nodular melanoma tumours (Schartl 

et al., 2010), as was observed in this zebrafish melanoma subtype. Staining for 
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phospho-ERK showed heterogeneous expression at both dilutions used in this 

tumour subtype (which was reduced upon observing the intense staining of the 

Hubrecht tumours). These tumours showed the presence of DNA damage as would 

be anticipated following the observation of the nuclear pleomorphism and an 

accumulation of p53. Mutant p53 has been shown to accumulate in p53M214K embryos 

following γ-irradiation and R-roscovitine treatment, although no downstream 

responses were observed (Lee et al., 2008). 

 

The presence and frequency of mutations in human melanoma is complex, with some 

studies reporting low frequency or no mutations in p53 (Lübbe et al., 1994; Sparrow 

et al., 1995). However others have identified a higher frequency of p53 mutations 

(Akslen et al., 1998) with a high frequency in melanoma associated with sun 

exposure (Zerp et al., 1999). Melanoma is widely established to have a high 

frequency of mutations in, and loss of, the CDKN2A locus (Hussussian et al., 1994; 

Walker et al., 1995). This locus encodes the tumour suppressors p16 and ARF which 

act through the RB and p53 pathways, specifically ARF interacts to inhibit MDM2 

(Pomerantz et al., 1998). Therefore, loss of function of ARF results in disruption of 

the p53 pathway upstream.  

 

3.6.2 – BRAFV600E;mitfavc7 Shows a Superficial Spreading Growth Pattern 

The role of mitf in melanoma is important to understand as it has been shown to be 

differentially expressed in melanoma. Zebrafish with the temperature sensitive 

mitfavc7 mutation can be raised at a temperature which allows the development of 

very few melanocytes. Introduction of BRAFV600E into this background promoted the 

expansion of these permissive melanocytes into a nevus (Dr James A Lister, personal 

communication).  

 

The BRAFV600E;mitfavc7 tumour subtype showed a superficial pattern of growth, 

showing both an external spreading growth pattern as well as invasion of the 

musculature. The tumour shown in Figure 3.2 showed the highest amount of invasion 

of the four tumours examined. This tumour subtype shows both epithelioid and 
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spindle morphology (Figure 3.2D, E), but has only rare mitotic figures. However it 

also had the ability to be highly invasive, observed up to and possibly breaching the 

kidney capsule (Figure 3.2C). Staining for phospho-ERK was observed at a dilution 

of 1:1000 (performed by Andrew Nortcliffe), however this was lost upon further 

dilution of the antibody. This tumour group showed heterogeneous staining for 

phospho-ERK throughout the tumours. Further examination of seven tumours from 

this subtype, showed the same superficial spreading growth pattern, with variable 

levels of invasion observed. It is possible that this may reflect the stage at which the 

fish was sacrificed, with some individuals sacrificed before the tumours were able to 

further invade the musculature.  

 

Although some melanophages were observed in all of the tumour types described in 

this chapter, this subtype showed a much higher proportion when assessed visually. 

These cells were described as melanophages following examination and discussion 

with Dr Marie Mathers, based on morphology, the nature of the pigmentation and 

localisation. However, it was not possible to conclusively determine this, due to 

being unable to optimise the clinically used macrophage marker CD68 on zebrafish 

sections. However, melanophages are clinically observed in pigmented regions of 

melanocytic lesions, where they will phagocytose melanin leading to the increased 

pigmentation (Handerson et al., 2007). Examination of further tumour samples from 

this tumour subtype (n=7), provided by Dr James Lister, presented with similar 

growth patterns and high numbers of melanophages. Though zones with differing 

degrees of pigmentation were observed, it would be interesting to examine the 

clonality of these tumours in order to determine whether regions of the same tumour 

show differences in gene expression. 

 

Introduction of a heterozygous p53M214K mutation into this tumour subtype resulted 

in the occurrence of two unpigmented tumours, which was not observed in those 

carrying wild type p53. These tumours also showed an increase in nuclear 

pleomorphism. It is interesting to observe that the introduction of a second co-

operating mutation was able to further affect tumour pathology. 
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Levels of mitf are important and tightly controlled in melanocytes, with high levels 

leading to differentiation and cell cycle arrest (Carreira et al., 2005), decreased levels 

leading to invasiveness and cell cycle arrest (Carriera et al., 2006), while 

proliferation occurs at a highly defined level. Mitf expression is observed to be low 

in invasive melanoma (Hoek et al., 2008), with low expression levels also correlating 

with reduced survival rates in patients with intermediate thickness tumours 

(Garraway et al., 2005; Salti et al., 2000). BRAFV600E has tight control of mitf levels 

in melanoma by both targeting it for degradation as well as upregulating transcription 

(Wellbrock et al 2008). However signalling through Brn2 appears complex (Goodall 

et al., 2008). Taylor and colleagues also demonstrated that hypomorphic levels of 

mitf promoted proliferation of differentiated melanocytes (Taylor et al., 2011). 

Introduction of oncogenic BRAFV600E into the hypomorphic mitfavc7 background 

shows that this proliferative capacity is sufficient for melanoma formation. 

Investigation of the expression levels and targets of mitf within the tumours would 

begin to investigate the mechanism by which these melanoma progress.  

 

3.6.3 – The Hubrecht Background Confers Invasion of Melanocytes 

Pten was initially a gene of interest due to the high frequency of mutations found in 

human melanoma (Reifenberger et al., 2000; Zhou et al., 2000). A recent murine 

model has also shown it can act as a co-operating mutation with BRAFV600E to allow 

progression to melanoma (Dankort, et al., 2009). 

 

However, fish from the same background as the ptena and ptenb fish which were 

wild type for both genes, termed ‘Hubrecht’ due to their origin, were observed to 

develop tumours. Upon sacrificing Hubrecht control individuals with BRAFV600E 

nevi, I observed invasion of melanocytes within the musculature in nine of the ten 

individual fish examined. I observed mainly several melanocytes in the musculature 

or large clusters of melanocytes (Figure 3.4A). 

 

In order to rule out the possibility that these infiltrative melanocytes resulted from 

the use of a different method of introducing BRAFV600E into the zebrafish than 
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previously published (Tol2 gateway system, rather than microinjection of 

mitfa;BRAFV600E as a linear DNA fragment), I examined wild type fish from a variety 

of background strains (AB, TL, TU) which had BRAFV600E nevi. Upon sectioning 

four of these fish either displayed a single melanocyte or a single muscle breach in 

the sections examined (Figure 3.4C), while five other fish showed no movement of 

melanocytes away from the skin. Although I observed limited melanocytes in the 

musculature in AB, TU and TL background, the invasion noted in the Hubrecht 

background was substantially higher. This indicated that while the Tol2 system has 

the potential to cause multiple insertions (Kawakami et al., 2000), this was not 

sufficient to cause the infiltration identified in the Hubrecht background.  

 

I also noted three tumours in the Hubrecht control background, one of which also 

carried a heterozygous mutation in ptenb (which was therefore excluded from the pie 

chart in Figure 3.4). These tumours showed mostly endophytic growth and uniform 

cellular morphology, with few mitotic figures observed.  Staining for phospho-ERK 

was observed to show intense staining throughout the tumours, which still showed 

intense staining upon reduction of the antibody concentration to a dilution of 

1:100,000. It is possible to infer that phospho-ERK levels are greatly increased in 

this tumour subtype. 

 

Both the ptena and ptenb strains were isolated from an ENU mutagenesis project on 

TL males, screening F1 individuals for mutations in the exons of the pten genes. It 

remains possible that due to inbreeding of this family in our facility these fish may 

also carry other mutations which have remained within the Hubrecht pool of 

zebrafish which are able to have an effect on BRAFV600E melanocytes. This is also 

supported by a change in tumour spectrum of the pten null zebrafish from ocular 

tumours of neurogenic tissue to haemangiomas (Professor Jeroen den Hertog 

personal communication). While ENU screens in zebrafish are one of the more 

frequently used resources for mutations affecting gene function, the hit rate for ENU 

mutagenesis can range from 1 mutation per 250,000bp to 450,000bp (described by 

Wienholds et al., 2002; Wienholds et al., 2003) requiring significant outcrossing in 

order to ensure that only the mutation of interest is carried in the line.  
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In collaboration with Jennifer Yen, Dr. Ian Sealy and Ivy Ding at the Sanger Institute, 

Cambridge, exome sequencing was performed on non-tumour tissue from one of the 

fish in the Hubrecht control background which developed a tumour. Performing this 

screen Jennifer Yen identified a putative mutation when compared to the reference 

exome used at the Sanger Institute. A homozygous stop mutation in the proteoglycan 

4a (prg4a) gene was found (Jennifer Yen, Dr Ian Sealy and Ivy Ding, personal 

communication). This mutation was not observed in other tumours from differing 

backgrounds which were sequenced (Jennifer Yen, personal communication). In 

humans mutations in prg4 are found in patients with campodactyly-arthropathy-

coxa-vera-pericarditis syndrome, which causes hyperplasia of the synovium of the 

joints (Marcelino et al., 1999). Characterisation of the human and mouse protein 

showed expression to be strongest in the liver, but also observed in heart, lung and 

muscle (in human only; Ikegawa et al., 2000).  

Differences in other proteoglycans in melanoma have been observed: Condroitin 

sulphate proteoglycan has been shown to have increased expression in uveal 

metastasis compared to primary tumours. However the authors also noted no 

significant difference in expression between primary cutaneous melanoma tumours 

and the associated metastasis, possibly indicating the complex role in melanoma 

(Kiewe et al., 2006). Interestingly, melanocyte chondroitin sulphate proteoglycan 

(MCSP) was shown to enhance phosphorylation of both FAK and ERK1/2, as well 

as cell spreading in melanoma cell lines (Yang et al., 2004).  Although the mutation 

observed causes a stop codon, the involvement of other proteoglycans in melanoma 

progression initially suggested the mutation in prg4a as a possible target for follow 

up, as co-operating with BRAFV600E in melanoma formation. However, further 

investigation also identified this mutation in Tubingen longfin fish at the Sanger 

Institute. This led to the most likely conclusion that this is a SNP, leading to an 

inability to determine whether this has a significant role in the melanoma 

development in this zebrafish model. Back-crossing and out-crossing of these fish 

will enable further investigation into whether mutations in prg4a have a role in 

melanoma development. 
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I have described here that differing co-operating mutations direct the pathology of 

the melanoma. The genetic cause of the tumours in the Hubrecht background had 

initially, putatively been suggested to be due to a mutation in prg4a. However, 

identification in other fish at the Sanger Institute led to the most likely conclusion 

that this is a SNP. Further work would be required to conclusively discount this 

mutation and identify further putative mutations responsible for the phenotype. 

 

3.6.4 - Future directions 

To further understanding into the tumour types I have described above and to address 

the issues and difficulties outlined, I propose the following experiments for future 

work to continue this project. 

 

In order to determine whether the mutation in prg4a has a role in the increased 

melanocytic invasion and tumour formation observed in the Hubrecht control 

background, or to enable identification of alternative mutations, genetic crosses must 

be performed in order to determine whether the genotype and phenotype co-

segregate. Crossing the Hubrecht control fish to wild types and incrossing the F1 

generation would enable the determination of whether the mutation has an effect on 

non-BRAFV600E melanocytes. Whereas the same experiment utilising a BRAFV600E 

transgenic line would enable the determination of whether the BRAFV600E mutation 

was associated with the invasive phenotype. 

 

Mitf is a key gene in melanoma, with amplifications identified in some tumours 

associated with poor patient prognosis (Garraway et al., 2005), while in cell lines 

lower levels of mitf expression are linked to invasion rather than proliferation (Hoek 

et al., 2008). It would be of great interest to determine whether the zebrafish 

BRAFV600E melanoma model mimics this, showing downregulation of mitf in the 

invasive region of the tumour, compared to that of the external proliferating region. 

This could either be performed with a reliable mitfa antibody in tissue sections, or by 

dissecting external and invasive regions of the tumour in order to perform western 

blot analysis. 
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Zebrafish mosaic for BRAFV600E integration can display multiple nevi. We note that 

on a loss of p53 function background, not all nevi progress to melanoma. One 

explanation may be that upon discovery of melanoma the fish is sacrificed, with the 

possibility that the remaining nevi have not yet begun to progress. However, one 

hypothesis is that further mutations are required in addition to loss of p53 in order for 

tumour progression. In order to address this hypothesis, which was beyond the scope 

of this project, a new PhD student Amy Capper has begun tumour collection in order 

to perform both whole transcriptome shotgun sequencing and whole exome 

sequencing (in collaboration with Jennifer Yen, Sanger Institute, Cambridge). These 

techniques will identify any further changes that have occurred in the tumours at 

either the genomic level or in gene expression, and will aim to identify further key 

changes that are required in addition to loss of tumour suppressor genes such as p53.  

 

Future work utilising other zebrafish genetic lines would involve the use of 

temperature sensitive genetic mutations. A temperature sensitive p53N168K zebrafish 

line has been described, which is restrictive at higher temperatures (Berghmans et al., 

2005). Zebrafish would be raised at the restrictive temperature which would enable 

melanoma development. Switching to a lower permissive temperature would enable 

the investigation onto the requirement of the tumour for sustained loss of p53.  

 

Further use of transgenic zebrafish would enable investigation into the behaviour of 

the tumours. One example would be to utilise fluorescently labelled zebrafish lines of 

immune cells, which would enable investigation into the role the immune system 

plays in melanoma progression, following the observation of high numbers of 

melanophages within the BRAFV600E;mitfavc7 tumour subtype. 

 

Understanding of the effect that differing mutations have on tumour pathology will 

be informative for patient care and prognosis. Further investigation into the pathway 

alterations in differing mutations may enable the more efficient targeting of 

therapeutics. 
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Chapter 4 

Antibody Validation for Use in Zebrafish 

Immunohistochemistry 
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4.1 – Introduction 

Antibodies are a frequently used laboratory resource, used in assays such as western 

blotting, immunoprecipitation and immunohistochemistry (hereafter referred to as 

IHC). IHC is essential both for research purposes and clinical diagnosis. One key 

way in which a clinical diagnosis of tumours is made is through the use of pathology, 

examining the cell types and behaviour of the tissue. Further diagnosis can be 

performed using immunohistochemistry to determine the behaviour of the tumour, 

for example Ki-67 (expressed during active phases of the cell cycle) and 

phosphorylated Histone H3 are markers of proliferating cells. IHC can also be used 

for conclusively determining cell type, for example MelanA (also referred to as 

MART-1) is a marker of melanocytic cells. 

 

IHC, along with other molecular biology techniques can also be used to help direct 

cancer treatment for those predicted to respond to targeted therapeutics. The best 

example of this being in breast cancer, examination of tumours for the 

overexpression of HER2 is employed to direct the use of the Herceptin. This 

therapeutic, which selectively binds to HER2, can therefore be given to those 

patients whose tumours show HER2 overexpression and are therefore likely to 

respond (reviewed by Schaller et al., 2001). 

 

In the laboratory IHC is widely used in both human and murine studies, with a range 

of commercial ‘off the shelf’ antibodies available. However, while the zebrafish has 

proved a highly amenable model organism for cancer studies, particularly for 

melanoma studies (Ceol et al., 2011; Dovey et al., 2009; Michailidou et al., 2009; 

Patton et al., 2005; Santoriello et al., 2010), one area in which the field is lacking is 

easily accessible and validated antibodies. For several years the zebrafish community 

has discussed the requirement for commercially available zebrafish specific 

antibodies.  

 

In 2009, in collaboration with the zebrafish community for the most requested targets, 

AnaSpec began to release commercially available antibodies raised specifically 
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against zebrafish proteins (Z-fishTM), as reported by press release via Reuters (http:// 

www.reuters.com/article/2009/05/07/idUS276022+07-May2009+BW20090507, 

accessed August 2011). While these antibodies will no doubt become a great 

resource for zebrafish work, there still remains the large task of individual 

laboratories validating and optimising them. 

 

Although the number of zebrafish-specific antibodies is increasing rapidly, 

previously an alternative method for obtaining commercial antibodies for use in 

zebrafish was to utilise proteins with a high degree of homology between zebrafish 

and humans. A concerted effort to sequence the zebrafish genome began in 2000, and 

is now in its 9th version. This has shown the high degree of homology between 

zebrafish and human genes, as well as genes in mice, although the zebrafish genome 

contains duplicated genes due to an ancestral genome duplication event (Brunet et al., 

2007). In order to bridge the gap in antibody availability between zebrafish and 

humans/mice, antibodies can be selected against proteins which show a high degree 

of sequence conservation. Companies which produce antibodies are now beginning 

to list both predicted and known cross reactivity of human/mouse antibodies for use 

in zebrafish. By undertaking this method, this expands the number of readily 

available antibodies for use by the zebrafish community.  

 

Other groups have highlighted the issues associated with antibody optimisation for a 

number of uses, noting the time and reagent consuming nature of optimisation. With 

one group noting all the steps required for exhaustive validation of antibodies and 

comparing the information that differing companies provide (Bordeaux et al., 2010). 

While another group described the requirement for an efficient protocol that would 

suit the majority of antibodies, thereby speeding up the optimisation step (Inoue and 

Wittbrodt, 2011). 
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4.2 – Antibodies Previously Showed Cross Reactivity in Zebrafish 
Sections 

Prior to the start of this project, a pilot screen was carried out by Dr. E.E. Patton and 

members of Professor John Bartlett’s laboratory, in order to test commercial 

antibodies raised against human peptides for cross reactivity in zebrafish tissues 

(personal communication Dr E.E. Patton). The success of this immunohistochemistry 

screen demonstrated the potential of screening a larger panel of antibodies for cross 

reactivity, as did the frequently used antibodies in the lab against phosphorylated 

ERK1/2 (Thr202/Tyr204) and phosphorylated MEK1/2 (Ser221), both raised against 

human peptide sequences (Cell Signaling Technology®).  

 

The aim of this project was to develop and utilise a standardised IHC protocol in 

order to screen a larger panel of antibodies raised against human/mouse proteins for 

cross reactivity in zebrafish-paraffin embedded tissues. The aim was to utilise these 

antibodies to examine the molecular events in the tumour models described in the 

previous chapter. As well as providing a protocol by which future antibodies can be 

validated. 

 

4.3 – Antibody Panel 

Cell Signaling Technology® (MA, USA) were approached via their UK distributor 

New England Biolabs®, UK (Hertfordshire, UK) in order to obtain a panel of 

antibodies against proteins with high homology to either human or mouse. Based on 

the zebrafish genome assembly at the time (Zv8) a panel of 24 antibodies, which 

targeted a wide variety of proteins and consisted of a mixture of monoclonal and 

polyclonal antibodies was selected (Tables 4.1 and 4.2). Peptide sequence alignments 

of human and zebrafish orthologous genes as provided by Ensembl are provided in 

Appendix 1. Although Cell Signaling Technology® do not provide detailed 

information on the peptide length or region used in producing the antibodies, for 

phosphorylated residue specific antibodies, the peptide region can be localised to that 

surrounding the phosphorylated residue. For antibodies not raised against 

phosphorylated peptides however, information provided is no more detailed than 
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raised against peptides in the C terminus, for example, which generates difficulty in 

examining the homology of the specific peptide sequence. Upon request Cell 

Signaling Technology® recently provided percentage homology between zebrafish 

and human/mouse for the peptide region against which the antibody was raised, 

based on the current genome assemblies (listed in Tables 4.1 and 4.2).  

 

As antibodies which were selected were a mixture of both monoclonal and 

polyclonal, several antibodies were noted in the information provided as possibly 

identifying more than one epitope (Tables 4.1 and 4.2). An example of this is the 

polyclonal phospho Src family antibody which may also recognise other Src family 

members such as Lyn, Fyn, Lck, Yes and Hck. The benefit of polyclonal antibodies 

may increase the possibility of cross species reactivity, however batch variability 

could be observed. 

 

The panel of antibodies selected for this project were chosen to span a range of cell 

cycle, cell signalling and cell metabolism pathways, as the project was aimed at 

investigating the expression of proteins in the zebrafish melanoma tumours.  
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Protein Residues 
Surrounding 

Cat 
no. 

source Antibody Detects 
(Possible 
interactions) 

Zebrafish 
Homology 

Phospho-
AMPKα 

Thr172 2535 Rabbit Monoclonal α1 and α2 
isoforms 

100% 

Phospho-
AMPKα1 

Ser485 4184 Rabbit  Polyclonal phospho α1 71% 

Phospho-
BRAF 

Ser445 2696 Rabbit  Polyclonal phospho BRAF 93% 

Phospho-
cdc2 

Thr14 2543 Rabbit  Polyclonal Phospho cdc2 
(CDK2, CDK3) 

85% 

Phospho-
FAK 

Tyr576/577 3281 Rabbit  Polyclonal phosphorylated 
FAK 

85% 

Phospho-
GSK3α 

Ser21 9337 Mouse 
IgG2b 

Monoclonal phosphorylated 
GSK3α 

Approved ** 

Phospho-
GSK3α/β 

Ser21/9 9331 Rabbit  Polyclonal phosphorylated 
Ser21 (GSK3α) 
or Ser9 (GSK3β) 

100% 

Phospho-
GSK3β 

Ser9 9336 Rabbit  Polyclonal  (phosphorylated 
GSK3α) 

100% 

Phospho-
Her2/ErbB2 

Tyr887 2241 Rabbit  Polyclonal (ErbB family 
members with 
Tyr 
phosphorylation) 

84% 

Phospho 
p38 MAPK 

Thr180/Tyr182 9215 Rabbit 
IgG 

Monoclonal p38 MAPK 
dually 
phosphorylated 

100% 

Phospho-
p70 S6 
kinase 

Thr421/Ser424 9204 rabbit  Polyclonal (p85 S6 kinase 
phosphorylated 
at 
Thr444/Ser447) 

77% 

Phospho-
p70 S6 
kinase 

Thr389 9206 Mouse 
IgG2a 

Monoclonal (p85 S6 kinase 
phosphorylated 
at Thr412, and 
phospho S6KII) 

100% 

Phospho-
SAPK/JNK 

Thr183/Tyr185 9251 Rabbit Polyclonal SAPK/JNK 
dually 
phosphorylated 

100% 

Phospho-
Src family 

Tyr416 2101 Rabbit Polyclonal (May also cross 
react with 
phosphorylated 
Lyn, Fyn, Lck, 
Yes and Hck) 

93% 

Phospho-
SEK1/MKK
4 

Residues 
surrounding 
Ser257/Thr261 

9156 Rabbit  Polyclonal (SEK1/MKK4 
phosphorylated 
at Thr261) 

100% 

Phospho-
TAK1 

Thr184/187 4508 rabbit 
IgG 

Monoclonal (unknown 40kDa 
band) 

100% 
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Table 4.1: Phosphorylated residue specific antibodies. Previous page. Showing the phosphorylation 

specific antibodies and relevant information; the phosphorylated residue targeted, catalogue number, 

antibody source, possible interactions with other proteins and the percentage homology to zebrafish in 

the region of which the peptide was raised. Percentage homology was provided by Cell Signaling 

Technology, and protein alignments done by Ensembl orthologue protein alignment tool are in 

Appendix 1.  

** approved for use in zebrafish, Cell Signaling Technology® was unable to determine percentage 

homology. 
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Peptide Antibody 

raised 
against 

Cat 
no. 

source Antibody Detects 
(Possible 
interactions) 

Zebrafish 
Homology 

AKT (mouse) Carboxy 
terminal 
region 

9272 Rabbit  Polyclonal Total levels of 
Akt1, Akt2, Akt3 

100% 

Casein kinase 
1 (CK1) 

Residues near 
the middle of 
CK1α1 

2655 Rabbit  Polyclonal Total levels of 
CK1 α1, (CK1ε, 
CK1δ, CK1γ) 

100% 

Maternal 
Embryonic 
Leucine 
zipper Kinase 

Residues near 
the carboxy 
terminus 

2274 Rabbit  Polyclonal Total levels of 
MELK 

Little or no* 

Myt1 Residues near 
the middle of 
human and 
mouse Myt1 

4282 Rabbit  Polyclonal Total levels of 
Myt1 

Little or no 

PKM1/2 Sequence of 
human PKM2 

3186 Rabbit Polyclonal Detects PKM1 
and PKM2 

100% 

SAPK/JNK GST/human 
JNK2 fusion 
protein 

9252 Rabbit Polyclonal Total levels of 
SAPK/JNK 

Approved ** 

Non-phospho 
Src 

Residues 
surrounding 
non-phospho 
Tyr416 

2102 Mouse 
IgG2b 

Monoclonal (non-phospho 
Lyn, Fyn, Lck, 
Yes and Hck) 

Not able to 
determine 

TAK1 Residues near 
carboxy 
terminus 

4505 Rabbit  Polyclonal Total levels of 
TAK1 

68% 

 
Table 4.2: Antibodies detecting total levels of protein. Showing the information provided by Cell 

Signaling Technology on the region against which the antibody was raised, catalogue number, 

antibody source, possible interactions with other proteins and the percentage homology to zebrafish in 

the region of which the peptide was raised. Percentage homology was provided by Cell Signaling 

Technology®, and protein alignments done by Ensembl orthologue protein alignment tool are in 

Appendix 1.  

* Cell Signaling Technology® provided the homology for this protein region at little to no, however 

the antibody shows expected staining patterns in the ovary. Cell Signaling Technology are currently 

planning to perform western blot analysis for this antibody to further determine cross reactivity. 
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4.4 – Methodology for Determining Zebrafish Cross Reactivity 

The panel of antibodies to be tested for cross reactivity underwent stepwise rounds of 

optimisation and validation (Figure 4.1). Initially antibodies were tested for reactivity 

in IHC using a tissue microarray (TMA). The TMA consisted of: 20 randomised 

human breast cancer cores of approximately 1mm diameter, provided by Professor 

John Bartlett, two cores from a zebrafish malignant peripheral nerve sheath tumour 

(MPNST) a tumour type which arises spontaneously in a p53M214K zebrafish, as well 

as two cores from a pigmented BRAFV600E melanoma. The zebrafish tumour cores 

were added to the breast cancer TMA by Fiona Campbell.  

 

The majority of the antibodies were raised against human peptides, therefore the 

human breast cancer tissue was chosen to act as a positive control for the reactivity 

of the antibody in the IHC reaction. The zebrafish MPNST was an easily accessible 

tumour within the population of p53M214K zebrafish in the aquarium facility. The 

visualising agent used would be 3,3'-diaminobenzidine (DAB) chromagen precipitate, 

which was also of a highly similar colour to that of melanin. In order to optimise the 

required bleaching step, a pigmented zebrafish melanoma tumour was essential. 

 

Although each antibody was to be tested and optimised for a protocol which most 

suited the antibody, it was impractical to test every permutation of an IHC protocol 

available. The decision was made to utilise reagents from DAKO, the serum free 

protein block, antibody diluent and REALTM EnVisionTM Detection System 

peroxidise/DAB for rabbit/mouse, recommended to us for being highly reliable. This 

also removed any variations that may be introduced by using differing types or 

batches of serum. The aim of this project was also to provide an easy to follow 

protocol, to use to optimise antibodies in the future. With the reagents and protocol 

to be standardised for all antibodies, the initial point of optimisation was the antigen 

retrieval step.  

 

Full, detailed IHC protocols with variation in the antigen retrieval method are 

described in the materials and methods Chapter 6.6.1. In brief, following dewaxing, 
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rehydration, bleaching and antigen retrieval, sections underwent endogenous 

peroxidise blocking, followed by protein blocking using DAKO serum free protein 

block, and then antibody application diluted in DAKO antibody diluent. Following 

antibody binding they were visualised using the DAKO REALTM EnVisionTM 

Detection System Peroxidase/DAB, Rabbit/Mouse kit, which relies on the 3,3'-

diaminobenzidine (DAB) chromagen visualisation method (brown staining). 

 

All samples used in this project were formalin/paraformaldehyde fixed, paraffin 

embedded tissue. The IHC protocol used was a standard IHC protocol provided by 

Professor John Bartlett’s group, and modified to account for the additional melanin 

bleaching step required (See Chapter 6.6.1 Methods). 

 

A few of the antibodies were supplied with a recommended antibody dilution of 1:50 

for IHC, with the exception of phospho-Her2, which recommended a 1:600 dilution. 

It was therefore decided to initially screen all antibodies at a dilution of 1:50 with the 

exception of phospho-Her2/ErbB2.   
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Figure 4.1: Schematic of stepwise antibody validation process. (A) Antibodies were initially tested 

at high concentration (1:50) on human (peach dots), zebrafish MPNST (pink dots) and zebrafish 

melanoma (brown dots). (B) Antibodies which showed cross reactivity were then applied to whole 

sagittal sections of juvenile zebrafish, and the dilution rates altered. (C) Antibodies which appeared to 

show specific staining were validated with either phosphatase treatments of the tissue sections or by 

incubating the antibody with the competing peptide. 
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Figure 4.1 continued: (D) Representative image of a whole sagittal ten week old juvenile zebrafish 

utilised for antibody optimisation. 
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4.4.1 – Antigen Retrieval Optimisation 

During the first round of screening all antibodies went through the two differing 

options of the antigen retrieval step, a key optimisation variable. The two options for 

antigen retrieval solution used were either the acidic Citrate buffer (pH6) or the basic 

EDTA buffer (pH8). Initially, three differing heating methods of antigen retrieval 

were used in combination with the two antigen retrieval buffer options. These were 

either; 5 minutes at full pressure (with the solution boiling) in a microwavable 

pressure cooker, followed by a 20 minute cooling step; or 20 minutes at sub-boiling 

in a water bath followed by 20 minutes cooling; or 40 minutes at sub-boiling in a 

water bath followed by 40 minutes cooling. It was observed that there did not appear 

to be a large difference in result between the heating methods, therefore for speed the 

microwave pressure cooker method was used. Later experiments also showed that 

adult tissue integrity appeared to be maintained better using this step.  

 

Due to the high antibody concentration, the result was often overstaining, particularly 

in the zebrafish tissue. The only antibody to fail at this stage was that of phospho-

Her2/ErbB2 at a dilution of 1:600 as recommended by the manufacturer. This was 

surprising due to the use of breast cancer tissues in the TMA. However, while IHC 

was listed on the data sheet provided with this antibody it has since been removed 

from the website.  

 

From this initial round of screening, the optimal antigen retrieval buffer was 

determined for each antibody. For this, zebrafish and human tumour core staining 

was examined. Factors used to determine which antigen retrieval buffer was optimal 

were: intensity of staining and background interference. Examples of very clear and 

defined preference for one antigen retrieval buffer over another are shown in figure 

4.2. Though some antibodies showed less of a strongly defined preference for one 

antibody over another, each antibody was assigned to an antigen retrieval buffer 

following this step (Table 4.3). 
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Figure 4.2: Antigen retrieval preference. (A) The antibody for p70 S6 kinase (Thr389) Tumour 

cores showed positive staining and cross reactivity in zebrafish. Citrate antigen retrieval buffer 

showed high background staining, while EDTA buffer showed specific staining with lower 

background interference. (B) Antibody for PKM1/2 Tumour cores showed limited cross reactivity in 

zebrafish under EDTA antigen retrieval. Citrate antigen retrieval buffer showed staining in both 

zebrafish and human tumours. (C) Negative controls with no antibody addition.  
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4.5 – Antibody Optimisation on Juvenile Zebrafish Sagittal 
Sections 

During the initial TMA optimisation, it was observed that the densely packed nature 

of the zebrafish MPNST and melanoma tissue was problematic for further 

optimisation. In order to resolve this, it was determined to utilise the tissue 

heterogeneity of whole sagittal sections of zebrafish. Juvenile zebrafish of 

approximately ten weeks of age were utilised as they were able to fit into a paraffin 

wax block, and multiple sections were able to fit onto a single slide.  

 

Antibodies which showed compatibility with the IHC protocol and cross reactivity in 

zebrafish tumour tissues were placed on juvenile zebrafish sagittal sections, initially 

starting at dilutions of 1:100 followed by stepwise increases in dilution to determine 

the optimal antibody dilution for IHC.  

 

Following the initial dilution series, one antibody was classified as failed and was not 

taken any further. The antibody against SAPK/JNK showed strong staining against 

most tissues at a dilution of 1:200 (Figure 4.3A, C), though upon further dilution to 

1:1000 simply showed weak, generalised staining of virtually all structures (Figure 

4.3 B, D). It was due to the lack of specified staining that this antibody was classified 

as failed at the optimisation stage. 

4.6 – Antibody Validation on Zebrafish Juvenile Sagittal Sections 

Antibodies which appeared to show specific staining within tissues were validated by 

one of two methods. Phosphorylated (hereafter referred as phospho) residue specific 

antibodies were validated for specificity in detecting the phosphorylated peptide by 

phosphatase treatment of tissue prior to antibody application. Antibodies raised 

against total protein levels were validated by use of the appropriate blocking peptide 

prior to application to the tissue sample. Following this, antibodies were classified 

into three groups; antibodies for which the staining was lost upon validation (passed), 

antibodies for which validation and staining was not consistent (indeterminate) and 
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antibodies which did not validate or show specific staining (failed), this is 

summarised in Table 4.3. 
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Figure 4.3: Zebrafish juvenile staining for SAPK/JNK shows a lack of specificity: (A,C) show 

antibody staining visualised with brown DAB chromagen at a dilution of 1:200, all cells in all organs 

were strongly stained, (B,D) A decrease in dilution to 1:1000 showed weak general staining 

throughout the embryo. Scale bars equal 50μm. 
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4.6.1 - Successful Antibodies  

Antibodies which showed successful staining in juvenile zebrafish were placed on 

juvenile medaka (Oryzias latipes) of approximately one month of age, provided by 

Professor Manfred Schartl and Dr. Daniel Liedtke. This was undertaken in order to 

determine antibody cross reactivity in another species of teleost fish.  

 

4.6.1.1 – Phospho-AMPKα (Thr172) 

AMP-activated protein kinase (AMPK) consists of three subunits, α, β and γ, with 

the catalytic α subunit activated by phosphorylation at threonine 172 (Stein et al., 

2000). AMPK is activated by protein kinase response to low energy levels and 

cellular stress, and has roles in DNA damage response pathways (reviewed by 

Alexander and Walker 2011). 

 

The antibody raised against human phospho-AMPKα (Thr172) showed staining in 

the photoreceptor cells of the retina (Figure 4.4A), cells of the primary and secondary 

lamellae of the gills (Figure 4.4C), the nasal epithelium (Figure 4.4E) and goblet 

cells located in the deepest region of the oesophagus (Figure 4.4G). Phosphatase 

treatment of the tissue prior to addition of the antibody removed any staining of these 

structures (Figures 4.4B, D, F, and H). This antibody did not show reactivity in the 

medaka tissue tested. 
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Figure 4.4: Zebrafish juvenile staining for phospho-AMPKα (Thr172): (A, C, E, G) show 

antibody staining visualised with brown DAB chromagen, (B, D, F, G) show lack of staining 

following phosphatase treatment.  Staining was observed in (A) the photoreceptors (ph) of the retina 

(C) cells in the primary (1˚) and secondary (2˚) lamellae of the gills (E) the nasal epithelia, arrows and 

(G) cells lining the oesophagus. A-F scale bars equal 20μm, G, H scale bars equal 50μm. 
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4.6.1.2 – Phospho-BRAF (Ser445) 

The function of BRAF within the MAPK pathway has been discussed in Chapter 1. 

Phosphorylation at serine 445 is constitutive and does not contribute significantly to 

the activation of BRAF by RAS (Mason et al., 1999), though may have a role in 

autoinhibition (Tran et al., 2005). The antibody raised against phospho-BRAF 

(Ser445) showed staining throughout the retina, showing diffuse staining in the inner 

and outer plexiform layers and discrete staining in the bipolar and amacrine cells as 

well as the photoreceptors (Figure 4.5A). However upon phosphatase treatment the 

staining in the inner and outer plexiform layers was shown to be non-specific and 

some of the staining in the bipolar/amacrine cell layer remained following 

phosphatase treatment (Figure 4.5B, arrows). Increasing the dilution of this antibody 

resulted in loss of staining, therefore this antibody was described as strong selective 

rather than specific for phospho-BRAF (Ser445). Use of this antibody for further 

studies should be undertaken with caution. 

 

Staining in the Medaka was observed for phospho-BRAF (Ser445), which showed 

generalised staining within the inner plexiform and more specific staining within the 

amacrine and bipolar cells (Figure 4.6A), as observed in the zebrafish. Staining 

within the brain and spinal cord was also observed in the medaka sections (Figure 

4.6C, E). 

 

4.6.1.3 – Phospho-cdc2 (Thr14) 

Cdc2, sometimes referred to as cyclin dependent kinase 1 (CDK1), is inactive when 

phosphorylated at Thr14 preventing progression through the cell cycle (Norbury et 

al., 1991; Wells et al., 1999). Staining was observed in the retina, most strongly in 

the outer plexiform layer, intestinal villi and differing levels of staining were 

observed in differing kidney tubules (Figure 4.7A, C, and E). All staining was 

removed upon phosphatase treatment of the tissue (Figure 4.7B, D, and F). Staining 

was not observed for this antibody in the medaka tissues tested. 
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Figure 4.5: Zebrafish juvenile staining for phospho-BRAF (Ser445): (A,C) show antibody 

staining visualised with brown DAB chromagen, (B,D) show lack of staining following phosphatase 

treatment.  (A) Staining was observed in the inner plexiform (IP) and amacrine/bipolar cells (A/Bc). 

(B) Staining of the inner plexiform was shown to be non specific, and some staining was still 

observed in the amacrine/bipolar cells following phosphatase treatment (arrows). (C) cells in the 

primary spinal cord showed positive staining (arrows) which was removed upon phosphatase 

treatment (D). Scale bars equal 20μm. 
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Figure 4.6: Medaka juvenile staining for phospho-BRAF (Ser445): (A,C,E) show antibody 

staining visualised with brown DAB chromagen, (B,D,F) show negative controls.  (A) Staining was 

observed in the inner plexiform (IP) and amacrine/bipolar cells (A/Bc), photoreceptors (ph) and RPE. 

(C) Staining was observed in the brain (E) and spinal cord. Scale bars equal 20μm. 
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Figure 4.7: Zebrafish juvenile staining for phospho-cdc2 (Thr14): (A,C, E) Showing antibody 

staining visualised with brown DAB chromagen, (B,D,F) show lack of staining following phosphatase 

treatment.  (A) Staining was observed in the inner plexiform (IP) outer plexiform (OP) and 

photoreceptors (ph). (C) Kidney tubules (T) showed positive staining, as did cells of the intestine (D). 

Scale bars equal 20μm. 
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4.6.1.4 – Phospho-GSK3α (Ser21) 

Glycogen synthase kinase-3 (GSK3) was so named for its target, glycogen synthase. 

In response to insulin signalling, AKT mediated phosphorylation of GSK3 leads to 

inhibition (Cross et al., 1995). This results in release of inhibition of glycogen 

synthase and increased sensitivity to insulin (reviewed by Rayasam et al., 2009). 

GSK3α and GSK3β share a high degree of homology, although they have been 

shown to have non-redundant functions. Morpholino knockdown in zebrafish 

embryos resulted in differing defects in heart formation, with loss of GSK3α induced 

cardiomyocyte apoptosis, while lack of GSK3β lead to defects in heart positioning 

(Lee et al., 2007). Phospho-GSK3α antibody against the Ser21 phosphorylation of 

the α subunit showed faint staining in the ganglion cells and photoreceptors in the 

retina, all of which was removed upon phosphatase treatment (Figure 4.8A, B). 

Strong nuclear staining in regions of the brain and spinal cord as well as weaker 

cytoplasmic staining was observed (Figures 4.8C, E), both of which are removed 

upon phosphatase treatment of the tissue sections (Figure 4.8D, F).  

 

Staining in medaka tissue for phospho-GSK3a (Ser21) was observed in regions of 

the brain, showing both nuclear and cytoplasmic staining as observed in zebrafish 

(Figure 4.9A, C). 

 

4.6.1.5 – Phospho-GSK3β (Ser9) 

GSK3β is involved in the phosphorylation of cyclin D1 and the proteolytic 

degradation of the protein (Diehl et al., 1998). GSK3β is also an essential component 

of the Wnt signalling complex and when in complex with APC and Axin, 

phosphorylates β-catenin targeting it for degradation (Hinoi et al., 2000). 

Phosphorylation at Ser9 results in inhibition of GSK3β. Staining for phosphorylated 

GSK3β (Ser9) showed staining within the brain only, which was removed upon 

phosphatase treatment (Figure 4.10). Staining medaka for expression of phospho-

GSK3β (Ser9), showed weak, barely detectable staining (data not shown), an 

increase in antibody concentration may result in positive staining. 
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Figure 4.8: Zebrafish juvenile staining for phospho-GSK3α (Ser21): (A,C,E) show antibody 

staining visualised with brown DAB chromagen. (B,D,F) Lack of staining was observed following 

phosphatase treatment. (A) Staining was noted in the photoreceptors (ph) and ganglion cells (gl) of the 

retina. (C) Cells in the brain (E) and cells in the spinal cord showed positive staining. Scale bars equal 

20μm. 
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Figure 4.9: Medaka juvenile staining for phospho-GSK3α (Ser21): (A,C) Shows antibody staining 

visualised with brown DAB chromagen, (B,D) and corresponding negative control. (A) Staining was 

noted in the defined regions of the brain. (C) Shown to be nuclear and cytoplasmic at higher 

magnification. A, B Scale bars equal 100μm, C, D scale bars equal 20μm. 
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Figure 4.10: Zebrafish juvenile staining for phospho-GSK3β (Ser9): (A) Antibody staining was 

observed through the forebrain. (B) Staining was lost following phosphatase treatment. Scale bars 

equal 50μm. 
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4.6.1.6 – Maternal Embryonic Leucine Zipper Kinase (MELK) 

MELK was discovered in mouse eggs and preimplantation embryos, identified as a 

member of the snf1/AMPK kinase family (Heyer et al., 1997). MELK activity is 

regulated during the cell cycle (Badouel et al., 2010). MELK showed expression at a 

dilution of 1:1000, this was shown to be specific following competition from the 

peptide against which the antibody was raised. MELK antibody showed staining in 

the photoreceptor cells of the zebrafish retina and the ovary (Figure 4.11A, C). All 

staining was removed upon blocking peptide competition (Figure 4.11B, D). Some 

collection of DAB chromagen was observed to collect within the ovary (Figure 

4.11D; arrow), though this was also observed in antibody free negative control 

sections and determined to be non-specific (data not shown). Staining of blood cells 

was also observed though this was not specifically confirmed by competing peptide 

assay (data not shown). Cell Signaling Technology® provided the information that 

little to no homology was seen between the human and zebrafish protein sequences 

in the peptide region against which the antibody was raised. However, I note that the 

staining observed, was correlated to that reported in the literature (Table 4.4). 

 

The MELK antibody was also applied to juvenile medaka sections which showed 

positive staining observed in the blood cells seen within the brain and gills (Figure 

4.12A, C, arrows). 

 

4.6.1.7 – Phospho p38 MAPK (Thr180/Tyr182) 

Activation of p38 MAPK is by phosphorylation of threonine 180 and tyrosine 182 in 

response to cellular stresses and inflammatory cytokines (Raingeaud et al., 1995). 

Activation of p38 also plays a role in proliferation, shown to lead to a reduced level 

of cyclin D1 expression (Lavoie et al., 1996). Staining was observed in the 

photoreceptors and RPE of the retina (Figure 4.13A), as well as cells in the primary 

and secondary lamellae of the gills (Figure 4.13C; arrows). This staining was 

removed upon phosphatase treatment of the tissue (Figure 4.13B, D).  
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Figure 4.11: Zebrafish juvenile staining for MELK: (A,C) show antibody staining visualised with 

brown DAB chromagen. (B,D) Lack of staining was observed following competition with blocking 

peptide. (A) Staining was noted in the photoreceptors (ph) of the retina, (B) lack of staining was 

observed following antibody competition with blocking peptide  (C) differing levels of staining was 

observed in the ovary (D) specific staining was lost following blocking peptide treatment, though 

DAB chromagen collected as indicated (arrow). A, B; scale bars equal 20μm, C, D; scale bars equal 

50μm. 
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Figure 4.12: Medaka juvenile staining for MELK: (A,C) Shows antibody staining visualised with 

brown DAB chromagen. (B,D) Corresponding negative control staining. (A) Staining was noted in 

blood cells within the brain (C) as well as blood cells within the gills. Scale bars equal 20μm. 
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Figure 4.13: Zebrafish juvenile staining for phospho-p38 MAPK (Thr180/Tyr182): (A,C) Shows 

antibody staining visualised with brown DAB chromagen. (B,D) Lack of staining was observed 

following phosphatase treatment. (A) Staining was noted in the photoreceptors (ph) and RPE of the 

retina. (C) Cells within both the primary and secondary lamellae of the gills showed positive staining. 

Scale bars equal 20μm. 
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4.6.1.8 – Phospho-p70 S6 kinase (Thr389) 

p70 S6 kinase is a serine/threonine kinase which is required for cell growth and cell 

cycle progression (reviewed by Fenton and Gout, 2001). Multiple phosphorylation 

sites are required for activation of function. Phosphorylation of p70 S6 kinase at 

threonine 389 is required for further phosphorylation and activation of the protein 

(Dennis et al., 1998). The PI3 kinase target PDK1 was shown to phosphorylate the 

activating Thr229 residue (Pullen et al., 1998). Staining with the antibody against 

phospho-p70 S6 kinase (Thr389), showed phospho-specific expression in the brain, 

spinal cord and nasal epithelium (Figure 4.14A, C, E), staining was observed in the 

non-nucleated regions of both the brain and the spinal cord and this was greatly 

reduced/removed by phosphatase treatment (figure 4.14B, D, F). Positive staining of 

medaka intestine was observed (Figure 4.15A; arrows). 

 

4.6.1.9 – Phospho-p70 S6 kinase (Thr421/Ser424) 

Phosphorylation at threonine421/serine424 is within the pseudosubstrate region, and 

is thought to contribute to activation by relief of pseudosubstrate suppression (Price 

et al., 1991). Staining against phospho-p70 S6 kinase (Thr421/Ser424) showed 

phospho-specific staining in the photoreceptors and the base of the RPE (arrow) of 

the retina (Figure 4.16A) which was removed upon phosphatase treatment (Figure 

4.16B). 

 

In medaka juvenile sections positive staining was observed in the amacrine/bipolar 

cells of the retina but not the photoreceptors (Figure 4.17A). Staining was also 

observed in the brain, primary lamellae of the gills (arrows) and spinal cord (Figure 

4.17C, E, and G). These organs were not present in the zebrafish tested for Phospho-

p70 S6 kinase (Thr421/Ser424), so that staining outcome cannot be determined. 

However, staining in the brain and spinal was observed with phospho p70 S6 kinase 

(Thr389). 

 



126 

 
 

Figure 4.14: Zebrafish juvenile staining for phospho-p70 S6 kinase (Thr389): (A, C, E) show 

antibody staining visualised with brown DAB chromagen, (B, D, F) show lack of staining following 

phosphatase treatment.  Staining was observed in (A) brain (C) cells in the nasal epithelia (E) and the 

spinal cord. Arrows indicate positively stained cells. Scale bars equal 20μm. 
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Figure 4.15: Medaka juvenile staining for phospho-p70 S6 kinase (Thr389): (A) Staining was 

observed in the intestine (arrows) visualised with brown DAB chromagen, (B) Negative 

corresponding control. *** contents of the intestine were discounted from analysis. Scale bars equal 

20μm. 
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Figure 4.16: Zebrafish juvenile staining for phospho-p70 S6 kinase (Thr421/Ser424): (A) 

Positive staining was observed in both the photoreceptors (ph) and base of the RPE (arrows) of the 

retina. (B) Staining was lost upon phosphatase treatment (A). Scale bars equal 20μm. 
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Figure 4.17: Medaka juvenile staining for phospho-p70 S6 kinase (Thr421/Ser424): (A,C,E,G) 

Positive staining was visualised with brown DAB chromagen, (B,D,F,H) and corresponding negative 

controls. (A) Staining was observed in the ganglion cells (gl) and amacrine/bipolar cells (A/Bc) of the 

retina, (C) brain, (E) cells in the primary lamallae of the gills, arrows, (G) and the spinal cord. Scale 

bars equal 20μm. 
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4.6.1.10 – Pyruvate kinase muscle isozyme1/2 (PKM1/2) 

The pyruvate kinase muscle gene encodes two isoforms, M1 and M2, with 

expression of M2 observed in cancer cells and associated with differing methods of 

glycolysis (Chistofk et al., 2008). This antibody was raised against both PKM1 and 

PKM2 isoforms. In consultation with Professor John Bartlett this antibody was 

described as a strong selective antibody rather than a specific antibody, as at a 

dilution of 1:500 the competing peptide does not fully compete out all the signal, 

leaving behind a faint trace (Figure 4.18D, arrow), however upon further dilution of 

the antibody to 1:600 the signal is lost. Staining was observed in the outer plexiform 

of the retina. Staining of medaka tissues showed positive signal in cartilage (Figure 

4.19, arrows). The retina was not present in the sections tested for cross-reactivity, 

therefore staining cannot be conclusively discounted.  

 

4.6.1.11 – Phospho-SAPK/JNK (Thr183/Tyr185) 

SAPK/JNK is activated at residues threonine 183 and tyrosine 185 in response to 

stress signalling both environmental and oncogenic (Dérijard et al., 1994). Staining 

was observed within several regions of the retina, the ganglion cells, inner plexiform 

and photoreceptors (Figure 4.20A), as well as staining within the brain (Figure 

4.20C). All staining was removed, following prior treatment of the tissues with 

phosphatase (Figure 4.20B, D). Staining was also observed in the medaka brain 

(Figure 4.21A). 
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Figure 4.18: Zebrafish juvenile staining for PKM1/2: (A,C) show antibody staining visualised with 

brown DAB chromagen, (B,D) show lack of staining following antibody competition with blocking 

peptide.  Staining was observed in (A) the photoreceptors (ph) of the retina. (C) shown at higher 

magnification. (B) following blocking peptide competition strong staining was lost, though upon 

higher magnification (D) faint staining remained (arrow). Scale bars equal 20μm. 
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Figure 4.19: Medaka juvenile staining for PKM1/2: (A) Antibody staining was observed in 

epithelial cells (asterisks) and cartilage (arrow). (B) Corresponding negative control. Scale bars equal 

20μm. 
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Figure 4.20: Zebrafish juvenile staining for phospho-SAPK/JNK (Thr183/Tyr185): (A,C) show 

antibody staining visualised with brown DAB chromagen, (B,D) show lack of staining following 

phosphatase treatment.  Staining was observed in (A) the photoreceptors (ph), inner plexiform (IP) 

and ganglion cells (gl) of the retina. (C) Cytoplasmic staining was observed in the brain. A, B scale 

bars equal 20μm, C, D scale bars equal 100μm. 
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Figure 4.21: Medaka juvenile staining for phospho-SAPK/JNK (Thr183/Tyr185): (A) Shows 

cytoplasmic antibody staining visualised with brown DAB chromagen in the brain. (B) Corresponding 

negative control section. Scale bars equal 100μm. 
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4.6.1.12 - Non-phospho Src (Tyr416) 

Src is a family of protein tyrosine kinases which have roles in cell growth and 

differentiation (reviewed by Parsons and Parsons, 2004). This antibody detects Src 

and other family members only when not phosphorylated at the activating residue 

tyrosine 416 and corresponding residues. The strongest staining of non-phospho Src 

(Tyr416) was that in the muscle fibres, initially thought to possibly be an artefact of 

the antibody. Though some other antibodies showed some additional ‘washy’ 

staining of the muscle fibres, the antibody for non-phospho Src showed intense 

staining of the muscle fibres and some staining in few cells of the intestinal villi 

(Figure 4.22A, C), whilst no other structures showed any staining. Upon antibody 

competition with the blocking peptide the intense staining of the muscle fibres was 

greatly reduced and the staining of the intestinal cells removed (Figure 4.22B, D). 

However, although muscle staining was greatly reduced, faint staining did remain in 

the muscle fibres, this may be due to the intensity of the staining which was observed. 
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Figure 4.22: Zebrafish juvenile staining for Non-phospho-Src (Tyr416): (A,C) show antibody 

staining visualised with brown DAB chromagen. (B, D) Lack of staining was observed following 

competition with blocking peptide. (A) Staining was noted in muscle fibres (B), which was lost 

following antibody competition with blocking peptide.  (C) Discrete cells within the intestine 

positively stained (arrows), which was lost upon blocking peptide treatment (D). Scale bars equal 

20μm. 
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4.6.1.13 – TAK1 

TGFβ activated kinase (TAK1) is a MAPKKK which is activated by binding of 

TAB1 following TGFβ signalling (Shibuya et al., 1996). Downstream targets of 

TAK1 are p38 MAPK and JNK (Kim et al., 2007; Shirakabe et al., 1997). The 

antibody raised against the unphosphorylated form of TAK1 showed staining in the 

photoreceptors of the retina (Figure 4.23A), and in sections which were not 

processed through the antibody validation step showed staining in the nasal 

epithelium (data not shown). Staining was removed upon competition with the 

blocking peptide (Figure 4.23B). Staining was not observed in medaka tissues tested. 

 

4.6.1.14 – Phospho-TAK1 (Thr184/187) 

Antibody staining for phospho-TAK1 showed specific expression of the 

photoreceptors of the retina (Figure 4.24A), cells within the brain (Figure 4.24C, 

arrows), cells within the kidney (Figure 4.2.4E) and the nasal epithelia (Figure 

4.24G). Staining was removed upon phosphatase treatment of the tissue (Figure 

4.24B, D, F, and H). 

 

Positive staining in medaka was observed throughout many organs. Staining was 

initially thought to be ubiquitous, however the presence of negative nuclei within the 

organs stained, indicated that the patterns observed were not due to overstaining. 

Staining was observed in all layers of the retina and throughout the brain (Figure 

4.25A, C). Staining was also observed within cells of both the primary and secondary 

lamellae, and throughout the kidney (Figure 4.25E, G). 
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Figure 4.23: Zebrafish juvenile staining for TAK1: (A, C) show antibody staining visualised with 

brown DAB chromagen, (B, D) show lack of staining following antibody competition with competing 

peptide. (A)  Staining was observed in the photoreceptors (ph) of the retina, which was lost upon 

blocking peptide competition. (C) Staining was not observed in the brain as was seen with phospho-

TAK1. Scale bar equals 20μm. 
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Figure 4.24: Zebrafish juvenile staining for phospho-TAK1 (Thr184/187): (A,C,E,G) show 

antibody staining visualised with brown DAB chromagen, (B,D,F,H) show lack of staining following 

phosphatase treatment.  Staining was observed in (A) the photoreceptors (ph) of the retina., (C) 

discrete cells within brain (arrows), (E) cells of the kidney tubules (T) as well as heterogeneous 

staining within the rest of the kidney (G) and the nasal epithelia. Scale bars equal 20μm. 



140 

 
Figure 4.25: Medaka juvenile staining for phospho-TAK1 (Thr184/187): (A,C,E,G) show 

antibody staining visualised with brown DAB chromagen, (B,D,F,H) corresponding negative controls.  

Staining was observed in (A) all cell layers of the retina, (C) cells within the brain, (E) cells of the 

gills (G) and the majority of cells of the kidney. Scale bars equal 20μm. 
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4.6.2 - Indeterminate Staining  

Seven of the antibodies tested in the panel were classed as indeterminate. Antibodies 

were classified as indeterminate due to difficulty in showing specificity of staining 

through phosphatase treatment or blocking peptide, or inconsistency through 

differing rounds of IHC reactions. Antibodies against; AKT, phospho-AMPKα1 

(Ser485), phospho-FAK (Tyr576/577), Phospho-GSK3α/β (Se21/9), Myt1, phospho-

Src family (Tyr416) and SAPK/JNK were classed as indeterminate. Further staining 

with a much wider range of IHC protocols may help to validate these antibodies. 

However for the purposes of this project they were excluded from further work due 

to inconsistency. 

 

4.6.3 – Failed Antibodies 

Two of the antibodies were classed as failed following the validation and 

optimisation on juvenile zebrafish sections. The antibody raised against SAPK/JNK 

failed at the optimisation stage, discussed in 4.6.  

 

The second antibody that was classed as failed Casein kinase 1 (CK1), was included 

in this group due to failed confirmation of staining with the blocking peptide. 

Staining for expression of CK1 initially showed faint staining within the 

photoreceptors and staining within the epithelial cells of the intestine (Figure 4.26A, 

C). Incubation of the antibody with the blocking peptide at the recommended dilution 

of 1:2 removed the staining observed in the intestine, indicating that the staining in 

the intestine is specific (Figure 4.26D). However, the staining observed in the RPE 

was intensified (Figure 4.26B). This unexpected result was confirmed upon repeat of 

the experiment. No other blocking peptide displayed this staining. It was therefore 

inferred that the CK1 blocking peptide was responsible for the increase in staining. 

This antibody was not taken further and was classed as failed. The zebrafish protein 

shows 100% homology to the human protein in the region against which the antibody 

was raised.  
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Figure 4.26: Zebrafish juvenile staining for CK1: (A,C) show antibody staining visualised with 

brown DAB chromagen, (B,D) following blocking peptide assay.  (A) Faint staining was observed in 

the photoreceptors (arrows). (B) Staining was intensified following competition with the blocking 

peptide (arrows). (C) Cells in the intestine showed positive staining which was removed upon 

competition with the blocking peptide (D). Scale bars equal 100μm. 
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Antibody Antigen 
Retrieval  

Dilution 

AKT (mouse) EDTA Indeterminate 
Phospho-AMPKα (Thr172) Citrate 1:1000 also at 1:2500 
Phospho-AMPKα1 (Ser485) EDTA Indeterminate 
Phospho-BRAF (Ser445) Citrate 1:150 
Casein kinase 1 (CK1) Citrate Failed 
Phospho-cdc2 (Thr14) Citrate 1:2500 
Phospho-FAK (Tyr576/577)  Citrate Indeterminate 
Phospho-GSK3α (Ser21) EDTA 1:4000 
Phospho-GSK3α/β (Ser21/9) EDTA Indeterminate 
Phospho-GSK3β (Ser9) EDTA 1:2000 also at 1:4000 
Phospho-Her2/ErbB2 (Tyr877) Failed Failed 
MELK Citrate 1:1000 
Myt1 EDTA Indeterminate 
Phospho p38 MAPK 
(Thr180/Tyr182) 

EDTA 1:1000 

Phospho-p70 S6 kinase 
(Thr421/Ser424) 

EDTA 1:1000 

Phospho-p70 S6 kinase (Thr389) EDTA 1:40,000 
PKM1/2 Citrate 1:500 
SAPK/JNK Citrate Failed 
Phospho-SAPK/JNK 
(Thr183/Tyr185) 

EDTA 1:1000 

Non-phospho Src (Tyr416) Citrate 1:50,000 
Phospho-Src family (Tyr416) Citrate Indeterminate 
Phospho-SEK1/MKK4 
(Ser257/Thr261) 

Citrate Indeterminate 

TAK1  Citrate 1:500 
Phospho-TAK1 (Thr184/187) Citrate 1:1000 
 

Table 4.3: Antibody conditions and cross reactivity in zebrafish and medaka tissues. Optimised 

antibody antigen retrieval conditions and concentration, with zebrafish organs which showed staining 

listed, and cross reactivity in medaka indicated. 
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4.7 – Antibody Staining of Zebrafish BRAFV600E Tumours  

All antibodies showing cross reactivity in juvenile zebrafish sections (validated by 

phosphatase treatment or blocking peptide competition) were placed on the zebrafish 

melanoma tumours described in Chapter 3. The tumours examined for antibody 

staining consisted of; three BRAFV600E;p53M214K tumours, three BRAFV600E;mitfavc7 

tumours and three BRAFV600E tumours arising in the Hubrecht background 

(BRAFV600E;Hubrecht). BRAFV600E;Hubrecht tumour 1 was also heterozygous for a 

mutation in ptenb. Tumours from the BRAFV600E;mitfavc7;p53M214K; subgroup were 

not included in the antibody staining due to limited tissue availability. One 

observation made during staining of the tumour tissue was the presence of artefacts 

within the tissue. Although an extended bleaching step was performed on the 

tumours in comparison to juvenile fish, melanin within the melanophages in 

particular proved difficult to completely remove. The brown DAB chromagen 

precipitate was also observed to localise to any tissue which had lifted from the slide 

during the antigen retrieval step.  

 

Variable amounts of melanin pigment present within the tumour sections and its 

similarity in colouration to the DAB chromagen used for antibody visualisation, 

underlined the importance of a bleach step in immunohistochemistry reactions.  

Figure 27 shows both unbleached and bleached sections of all tumours stained with 

antibodies in this chapter. The extent of melanin in each tumour is variable (Figure 

4.27A). Following bleaching, 15 minutes for BRAFV600E;p53M214K tumours due to the 

lesser extent of melanin, and 30 minutes for all other tumours the majority of the 

melanin is removed (Figure 4.27B). However it was observed that in some tumours 

pale traces of melanin remain (Figure 4.27B arrows), particularly in the 

BRAFV600E;mitfavc7 tumours. In order to prevent false positive staining of antibodies, 

no-antibody control images were taken for each tumour. In all cases a negative 

control example of each tumour was compared to the stained tissue, in order to 

determine specific from non-specific staining. 
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Figure 4.27: Heavily Melanised tumours show traces of faint melanin following bleaching. (A) 

The tumours show variation in the amount of melanin. (B) Following bleaching, all three 

BRAFV600E;mitfavc7 tumours and BRAFV600E;p53M214K tumour 1 show traces of pale melanin remaining, 

arrows. Scale bars equal 20μm. 
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4.7.1 – Phospho-AMPK (Thr142) 

Five of the antibodies used showed no convincing staining within any of the tumours. 

This indicated that these proteins may not be expressed within the tissue examined, 

or that they were not present in the phosphorylated form, targeted in the case of 

phospho-specific antibodies. Phospho-AMPKα (Thr142) showed no convincing 

staining within the tumours (Figure 4.28A). Weak generalised brown colouration 

was observed in BRAFV600E;p53M214K tumour 3, BRAFV600E;mitfavc7 tumour 1, and 

Hubrecht tumours 2 and 3. However, brown colouration was also observed in the 

negative controls of these tumours, the exception of this was BRAFV600E;p53M214K 

tumour 3 (Figure 4.28B). This antibody was therefore determined not to show 

specific staining in the melanoma samples.  



148 

 
 



149 

Figure 4.28: Phospho-AMPKα (Thr172) showed no specific staining of the tumours. (A) Weak 

generalised brown staining was observed in BRAFV600E;p53M214K tumour 3, BRAFV600E;mitfavc7 tumour 

1, and BRAFV600E;Hubrecht tumours 2 and 3. Weak localised staining was observed in 

BRAFV600E;Hubrecht tumour 1 (arrow). (B) Negative control images also showed weak generalised 

staining in BRAFV600E;p53M214K tumour 3, BRAFV600E;mitfavc7 tumour 1, and BRAFV600E;Hubrecht 

tumours 2 and 3. Though staining did appear stronger in the antibody stained BRAFV600E;Hubrecht 

tumours 3. Localised staining was also observed in negative control images (arrow) and was 

determined to be artefact. Scale bar equals 20μm. 
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4.7.2 – Phospho-cdc2 (Thr14) 

Staining for the inhibitory form of phospho-cdc2 (Thr14) also showed pale staining 

within most of the tumour tissues, as well as more localised staining within Hubrecht 

tumour 1 (Figure 4.29A, arrow). Upon examination, both the pale staining and the 

more focal staining were also observed in the negative control tissue (Figure 4.29B). 

This was therefore determined to be non specific staining or the artefacts as 

described earlier.  

4.7.3 – Phospho-GSK3α 

The antibody against phosphorylated GSK3α (Ser 21) showed no specific staining in 

the tumour tissue of any of the tumours (Figures 4.30A). Localised brown staining 

was observed in four of the tumours (arrows). However, this did not appear to 

localise to cells and was also observed to be present in the negative controls, it was 

therefore determined to be artefact of incompletely bleached melanin (Figure 4.30B, 

arrows).  

 

Neither of these antibodies showed positive staining in other tissues contained within 

the sections. It is therefore not possible to definitively determine that these tumours 

do not express these phosphorylated proteins. Repetition would be required, possibly 

with the addition of juvenile tissue to the IHC reaction, in order to determine this. It 

is also possible that the fixation conditions, which are extended in adult samples may 

not be suitable for these antibodies. 
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Figure 4.29: Phospho-cdc2 (Thr14) showed no positive staining in any of the tumour types. (A) 

Very weak cytoplasmic staining was observed in all tumours except BRAFV600E;mitfavc7 tumour 2, as 

well as some localised staining in BRAFV600E;Hubrecht tumour 1. (B) However, examination of the 

negative control showed no significant difference in brown colouration, as well as the presence of 

localised staining (arrows) proposed to be incompletely bleached melanophages. Scale bar equals 

20μm. 
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Figure 4.30: Phospho-GSK3α (Ser21) showed no positive staining in any of the tumour types. 

(A) No staining was observed following IHC in any of the tumours. Some localised staining (arrows) 

was determined to be artefact following comparison with negative control images (B). Scale bar 

equals 20μm. 
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4.7.4 - MELK 

Antibodies against MELK showed weak cytoplasmic staining in the tumours. 

Though, with the exception of Hubrecht tumour 3 (Figure 4.31A) staining was also 

observed within the negative control tissues. In the case of some of the 

BRAFV600E;mitfavc7 tumours, lack of full removal of the melanin from the 

melanosome despite an extended bleaching step was seen in the negative controls 

(Figure 4.31B). The only tumour which showed weak generalised staining that was 

absent in the negative control was that of BRAFV600E;Hubrecht tumour 3 and 

BRAFV600E;p53M214K tumours. However a larger panel of tumours would need to be 

stained before conclusions could be made about differential staining. Interestingly 

the tumour sections which also contained retinal, or ovarian tissue showed strong 

antibody staining in these tissues (data not shown). It was therefore possible to 

determine that the negative staining observed was real. 

4.7.5 – Non-phospho Src (Tyr416) 

This was also true of antibody staining for non-phosphorylated Src (Tyr416). No 

specific staining in the tumours was observed. Some tumours showed weak dispersed 

staining or more localised staining (Figure 4.32A, black arrows), which was also 

observed within the negative controls (Figure 4.32B, black arrows). 

BRAFV600E;p53M214K tumour 2 showed general cytoplasmic staining, which was not 

observed in the negative control. However, positive staining in muscle fibres (Figure 

4.32A, red arrow), indicated that the lack of staining within the remaining tumours 

was real. 
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Figure 4.31: MELK showed no positive staining in most of the tumour types. (A) Only 

BRAFV600E;Hubrecht tumour 3 showed general cytoplasmic staining which was not observed in the 

negative control. BRAFV600E;mitfavc7 tumour 1 and 2, and BRAFV600E;Hubrecht tumour 1 showed areas 

of localised pigment (arrows). This localised pigment was also observed in the negative control tissue 

and was determined to be artefact (B). Scale bar equals 20μm. 
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Figure 4.32: Non-phospho-src (Tyr416) showed no positive staining in any of the tumour types. 

(A) Only BRAFV600E;p53M214K tumour 2 was observed to show staining which was not seen in the 

negative control tissue. Other tumours showed localised staining (black arrows) which was 

determined as artefact following observation of negative control tissue (B). Positive staining of 

muscle fibres was observed (red arrow) indicating that the IHC was successful.  Scale bar equals 

20μm. 
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Antibodies which showed cytoplasmic staining were phosphorylated BRAF (Ser445), 

phosphorylated SAPK/JNK (Thr183/Tyr185) and TAK1.  

4.7.6 – Phospho-BRAF (Ser445) 

Staining for phosphorylated BRAF (Ser445) showed cytoplasmic staining in 

BRAFV600E;p53M214K tumour 1, BRAFV600E;mitfavc7 tumour 1 and all three Hubrecht 

BRAFV600E tumours, with weak staining observed in BRAFV600E;p53M214K tumour 1 

(Figure 4.33A). This staining was determined not to be specific upon comparison 

with the negative control images (Figure 4.33B). The staining in the remaining 

tumours was either weak or inconclusive due to DAB chromagen observed in the 

negative control. Staining was also observed within the retina as was seen for the 

juvenile sections (data not shown).   

4.7.7 – Phospho-SAPK/JNK (Thr183/Tyr185) 

Phosphorylated SAPK/JNK (Thr183/Tyr185) showed generalised cytoplasmic 

staining in most tumours, though positive nuclear staining was observed in 

BRAFV600E;p53M214K tumour 1 (Figure 4.34A, white arrows). As this was observed in 

only a single tumour, it is not possible to rule out the presence of artefact staining, 

however, this was not observed in the negative control images (Figure 4.34B). Some 

staining, particularly that observed in BRAFV600E;mitfavc7 tumour 3 may possibly be 

remaining melanin, due to the characteristically rounded shape of the staining 

(Figure 4.34A, black arrows). Some artefacts were observed in the negative controls 

(Figure 4.34B). 

4.7.8 – PKM1/2 

PKM1/2 staining was observed in two tumours only, BRAFV600E;p53M214K tumour 1 

and BRAFV600E;mitfavc7 tumour 1 (Figure 4.35A), which was not observed in the 

negative control. This appeared to show both cytoplasmic and nuclear staining, 

though it must be noted that the staining shown was the only region of the tumour 

which showed expression, it is therefore possible that the staining observed may be 

an artefact of fixation. Repetition in further tumour samples must be performed 

before definitive conclusions can be formed.  
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Figure 4.33: Phospho-BRAF (Ser445) showed positive staining in most of the tumours. (A) 

Cytoplasmic staining was observed in most of the tumours at differing intensities. BRAFV600E;p53M214K 

tumour 2 and  BRAFV600E;mitfavc7 tumour 2 showed little or no staining. (B) Negative control tissue 

showed some artefact staining, though this was generally weak. Scale bar equals 20μm. 

 



163 

 

 



164 

Figure 4.34: Phospho-SAPK/JNK (Thr183/Tyr185) showed positive staining in most of the 

tumours. (A). Cytoplasmic staining was observed in all tumours except BRAFV600E;p53M214K tumour 1 

which showed positive nuclear staining (white arrows), these positively stained nuclei were infrequent. 

Some staining was attributed to melanophages (black arrows) upon observation in the negative control 

(B). Scale bar equals 20μm. 
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Figure 4.35: PKM1/2 showed positive staining in two tumours. (A) Positive staining was observed 

in BRAFV600E;p53M214K tumour 1 and BRAFV600E;mitfavc7 tumour 1. However, this was the only region 

of this tumour observed to show staining. (B) Little artefact staining was observed in the negative 

control tissue. Scale bar equals 20μm. 
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4.7.9 – TAK1 

Antibody staining for total levels of TAK1 showed considerable differences between 

individual tumours. BRAFV600E;mitfavc7 tumours 1 and 3 showed strong cytoplasmic 

staining, though it was observed that regions of both tumours showed variability in 

the intensity of staining (data not shown). BRAFV600E;p53M214K tumour 3 and 

Hubrecht tumour 3 also showed cytoplasmic staining. While the remaining tumours 

showed weak or no staining (Figure 4.36A). Staining was determined to be specific 

upon comparison with negative control sections even though some artefact staining 

was observed, this was determined not to be responsible for that observed when 

staining with the antibody (Figure 4.36B) 

4.7.10 – Phospho-TAK1 

In contrast staining tumour samples for phospho-TAK1 (Thr184/187) showed 

heterogeneous nuclear expression within tumours (Figure 4.37A). The tumour 

subtype which showed the most intensely stained nuclei was that of the 

BRAFV600E;mitfavc7 subtype. However variation was observed not only within tumour 

subtypes, but also within each tumour. It is noteworthy that all tumours showed 

heterogeneity of expression, some cells showing very intense signal, some 

intermediate and some showing no signal which can be detected by eye. Hubrecht 

tumour 2 showed the weakest staining for phosphorylated TAK1 (Thr184/187), 

though the staining remained heterogeneous as observed in the other tumours. 

BRAFV600E;p53M214K tumour 1 showed strong staining within the enlarged 

heterochromatic nuclei present in this tumour (figure 4.37A, arrow). 
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Figure 4.36: TAK1 showed positive staining. (A) Differences in staining and intensity were 

observed between tumours. BRAFV600E;mitfavc7 tumours 2 and 3 were observed to show strong staining, 

as was BRAFV600E;Hubrecht tumour 3. Weaker or no staining was observed in the remaining tumours. 

(B) Some artefact staining was observed in the negative control tissue (arrows), though this was 

determined not to affect the positive staining result of the antibody.  Scale bar equals 20μm. 
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Figure 4.37: phospho-TAK1 (Thr184/187) showed positive staining in most of the tumours. (A) 

Heterogeneous nuclear staining was observed in all tumours. The tumours which showed the strongest 

staining were BRAFV600E;mitfavc7 tumours. Negative control tissue showed no staining (B).Scale bar 

equals 20μm. 
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4.7.11 – Phospho-GSK3β (Ser9) 

Although the antibody for phosphorylated GSK3α (Ser21) showed no staining within 

the tumours, occasional nuclear staining was observed within three of the tumours 

when using the antibody against phosphorylated GSK3β (Ser9) (Figure 4.38A, 

arrows). The specific nuclear localisation and lack of reciprocal nuclear artefact 

staining in the negative control indicates that this staining was specific, although 

some artefact staining was observed.  

4.7.12 – Phospho-p38 MAPK (Thr180/Tyr182) 

Phosphorylated p38 MAPK (Thr180/Tyr182) also showed strong discrete nuclear 

staining in all of the tumours except Hubrecht tumour 2. Few positive cells were 

observed in each tumour, though the staining was distinct and unmistakable (Figure 

4.39A). Staining was not observed throughout the whole of the tumours and 

appeared to be in regions, this was observed in the BRAFV600E;mitfavc7 tumour 

subtype, in which the staining appeared to be localised at the outer edge of the 

tumour. It is possible therefore that this staining effect may be due to more efficient 

fixative penetration at the external edge of these tumours.  
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Figure 4.38: phospho-GSK3β (Ser9) stained positively in few nuclei. (A) BRAFV600E;p53M214K  

tumour 2 and BRAFV600E;Hubrecht tumours 1 and 2 showed few positive cells (arrows), while no 

staining was observed in other tumours. (B) Negative control tissue showed some artefact staining. 

Scale bar equals 20μm. 
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Figure 4.39: phospho-p38 MAPK (Thr180/Tyr182) showed positive nuclear staining. (A) 

Positive nuclear staining (arrows) was observed in all tumours, except BRAFV600E;Hubrecht tumour 2. 

Staining was not found throughout the entirety of the tumours. In the BRAFV600E;mitfavc7 tumours 

staining was localised to the external regions. (B) Negative control tissues showed some artefact 

staining, but no staining in the nuclei. Scale bar equals 20μm. 
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4.7.13 – p70 S6 Kinase 

Both antibodies of the two differing forms of phosphorylated p70 S6 kinase showed 

strong nuclear staining. Phospho-p70 S6 kinase (Thr389) showed the most variation 

between tumours, BRAFV600E;p53M214K tumour 2 and BRAFV600E;mitfavc7 tumour 3 

showed no staining for this phospho form (Figure 4.40A). Though the remaining 

tumours did show nuclear staining, the frequency of nuclear staining varied from a 

few nuclei stained to many nuclei stained. Nuclear staining in BRAFV600E;p53M214K 

tumour 1 and BRAFV600E;Hubrecht tumours 1 and 2 were infrequent throughout the 

tumours. 

 

Phospho-p70 S6 kinase (Thr412/Ser424) stained a higher number of nuclei and 

staining was observed in all tumours. Heterogeneous staining is observed in all 

tumours, with some negative (blue) nuclei observed as well as those which stained 

for antibody expression. Weaker staining was observed in the BRAFV600E;Hubrecht 

tumours 1 and 2. Interestingly the enlarged hyperchromatic nuclei in 

BRAFV600E;p53M214K tumours 1 and 2 showed intense staining (Figure 4.41A, arrows). 
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Figure 4.40: phospho-p70 S6 kinase (Thr389) showed positive cells within most of the tumours. 

(A) Variation in staining was observed between tumours. With the exception of BRAFV600E;p53M214K  

tumour 2 and BRAFV600E;mitfavc7 tumour 3, which did not show any positive staining, the remaining 

tumours showed nuclear staining (arrows). Variability in staining was observed between tumours. (B) 

Negative control tissue showed some artefact stain, but was not the localised nuclear stain observed 

with the antibody. Scale bar equals 20μm. 
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Figure 4.41: phospho-p70 S6 kinase (Thr421/Ser424) showed positive cells within all of the 

tumours. (A)Nuclei of all tumours showed heterogeneous staining, in particular polymorphic nuclei 

present in the BRAFV600E;p53M214K  tumour subtype showed strong staining (arrows). (B) Some artefact 

staining was observed in the negative control tissue, though this was not localised to the nucleus. 

Scale bar equals 20μm. 
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4.8 - Discussion 

I have shown that antibodies raised against human or mouse peptides can show cross 

reactivity in zebrafish tissues. In the process of doing this I have also shown that it is 

possible to utilise a standardised IHC protocol and the same reagents for all 

antibodies, altering only the antigen retrieval buffer for optimisation. Although the 

principles of IHC reactions remain the same as described in section 4.4, a wide range 

of alterations can exist between protocols. This often depends on which laboratory 

has devised the protocol; heating methods can vary for the antigen retrieval step, as 

can the reagents used. I determined that utilising DAKO reagents enabled the use of 

a standard protocol and that employing a microwaveable pressure cooker best 

preserved tissue integrity. That is not to discount that further alteration of the IHC 

protocol may enable the passing of several of the indeterminate antibodies for those 

interested in a particular antibody.  

 

Other reports recommend the initial step in antibody validation to be western blotting 

(Bordeaux et al., 2010). However, as we were interested in optimising antibodies for 

IHC for specific tissues, we opted to start immediately with this protocol. Future 

work then focussed only on those antibodies which were suitable for use in IHC.   

 

4.8.1 - The Stepwise Model of IHC Validation 

It was decided to perform stepwise rounds of IHC validation (Figure 4. 1), with each 

step addressing differing questions. The use of the tissue microarray was an essential 

initial step of antibody optimisation. The presence of randomised human breast 

cancer cores was utilised as an essential positive control for the effectiveness of the 

antibodies in the IHC reaction as most of the antibodies were raised against human 

peptides, therefore ensuring that there were no false negatives.  

 

The decision was made to switch to whole sagittal sections of juvenile zebrafish, due 

to the densely packed nature of the zebrafish tumours, and the presence of muscle 
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fibres in one of the tumours resulting in a lack of tissue. Juvenile sections provided a 

wide range of heterogeneous tissues with which to optimise antibodies. Literature 

searching of known anatomical expression of the proteins targeted by each antibody 

(described below) was performed as a further form of validation of the antibodies. 

These sagittal sections were utilised to optimise the dilution of the antibodies to 

remove non-specific staining. Upon reaching a dilution which appeared to show 

specific staining of organs, antibodies were tested for specificity by use of either 

phosphatase treatment of tissues or the use of blocking peptides, although the 

weaknesses of these are known. For example, the use of a phosphatase validates that 

the antibody is detecting a phosphorylated protein but not which one specifically, 

however, it is an essential step in the process of validation.  

 

Following completion of this screen, areas at which the pipeline could be 

additionally streamlined were identified. One of which would be the use of human 

tumour tissue cores added to a paraffin block of zebrafish juvenile sagittal sections, 

enabling concurrent staining of the heterogeneous tissues of the juvenile zebrafish 

with the positive control of the human tissue. The majority of antibodies required 

further changes in dilution at the validation step following the initial dilution 

optimisation, therefore another way by which to streamline testing could be made by 

combining both initial optimisation of antibody dilution with that of antibody 

validation by phosphatase treatment or blocking peptide. 

 

It is possible that those antibodies which were classed as indeterminate or failed, may 

show cross reactivity upon testing a much wider range of IHC protocols, utilising a 

different method of antigen retrieval and different reagents. However, their 

inconsistency may indicate that they may not be suitable antibodies for 

immunohistochemistry. 

 

4.8.2 - Cross Reactivity in Zebrafish and Medaka Tissue 

Fourteen antibodies were observed to show cross reactivity in zebrafish tissues which 

was removed upon phosphatase or blocking peptide competition. These antibodies 
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were tested on juvenile medaka sections in order to determine cross reactivity, as 

well as a further form of validation. Staining in medaka was observed with seven of 

the fourteen antibodies tested, with six showing no staining and one showing very 

weak staining. Differences in intensity of staining and organs stained were 

sometimes observed. Due to size differences, and though making every attempt it 

was not always possible to include all organs in the staining process due to the size 

of the fish and the sectioning plane. In Table 4.4, a summary of tissue stained and 

tissues not present is listed, it is possible that these antibodies may show cross 

reactivity, however the tissue was not present. Another possibility may be that 

although zebrafish and medaka belong to the same teleost group, there is evidence of 

gene rearrangements since their divergence, with differing mutant phenotypes 

observed (Ishikawa, 2000; Naruse et al., 2004). 

 

A further form of validation of antibody specificity was that of literature searching. 

This was performed to determine whether gene expression had been reported in the 

organs of interest (Table 4.4). 
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Antibody Tissues Zebrafish 
Cross 
Reactivty 

Medaka 
Cross 
Reactivity 

Literature Validation 
and species 

Retina Yes - 
photoreceptors 

N/P ---  

Gills Yes - primary 
and secondary 
lamellae 

No --- 

Nasal 
epithelium 

Yes N/P AMPKα1 shown to be 
expressed in rat nasal mucosa 
by IHC, Hallows et al., 2000 

Oesophagus Yes - goblet cells No --- 
Brain No No --- 
Intestine No No --- 
Kidney No N/P --- 
Ovary N/P No --- 

Phospho-
AMPKα 
(Thr172) 

Spinal cord N/P No --- 
Brain Faint stain Brain In situ hybridisation of E.15.5 

mouse embryos, Wojnowski et 
al., 2000 

Retina Yes - 
bipolar/amacrine 
cell layer 

 

Yes- 
bipolar/amacrine 
cell layer and 
inner plexiform 

In situ hybridisation of E.15.5 
mouse embryos, Wojnowski et 
al., 2000 

Spinal cord Yes - nuclei Yes - nuclei In situ hybridisation of E.15.5 
mouse embryos, Wojnowski et 
al., 2000 

Gills No No --- 
Intestine No Few cells 

observed 
--- 

Kidney No N/P --- 
Nasal 
epithelium 

N/P N/P --- 

Oesophagus N/P No --- 

Phospho-
BRAF 
(Ser445) 

Ovary No  --- 
Retina Yes- outer 

plexiform 
N/P --- 

Gills Few cells were 
observed as 
positive 

No --- 

Intestinal Yes - epithelium No --- 
Kidney 
tubules 

Yes – kidney 
tubules 

N/P --- 

Brain  Faint stain No --- 
Nasal  N/P No --- 
Oesophagus  No No --- 
Ovary  N/P No --- 

Phospho-
cdc2 
(Thr14) 

Spinal cord Faint stain No --- 
Phospho-
GSK3α 

Brain  Yes – nuclei and 
cytoplasm 

Yes – nuclei and 
cytoplasm 

Whole mount in situ 
hybridisation in zebrafish 
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embryos, Tsai et al., 2000 

Retina Yes –  
ganglion cells 
and 
photoreceptors 

Faint stain Whole mount in situ 
hybridisation in zebrafish 
embryos, Tsai et al., 2000 

Spinal cord Yes – nuclei and 
cytoplasm 

No Whole mount in situ 
hybridisation in zebrafish 
embryos, Tsai et al., 2000 

Gills  No No --- 
Intestine  No Indeterminate --- 
Kidney  No No --- 
Nasal 
epithelium 

N/P N/P --- 

Oesophagus  No No --- 

(Ser21) 

Ovary  No No --- 
Brain Yes - cytoplasm Faint stain Mutation in the GSK3 binding 

site in the wnt scaffold protein 
Axin results in a reduced or 
absent telencephalon in 
zebrafish development, 
Heisenberg et al., 2001 

Gills  No No  
Intestine  No N/P  
Kidney  No N/P  
Nasal 
epithelium 

N/P N/P  

Oesophagus  N/P No  
Ovary  No No  
Retina  N/P No  

Phospho-
GSK3β 
(Ser9) 

Spinal cord  N/P No  
Retina  Yes - 

photoreceptors 
Yes – a few RPE 
cells 

RT PCR from adult zebrafish 
eye for MELK-like zebrafish 
gene, Saito et al., 2005 

Ovary Yes - oocytes No RT PCR of unfertilised mouse 
eggs, Heyer et al., 1997 

Blood Yes  Yes Morpholino knockdown 
severly delayed blood 
circulation in zebrafish, Saito 
et al., 2005 

Brain  No No --- 
Gills  No Yes – blood cells --- 
Intestine  No No --- 
Kidney  No No --- 
Nasal 
epithelium  

N/P N/P --- 

Oesophagus  N/P N/P --- 

MELK 

Spinal cord  Indeterminate No --- 
Retina  
 

Yes - 
photoreceptors 
and RPE 
 

N/P Whole mount in situ 
hybridisation of 18hpf 
zebrafish, Hsu et al., 2011 

Phospho-
p38 MAPK 
(Thr180/ 
Tyr182) 

Gills  Yes - primary No Western blot of total levels of 
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and secondary 
lamellae 

p38 MAPK in gill epithelia of  
Fundulus heteroclitus (teleost) 
Kültz and Avila, 2001 

Brain  No Few cells 
observed 

--- 

Intestine  Indeterminate No --- 
Kidney  No No --- 
Nasal 
epithelium 

Indeterminate N/P --- 

Oesophagus Indeterminate Indeterminate --- 
Ovary  N/P No --- 
Spinal cord  N/P No --- 
Brain A few cells 

observed 
Yes - nuclei Western blot analysis of rat 

cerebral cortex, Tsuji et al., 
2003 

Retina  Yes - 
photoreceptors 
and RPE 

Yes -  
bipolar/amacrine 
cell layer and 
ganglion cells 

Western blot of a rat retinal 
cell line, cell line. Wu et al., 
2004 

Gills No Yes - primary 
lamellae 

--- 

Spinal cord N/P Yes - nuclei Western blot analysis of rat 
spinal cord dorsal horn, Xu et 
al., 2010 

Intestine  No No --- 
Kidney  No N/P --- 
Nasal 
epithelium 

N/P N/P --- 

Oesophagus No Indeterminate --- 

Phospho-
p70 S6 
kinase 
(Thr421/ 
Ser424) 

Ovary  No No --- 
Brain Yes – nuclei and 

cytoplasm 
No --- 

Intestine Faint stain Yes - epithelial 
cells 

--- 

Nasal 
epithelium 

Yes N/P --- 

Spinal cord Yes N/P --- 
Gills  No No --- 
Kidney  No No --- 
Oesophagus  No No --- 
Ovary  N/P No --- 

Phospho-
p70 S6 
kinase 
(Thr389) 

Retina  No No --- 
Retina  Yes - outer 

plexiform 
N/P Enzyme electrophoresis 

detected PKM in extractions 
from human fetal and adult 
retinas, Beemer et al., 1982 

Cartilage/ 
bone 

No Yes --- 

Brain  No No --- 
Gills  No No --- 
Intestine  No No --- 

PKM1/2 

Kidney  No N/P --- 
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Oesophagus  No No --- 
Ovary  N/P Very faint stain --- 
Nasal 
epithelium  

N/P N/P 

Spinal cord  No No 

--- 

Brain Yes - cytoplasm Yes - cytoplasm Western blot of rat 
hippocampus, Chen et al., 
2002 

Retina  Yes - ganglion, 
inner plexiform, 
photoreceptors 

No Western blot and 
immunofluorescence of mouse 
retina, Liu et al., 2005 

Gills  No Indeterminate --- 
Intestine Very faint N/P --- 
Kidney  No No --- 
Nasal 
epithelium  

N/P N/P --- 

Oesophagus  No N/P --- 
Ovary  N/P No --- 

Phospho-
SAPK/JNK 
(Thr183/ 
Tyr185) 

Spinal cord  N/P Yes - cytoplasm --- 
Intestine Yes - epithelium N/P --- 

Muscle Yes No Northern blot analysis of total 
levels of src in a rat skeletal 
muscle cell line, Claycomb et 
al., 1987 

Brain  No No --- 
Gills  No No --- 
Kidney  No No --- 
Nasal 
epithelium  

N/P N/P --- 

Oesophagus  N/P No --- 
Ovary  No No --- 

Non-
phospho-
Src 
(Tyr416) 

Spinal cord  No No --- 
Retina  Yes - 

photoreceptors 
No --- 

Brain  No No --- 
Gills  No No --- 
Intestine  No No --- 
Kidney  No No --- 
Nasal 
epithelium 

Yes N/P --- 

Oesophagus  No No --- 
Ovary  No No --- 

TAK1 

Spinal cord  N/P No --- 
Brain Yes - nuclei Yes - nuclei TAK1 deficient mice have a 

smaller cerebellum with 
structural deficiencies, Kim et 
al., 2010 

Retina  Yes - 
photoreceptors 

Yes - all cell 
layers 

--- 

Phospho-
TAK1 
(Thr184/ 
187) 

Gills Yes* Yes - primary 
and secondary 

--- 
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lamellae 
Kidney  Yes - tubules Yes - all cells IHC of E14.5 mouse embryo, 

Jadrich et al., 2003 
Nasal 
epithelium 

Yes N/P IHC of E.12.5 mouse embryo, 
Jadrich et al., 2003 

Intestine  No Yes - epithelium --- 
Oesophagus  No N/P --- 
Ovary  N/P Yes --- 
Spinal cord  N/P Yes - nuclei IHC of E.10.5 mouse embryo, 

Jadrich et al., 2003 
Table 4.4: Showing antibody staining for tissues in zebrafish and medaka juveniles. The presence 

of either positive or negative staining for major tissues in zebrafish and medaka are summarised. 

Correlation of organ staining was examined between species and literature searching performed for 

reported expression patterns. Staining of blood cells and skeletal muscle was negative unless 

specifically listed in the table. N/P = organ not present in stained tissues. * = organ stained but did not 

undergo validation. Faint = very weak signal observed. 

 

4.8.3 – Zebrafish BRAFV600E Melanoma Antibody Staining 

Following staining of the juvenile zebrafish sections, positive staining in organs was 

recorded for each antibody. Whole transverse sections were performed at the location 

where the tumour arose, so that during antibody staining of tumour samples, the 

organs present within the section provided a useful method of control. This was 

particularly noted during staining for MELK expression, which was seen to be absent 

or very weak in all tumour tissues. In zebrafish tumour sections which contained 

ovarian tissue, staining was observed, indicating that the negative result observed in 

most tumours was authentic. This was also observed for non-phosphorylated Src 

(Tyr416), which showed no staining in tumour tissues, with the exception of 

BRAFV600E;p53M214K tumour 2 which showed weak cytoplasmic staining, that was not 

observed in negative control tissue. However, positive staining in the muscle fibres 

indicated that the negative staining observed in the majority of the tumours was 

genuine. It was difficult to be conclusive about staining for those tumours which 

showed weak positive staining, as artefactual staining was also sometimes observed 

to result in very brown coloration. Further antibody staining of a larger cohort of 

tumours would enable definitive conclusions to be determined. 
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Increased levels of MELK have been observed in a number of tumours such as; 

breast, lung, ovary and colon. MELK has been shown to interact with CDC25B and 

overexpression have been shown to result in accumulation of cells in G2, while 

knockdown resulted in both a decrease in proliferation and anchorage-independent 

growth (Davezac et al., 2002; Gray et al., 2005). Increased expression of MELK has 

been shown in cell lines derived from more advanced and aggressive melanomas 

compared to less advanced, less aggressive melanoma tumours (Ryu et al., 2007). 

The results observed in this chapter may indicate that the zebrafish melanoma 

models do not require upregulation of MELK or that they are not as advanced as the 

malignant melanoma observed in the study. 

 

This was not the case for all antibodies, phospho-AMPKα (Thr142), phospho-cdc2 

(Thr14) and phospho-GSK3α (Ser 21) did not show staining in other organs 

contained within the tissue sections. Both phospho-AMPKα (Thr142) and phospho-

cdc2 (Thr14) showed staining of the retina in juvenile sections, but not in adult 

sections with tumours. It may be possible that the expression levels changed in 

adulthood. However, it is also possible that changes in fixation conditions were not 

permissive to the antibody, with increased fixation/decalcification time periods 

utilised.   

 

Staining for non-phosphorylated Src (Tyr416) showed no expression in any of the 

zebrafish melanoma tumours examined. However, the total levels and activation of 

Src in human melanoma has been shown to be increased compared to normal skin, as 

has family member Yes (Lee et al., 2010). Use of the kinase inhibitor dasatinib, 

which is able to inhibit Src, was shown to reduce migration, invasion and growth of 

melanoma cell lines (Eustace et al., 2008). In relation to these reports, it was un-

anticipated that most of the zebrafish melanoma tumours examined showed no 

expression of non-phosphorylated src (Tyr416). However, the staining of muscle 

fibres, as was observed in the juvenile sections, indicated that the antibody staining 

was successful. The antibody used was to specifically target the unphosphorylated 

form of Src (Tyr416), therefore not excluding the possibility of activated Src present 

in the tumours. 
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Staining for phospho-BRAF (Ser445) showed weak expression in most of the 

tumours, though two tumours failed to show staining. This phosphorylation was 

found to be constitutive (Mason et al., 1999), therefore providing an indication of 

levels of BRAF in the cell. Since this phosphorylated state is not required for BRAF 

activation and mutations did not prevent RAS signalling, it is possible that 

phosphorylation of this site may have been lost with little effect in those tumours 

which showed no staining.  

 

Interactions between several of the proteins in this panel have been discussed during 

the juvenile sagittal staining in Chapter 4.6. All of the tumours also showed 

widespread nuclear staining for phosphorylated TAK1 (Thr184/187) and most of the 

tumours show cytoplasmic staining for total levels of Tak1, although intensity varied. 

TAK1 acts to upregulate a variety of proteins, in response to TGFβ signalling. 

Downstream targets of TAK1 include SAPK/JNK and p38 MAPK.  

 

As observed when staining for phosphorylated TAK1, all of the tumours show 

expression of phosphorylated SAPK/JNK (Thr183/Tyr185), though it is mainly 

cytoplasmic. It has been described that not only is c-jun, a downstream target of JNK, 

highly expressed in cancer but that activity of JNK is increased by activated ERK in 

melanoma cells, leading to increased cyclin D1 expression (Lopez-Bergami et al., 

2007). 

 

p38 MAPK is activated by TAK1 via MAPK2K6, therefore it followed that tumours 

which show strong staining of phospho-TAK1, would show activation of p38 MAPK. 

Heterogeneous staining of p38 MAPK was observed in all but one tumour, although 

this was not observed throughout the majority of cells, as was observed with 

phosphorylated TAK1. BRAFV600E;Hubrecht tumour 2 did not show any staining for 

phospho-p38 MAPK. Interestingly it was observed that this tumour also showed 

weaker staining for phospho-TAK1, however, this was assessed visually and would 

need to be repeated and quantified in order to be conclusive.  
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Interestingly in cancer cell lines activation of ERK and p38 are observed to be 

mutually exclusive due to a negative feedback loop. However, it has been described 

that unlike cell lines derived from other cancer types, melanoma cell lines tested 

were the only ones to show activation by phosphorylation of both kinases, which 

were normally found to be mutually exclusive (Estrada et al., 2009). I also observed 

activation of both phospho-ERK (described in Chapter 3) and phospho p38 MAPK in 

the zebrafish models of melanoma. 

 

The activation of both p38 MAPK and SAPK/JNK is described by novel 

mechanisms in melanoma cells examined. ERK constitutively activates SAPK/JNK, 

and the negative regulatory loop which exists in non-cancerous cells between ERK 

and p38 MAPK is lost (Estrada et al., 2009; Lopez-Bergami et al., 2007). This 

indicates the importance of further understanding alterations in signalling pathways 

in melanoma. 

 

Staining for expression of phospho-GSK3α (Ser 21) showed no staining in the 

tumours, while phospho-GSK3β (Ser9) showed only two tumours with very few cells 

stained. Lack of staining in the pten lacking tumours may be expected following 

inhibition of GSK3 by AKT. Loss of GSK3 expression to cancerous cells may be 

beneficial, following that GSK3β was shown to mediate suppression of cyclin D2 

downregulation (Huang et al., 2007) an essential component of the cell cycle. 

 

Both forms of p70 S6 kinase were observed to stain most tumours. Interestingly 

staining for phospho-p70 S6 kinase (Thr421/Ser424) showed an increased number of 

positive cells when compared to staining for Thr389. It is possible that these cells 

have undergone phosphorylation of the pseudosubstrate domain, but reduced 

numbers of them have undergone the additional phosphorylation that is required for 

activation. Heterogeneous staining was observed for both antibodies between 

tumours rather than subgroups. Interestingly intense staining was observed in the 

hyperchromatic nuclei of the BRAFV600E;p53M214K tumours, further investigation into 

the mechanism behind this would be of interest. In particular, investigation into 
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whether upstream regulators of p70 S6 kinase show the same expression pattern in 

the hyperchromatic nuclei. 

 

Interestingly one hypothesis based on the differences in phenotypes observed, was 

that differences in staining would be observed between differing tumour subtypes. 

However, differences in staining were observed between individual tumours. This 

lends evidence to the hypothesis that the melanoma tumours which arise have 

acquired further mutations for malignant transformation. It has been observed that 

BRAFV600E mosaic zebrafish with multiple nevi do not develop melanoma from all 

nevi, and stable BRAFV600E;p53M214K fish, which carry both mutations in all 

melanocytes, will develop melanoma at a localised site, when all melanocytes hold 

the potential for transformation. Preliminary exome sequencing currently being 

undertaken by Jennifer Yen (Sanger Institute, Cambridge) in collaboration with Amy 

Capper (E.E. Patton laboratory, Edinburgh) has initially shown somatic changes in 

tumour samples compared to control tissue from the same individual. Although these 

have been identified in individual genes, specific pathway alterations have not yet 

been identified (Jennifer Yen, personal communication). Additional work by Amy 

Capper has also begun to show that differences in expression exist between tumours 

on the same genetic background (Amy Capper, personal communication). 

 

Following the identification that there is variability between tumours of protein 

expression and activation, it would be ideal to perform this screen on a larger cohort 

of zebrafish in order to determine whether variation between tumours may segregate 

into groups. A further reason for requiring a larger cohort of fish is that within each 

tumour subtype there is a degree of variability between zebrafish (Described in 

Chapter 3). Unlike the murine models, zebrafish strains are not often highly inbred 

and there is a high degree of genome variability, as exemplified by the Hubrecht 

identification. 

 

I have shown here that it is possible to use a standardised IHC protocol with variation 

of the antigen retrieval step in order to optimise antibodies for use in zebrafish 

paraffin embedded tissues. I have shown that this can be utilised to show cross-
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reactivity of commercially available antibodies raised against human or mouse 

peptides, in zebrafish tissues. This stepwise method of antibody optimisation will 

expand the range of antibodies which can be utilised by the zebrafish field, in 

addition to zebrafish specific antibodies which are becoming available. In addition I 

have utilised these antibodies to examine protein expression in zebrafish melanoma 

samples and have shown that differences exist in protein expression between 

individual tumours, indicating that further molecular changes have occurred during 

malignancy. 

 

4.8.4 - Future Directions 

In order to further validate the antibodies tested for cross reactivity in this chapter, 

western blot analysis should be performed. I have shown the antibody staining in this 

chapter to be either phosphorylation specific (where applicable) or to be blocked by 

the peptide against which the antibody was raised. Western blot analysis would 

provide confirmation of specificity by protein weight, as well as determining whether 

the antibody detects multiple peptides in zebrafish. Of the antibodies tested, 18 were 

polyclonal, and several of the antibodies were stated by Cell Signaling Technology® 

to cross react with more than one peptide by bioinformatics (Tables 4.1 and 4.2). For 

example the antibody for non-phosphorylated Src (Tyr416) was stated to possibly 

also cross react with Lyn, Fyn, Lck, Yes and Hck. Due to timing constraints and 

antibody availability a western blot analysis was not undertaken as part of this 

project, but is recognised as an essential step in the validation process. A much 

longer term plan for validation would be either small molecule inhibitors or 

morpholino experiments which are seen as the gold standard for antibody validation.  

 

Further work would involve staining a larger cohort of tumours with these antibodies 

in order to investigate heterogeneity of staining between tumours. This would 

explore the hypothesis that the tumours have acquired further mutations than that 

which is in their background. This investigation could be integrated with that of 

Jennifer Yen and Amy Capper, in order to look at alterations in expression pattern of 

proteins of interest arising from sequencing projects. If there are commercial 
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antibodies available for the gene of interest raised against human or mouse peptides, 

a stepwise method of antibody validation for cross reactivity in zebrafish is now in 

place.  

 

Future work would also include antibody staining of human melanoma tumours 

alongside zebrafish tumours. This would enable investigation into similarities or 

differences between the zebrafish melanoma models described in this chapter and 

human melanoma tumours. The ability to extract DNA from paraffin embedded 

tissues may also allow sequencing of the human melanoma tumours stained for 

mutations in the genes used to generate the zebrafish melanoma models in this 

chapter. This would enable the study of protein expression similarities or differences 

between human melanoma tumours and specific zebrafish melanoma models. 

 

In collaboration with Professor Manfred Schartl and Dr Daniel Liedtke (Biozentrum, 

Universität, Würzburg) antibodies which showed cross reactivity in zebrafish were 

also tested for cross reactivity in juvenile medaka. Validation of staining was not 

performed on medaka, with antibodies used at the optimal concentrations found in 

zebrafish sections. This was performed on the basis of providing the medaka 

community with a starting point of cross reactivity of commercially available 

antibodies, and a method for those interested in specific antibodies to perform full 

validation. Given time however, it would be optimal to perform the validation within 

the laboratory. Though a number of the juvenile medaka had begun to develop 

melanoma tumours, the sagittal orientation required for sections containing the 

majority of the organs, resulted in loss of the tumours due to the external nature of 

melanoma. Future work would involved transverse sectioning of medaka fish with 

melanoma tumours in order to perform antibody staining. It would also be interesting 

to utilise these antibodies to examine whether there are differences in protein activity 

between the differing tumours described by Schartl et al., 2010. 
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Chapter 5 

Concluding Remarks 
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In this thesis I have shown the zebrafish as a novel model of nevus recurrence. 

Utilising the regenerative capacity of the zebrafish caudal fin, I demonstrated that 

following partial amputation of the nevus the most frequent outcome was recurrence. 

Repopulation of the recurrent nevus was shown to be derived from an unpigmented 

precursor population, utilising melanin as a lineage tracer. Recurrent nevi did not 

show a propensity for melanoma development following recurrence, as was 

demonstrated in the tumour prone BRAFV600E;p53M214K background.  

 

Nevus recurrence is reported by between 13-28% of patients following nevus 

removal (Bong 2003, Ganbichler 2000, Ferrandiz 2005). Nevus recurrence is not 

associated with an increased risk of melanoma, however. histological analysis 

identified some recurrent nevi as showing atypical features (King et al. 2009). The 

zebrafish model of nevus recurrence will enable investigation into the mechanisms 

by which this occurs. Experiments such as utilising GFP tagged BRAFV600E 

expressing melanocytes, will enable the determination of which cells contribute to 

the repopulation of the nevus. The zebrafish is also highly amenable to small 

molecule inhibition treatments, allowing small molecules of interest to be applied to 

the fish following amputation, in order to begin to elucidate the pathways involved in 

recurrence.  

 

In collaboration with Dr Marie Mathers, Dr James Lister and Professor Jeroen den 

Hertog I have also shown that differing co-operating mutations result in differing 

BRAFV600E tumour pathology. The previously described (Patton et al., 2005) 

p53M214K co-operating mutation, was shown to have the most aggressive histology, 

with numerous mitotic figures observed and nuclear pleomorphism. This tumour 

subtype showed exophytic growth. Schartl and colleagues also showed that as well as 

differing genetic background resulting in differing tumour pathology, loss of p53 

resulted in rapidly growing tumours (Schartl et al., 2010). In collaboration with Dr 

James Lister, who has developed and provided us with a hypomorphic 

mitfavc7;BRAFV600E tumour model, I have shown that this tumour subtype has a 

superficial spreading growth pattern as well as invasive growth. This model shows 

mild to moderate pleomorphism and increased numbers of melanophages. An exome 
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sequencing project is underway performed by Amy Capper and Jennifer Yen to 

examine the exome for changes between the tumour subtypes (Amy Capper, Jennifer 

Yen, personal communication). The Hubrecht background alone, obtained in 

collaboration with Professor Jeroen den Hertog, showed increased melanocyte 

invasion in fish with nevi which carried wild type copies of both pten genes. Three 

tumours were also observed in this background, which were almost exclusively 

endophytic, with fairly homogeneous cellularity, and few mitotic figures. Exome 

sequencing of one individual showed a mutation in proteoglycan 4a and further 

investigation into the association of this mutation with the phenotype observed will 

need to be undertaken. Genetic crosses and histology will be utilised to determine 

this.  

 

I have also showed that commercially available antibodies raised against human 

peptides can be validated for cross reactivity in zebrafish immunohistochemistry 

using a standardised protocol. This will enable the expansion of antibody resources 

available to the zebrafish community. Utilising whole sagittal sections of juvenile 

zebrafish I have shown staining patterns of organs for a panel of antibodies. The 

optimisation of this panel of antibodies provided a tool with which to examine the 

molecular changes in the tumour subtypes. I have shown that genes such as 

phosphorylated p70 S6 kinase and phosphorylated TAK1 are expressed in all the 

tumours examined. This method of validation provides a tool with which to optimise 

antibodies of interest for use in zebrafish immunohistochemistry in order to examine 

changes in malignancy. 
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Materials and Methods 
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6.1 – Solutions 

 

Agarose 

 1g Agarose (Invitrogen, Life Technologies) 

 100ml 1x TBE 

 

Acid alcohol (histology) 

1% hydrochloric acid  

70% ethanol 

 

Bleaching - Embryos (500ml) 

180μl  10-15% Sodium hypochlorite (Sigma Aldrich, UK) 

500ml  dH20 

 

Bleaching - Histology (100ml) 

1g   KOH (BDH, VWR International) 

3ml   H2O2 (30%) (Sigma-Aldrich, UK) 

 

Citrate Buffer IHC 

82ml   0.1M Sodium Citrate (Sigma-Aldrich, UK) 

18ml   0.1M Citric Acid (BDH, VWR International) 

900ml  dH20 

pH to 6 

   

0.01M EDTA Buffer IHC  

 3.72g  EDTA (Ethylenediaminetetraacetic acid; Sigma-Aldrich, UK) 

 1L  dH20 

 pH to 8 
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0.5M EDTA (1L) 

 186.1g  Ethylenediaminetetraacetic acid (Sigma-Aldrich, UK) 

 up to 1L dH20 

 pH to 8.0 

 

E3 Embryo Media (E3) 60x 

17.2g  NaCl (Sigma-Aldrich, UK) 

0.76g  KCl (Sigma-Aldrich, UK) 

2.9g  CaCl2.2H20 (Sigma-Aldrich, UK) 

4.9g  MgSO4.7H20 (Sigma-Aldrich, UK) 

Up to 1L dH20 

 

for 1x 

100ml   60x stock 

5.9L  dH20 

A couple of drops of methylene blue  

 

1% Eosin Y 

 1g   Eosin Y (Thermo Fisher Scientific, UK) 

 100ml   dH20 

 

Working Eosin Solution 

 300ml  1% Eosin Y  

 100ml  1% Ethanol 

 Couple of drops of acetic acid 

 

EtOH/NaAc 

 750μl  3M NaAc pH5.2 (Sigma-Aldrich, UK) 

 13.5ml  100% ethanol 

 750μl  dH20 
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Genomic DNA extraction buffer 

 10mM  Tris pH8.2 (Sigma-Aldrich, UK) 

 10mM  EDTA (BDH, VWR International) 

 200mM NaCl (Sigma-Aldrich, UK) 

 0.5%  SDS (Sigma-Aldrich, UK) 

 10μg/ml RNase A 

 200μg/ml proteinase K (immediately before use) 

 

LB Broth (1L) – Supplied by MRC HGU technical services 

 10g  Bacto-tryptone 

 5g  yeast extract 

 10g  NaCl 

 Up to 1L dH20 

 pH to 7.5 

 

LB Agar (1L) – Supplied by MRC HGU technical services 

 10g  Bacto-tryptone 

 5g  yeast extract 

 10g  NaCl 

 Adjust pH to 7.5 

 15g  Agar 

 Up to 1L dH20 

 

1x PBS (1L) 

8g   NaCl (Sigma-Aldrich, UK) 

0.2g   KCl (BDH, VWR International) 

1.44g   Na2HPO4 (Sigma-Aldrich, UK) 

0.24g   KH2PO4 (Sigma-Aldrich, UK) 

pH to 7.4 
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30mg/L PTU (N-phenylthiourea) 

 30mg  N-phenylthiourea (Sigma-Aldrich, UK) 

 1L  1x E3 embryo media lacking methylene blue 

 

Scotts tap water (1L) 

 3.5g  MgSO4 (Sigma-Aldrich, UK) 

 20g  NaHCO3 (Sigma-Aldrich, UK) 

 1L  dH20  

 

10xTBS (1L) 

87.6g   NaCl (Sigma-Aldrich, UK) 

 12.1g   NH2C(CH2OH)3 (Sigma-Aldrich, UK) 

pH to 8 

 

TBS-T (1L) 

 1ml  Tween-20 (Promega, UK) 

 1L  1xTBS 

 

10x TBE 

108g   Tris base (Sigma-Aldrich, UK) 

55g   Boric acid  

40ml  EDTA pH8 (BDH, VWR International) 

Up to 1L with dH20 

 

5% Tween 20 

 5ml  Tween-20 (Promega, UK) 

 9995ml dH20 
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Tricaine (100ml) 

400mg  Tricaine (ethyl-3 aminobenzoate methane sulfonic acid) 

(Sigma-Aldrich, UK) 

97.9ml  dH20 

2.1ml  1M Tris pH9 

pH to 7 

 

6.2 – Zebrafish Husbandry 

6.2.1 – Zebrafish Aquarium Facilities and Fish Husbandry 

The zebrafish facility was maintained on a 14hour light – 10hour dark cycle. The 

aquarium water was maintained at a temperature 28.5ºC. All zebrafish home office 

regulated work was covered by personal home office licence (PIL) number 60/11502, 

under the project licence (PPL) 60/3992. 

 

Zebrafish feeding was specified for each developmental stage, with increasingly 

sized food for increasing ages as follows: 

 

5-to-9 days post fertilisation (dpf): ZM000 (ZMsystems, Hampshire, UK) twice per 

day, as well as live paramecium culture twice per day. 

 

10-to-21 dpf: ZM100 (ZMsystems Hampshire, UK) twice per day, and live 

paramecium culture twice per day. 

 

21 dpf-to-juvenile: ZM100 and live brine shrimp (Inve Cysts, Aquatic Habitats, MA, 

USA) twice per day. 

 

Juvenile: Size based assessment for switch from ZM100 to adult dry food (ZM small 

granular, Zeigler adult diet) as well as brine shrimp twice per day. 
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Adult: a mixture of the dry food (ZM small granular, Zeigler adult diet) twice per day, 

and brine shrimp twice per day. Breeding fish were given a third dry food feed. 

 

6.2.2 – Zebrafish Breeding 

Embryos were obtained by one of two methods: 

 

Method 1 – Marbling, used when greater numbers of embryos are required: 

Two small tanks were placed within each other, the internal tank floor consisting of 

gaps for the fertilised eggs to fall through. The uppermost tank was filled with 

marbles, and the assembly placed into the aquarium system tank where the fish were 

held, at the end of the day. Egg collection took place the following morning 

following breeding. Embryos were collected by passing the breeding tank water 

through a fine sieve, embryos were rinsed in aquarium system water and placed into 

a 90mm petri dish in E3 embryo medium (see solutions). Embryos were initially 

examined under the light microscope (Leica SMZ 1000) and any dead or unfertilised 

eggs removed. 

 

Method 2 – Pair mating, used when staged embryos are required: 

Breeding tanks consist of two tanks placed within each other, the floor of the internal 

tank comprised of gaps to allow fertilised eggs to fall through (Aquatic Habitats, MA, 

USA). The male and female were separated with a dividing wall overnight. At the 

start of the light cycle the following morning the dividing wall was removed and the 

pair allowed to breed. Pairs were regularly observed for successful breeding, and the 

fertilised eggs collected.  

 

6.2.3 – Bleaching and Raising Embryos to Five Days Post Fertilisation 

Embryos were bleached in order to remove any bacteria or parasites which may have 

been deposited on the chorion. This was done no later than 24 hours post fertilisation 

using the bleaching solution (embryos) listed in 6.1. The Embryos were placed in a 

series of 5 minute washes consisting of: initial bleach, distilled water, second bleach, 
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distilled water and finally E3 embryo media. Embryos were placed in a fresh petri 

dish in fresh E3 embryo media.  

 

Embryos were raised in an incubator maintained at 28.5ºC until 5 dpf, embryos were 

checked daily by light microscope for any signs of mortality within the clutch. At 

5dpf embryos were either, transferred to 1L nursery tanks and maintained on a gentle 

drip of aquarium water or a static tank with regular manual water changes. Fish were 

regularly observed and once they had been determined to be of sufficient size to be 

able to eat adult dry food were transferred to adult 3L or 10L tanks depending on the 

clutch size. 

 

6.2.4 – Zebrafish Strain Origins 

A range of wild type zebrafish strains were maintained and used in the lab which 

consisted of: AB, TE, WIK, Tupfel longfin (TL) and leopard (leo) These wild type 

stocks were maintained constantly in the aquarium facility of the MRC Human 

Genetics Unit, Edinburgh, UK. Zebrafish with genetic modifications were obtained 

from the following: 

 

BRAFV600E – Dr Craig Ceol (University of Massachusetts, MA, USA) 

p53M214K – (Berghmans et al., 2005) 

ptenahu1864 – Professor Jeroen den Hertog, Hubrecht Institute, The Netherlands 

(Faucherre et al., 2008) 

ptenbhu1435 - Professor Jeroen den Hertog Hubrecht Institute, The Netherlands 

(Faucherre et al., 2008) 
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6.3 – Zebrafish Procedures 

6.3.1 – Microinjection of Embryos 

Microinjecting needles were obtained by pulling borosilicate glass needles with an 

external diameter of 1mm on a Sutter Intracel Micropipette puller (Intracel LTD, 

UK). Microinjecting needles were loaded with 1-2μl of solution to inject using 

eppendorf gel loading pipette tips (Eppendorf, UK). Micro needles were connected to 

a Picrospritzer III which uses compressed nitrogen gas to allow repeated gas pulses 

(Intracel LTD, UK).  

 

The microinjecting needle was cut to the required thickness with which to pierce the 

chorion. Injecting volume was adjusted by altering the duration of the gas pulse, 

approximately 1nl volume was injected. 

 

An injecting platform was created by placing a 25x75mm glass microscope slide 

(VWR International, Leicestershire, UK) inside the lid of a 90mm petri dish, against 

which a single row of fertilised eggs is aligned. The majority of the embryo media 

was drained to prevent excessive movement of the fertilised eggs. Embryos were 

injected at the one cell stage of development, to increase the rate of genomic 

integration into cells of the fish.  

 

6.3.2 – Anaesthetising Adult Zebrafish 

Zebrafish were immersed in 4.2ml tricaine (ethyl-3 aminobenzoate methane sulfonic 

acid, Sigma-Aldrich, UK) solution pH7, see recipe section, diluted in 100ml of 

aquarium system water. Fish were observed until gill movements reduced and there 

was no response to stimuli. Following the imaging or caudal fin amputation 

procedure, fish were placed in a ‘recovery’ tank of fresh aquarium system water and 

were observed until they were swimming normally, upon which they were returned 

to the aquarium system, and continued to be monitored through the day. 
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6.3.3 - Caudal Fin Amputation 

Zebrafish were anaesthetised following the procedure mentioned in Chapter 6.3.2. 

Once fully anaesthetised fish were placed in a petri dish and the distal third of the 

caudal fin was amputated with a sterile surgical scalpel (Swan-Morton, UK). The 

fish were then placed into a tank of fresh aquarium system water and allowed to 

recover. For genotyping and caudal fin regeneration experiments, fish were each 

placed into an individual tank for the duration of the experiment and monitored. 

Zebrafish kept individually in static tanks for short durations were fed only brine 

shrimp to maintain a high water quality, while those kept in individual tanks on the 

main aquarium system were maintained on a normal diet of both dry food and brine 

shrimp. Caudal fin tissue was either frozen or discarded in accordance with local 

regulations.  

6.3.4 – N-phenylthiourea Treatment 

30mg of N-phenylthiourea (Sigma-Aldrich, UK) was dissolved in 1x embryo media 

which lacked methylene blue and was left on a magnetic stirrer overnight to ensure 

the PTU was completely in solution. Following anaesthetic and partial caudal fin 

amputation the fish was allowed to recover in PTU. Fish were kept individually in 

static tanks and maintained on a diet of brine shrimp, the PTU solution was refreshed 

every second day. 

 

6.4 – Molecular Biology Methods 

6.4.1 – BRAFV600E Vectors used for Microinjection 

The primary system used for BRAFV600E introduction was the Invitrogen Gateway 

system (Invitrogen, Paisley, UK). Human BRAFV600E cDNA was cloned into the 

PT2Kmin-NP Dest RfA mitfa promoter driven Gateway® destination vector, 

obtained from Dr James Lister, by a previous member of the lab Dr. Natalie 

Reynolds (Figure 6.1A). This vector is referred to in this thesis as the BRAFV600E 

gateway vector. As part of the gateway system the gene and promoter of interest are 
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flanked by Tol2 repeat sites, which when co-injected with transposase RNA will 

integrate into the genome. The transposase was obtained from the PCS2FA-

transposase vector from the Chien lab (Kwan et al., 2007) and is described in 

Chapter 6.4.3. The transposase RNA and BRAFV600E gateway vector were combined 

immediately before injection and co-injected, both at a concentration of 25ng/μl.  

 

The second vector used was that developed by Patton and colleagues (Patton et al., 

2005) which consisted of mitfa promoter driven human BRAFV600E in a pNP-P vector 

(Figure 6.1 B). The promoter and gene were linearised from the vector by restriction 

digest and injected into 1 cell stage embryos at a concentration of approximately 

100ng/μl. This form of BRAFV600E will be referred to as mitfa promoter driven 

BRAFV600E. 

 

6.4.1.1 – Restriction Digest 

Restriction digestion of the mitfa promoter driven BRAFV600E (Patton et al., 2005) 

required linearisation and the isolation of the promoter and gene region only. This 

was undertaken with a double restriction digest reaction with restriction enzymes 

SalI-HFTM and BssHII (both New England Biolabs, UK). This reaction was run using 

restriction buffer number 3 (New England Biolabs, UK) at 37 ºC, which is optimal 

for SalI, but suboptimal for BssHII. The reaction was allowed to incubate for at least 

3 hours. In order to obtain sufficient DNA for injection multiple restriction digest 

reactions were set up. The band size of interest was 3664bp. 
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Figure 6.1: (A). BRAFV600E cDNA in the PT2Kmin-NP Dest RfA mitfa promoter driven gateway 

destination vector, showing att sites and Tol2 repeat sequences. (B) mitfa promoter driven human 

BRAFV600E in a pNP-P vector (Patton et al., 2005), showing SalI and BssHII  restriction sites used to 

excise out the mitfa (nacre) promoter driven BRAFV600E fragment. 

A 

B 
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6.4.1.2 – Gel Extraction 

In order to isolate the DNA fragment of interest entire restriction digest reactions 

were run on an agarose gel. A 1% agarose (Inivtrogen, Paisley, UK) was made using 

1xTBE buffer and ethidium bromide added. Samples were combined with gel 

loading buffer (New England Biolabs, Ipswich UK) and run using the Bio-Rad 

PowerPack basic (Bio-Rad, Hertfordshire, UK), until the gel had sufficiently run to 

separate the bands. The gel was visualised using a UV lightbox and the appropriate 

band excised using a sterile scalpel and deposited in an eppendorf tube. The Qiagen 

QIAquick Gel Extraction Kit (Qiagen, Sussex, UK) was used to purify the DNA as 

per the manufacturer’s instructions. 

 

6.4.2 – Vector Amplification – E.coli 

All vectors used in this project contain ampicillin resistance cassettes, and all vectors 

were maintained at -80˚C in glycerol stocks. In order to amplify the vectors, glycerol 

stock colonies were streaked onto ampicillin (100μg/ml; Sigma-Aldrich, UK) agar 

plates and grown overnight at 37˚C. For both the BRAFV600E gateway vector and the 

PCS2FA-transposase vector, individual colonies were picked and grown up in a 

shaking incubator overnight at 37˚C in 5ml of ampicillin (100μg/ml) supplemented 

LB broth (for recipe, see solutions 6.1). The following morning the vector was 

purified using the QIAprep Spin Miniprep kit as per manufacturer’s instructions 

(Qiagen, Sussex, UK). The pNP-P+BRAF(V600E) vector was required in higher 

quantities and therefore the Qiagen HiSpeed Plasmid Maxi kit was used (Qiagen, 

Sussex, UK). Individual colonies were picked and grown up in a 5ml ampicillin 

treated LB broth starter culture in a 37˚C shaking incubator for approximately 6 

hours, this was then added to 250ml ampicillin treated LB broth and grown overnight, 

the following morning the vector was purified as per the manufacturer’s protocol. 

DNA was quantified using the NanoDrop 1000 spectrophotometer (Thermo 

Scientific), and diluted to the required concentration. 
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6.4.3 – Tol2 RNA 

Tol2 transposase RNA was generated from the PCS2FA-transposase (Kwan et al., 

2007). The vector was linearised by restriction digest with NotI restriction enzyme 

(New England Biolabs, UK). The linearised vector was purified using the QIAquick 

PCR Purification Kit as per manufacturer’s instructions (Qiagen Sussex, UK). Tol2 

transposase RNA was synthesised using the SP6 mMESSAGE mMACHINE® kit 

(Ambion, TX, USA). Following manufacturer’s protocol, between 0.5 and 1μg of 

linearised vector DNA was utilised. The protocol finishes with an ethanol 

precipitation step, following which the RNA was quantified using the NanoDrop 

1000 Spectrophotometer, and diluted to the required concentration. Diluted RNA 

was aliquoted and stored at -80˚C. Aliquots were discarded following thawing, to 

avoid freeze-thaw affecting the RNA quality. 

 

6.4.4 – DNA Extraction 

Proteinase K was added to the genomic DNA extraction buffer (see recipes Chapter 

6.6), to a concentration of 200μg/ml. 100μl of Genomic DNA extraction buffer was 

added to each tail clip sample. Samples were then placed at 56˚C for three hours with 

occasional mixing. In order to obtain reliable DNA, samples were ethanol 

precipitated.  

 

6.4.5 – Ethanol Precipitation 

50μl of EtOH/NaAC solution was mixed with each sample and allowed to precipitate 

at room temperature for 15 minutes. Samples were centrifuged at 13,200 rpm at 4˚C 

for 15 minutes. The supernatant was then removed, 70% EtOH added and 

centrifuged as above for 10 minutes. The 70% EtOH was then removed, the pellet 

allowed to air dry and then resuspended in TE buffer. 
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6.4.6 – Genotyping  

Zebrafish were genotyped from caudal fin tissue to establish mutant allele status of 

the genes listed below. 

 

6.4.6.1 – Primers 

Primer Name 5’ to 3’ Sequence 

BRAF Fwd (V600E) GAG GCT TTT GTC GAA TCG GAC CGG TG 

BRAF Rev (V600E) TTG AAC AGA GCC TGG CCC GGC T 

BRAF CCZ015 (wild type) TGC TCT TGA CCT CAG ACT GG 

BRAF CCZ018 (wild type) CCT CAA TAA ACA CCC TAC GG 

p53 fwd TTTTT AAG GGA AAG TGT GAT TTA CAA 

p53 wt1 rev AGG ATG GGC CTG CGG TTC A 

p53M214K reverse AGG ATG GGC CTG CGG TTC T 

ptenahu1864 fwd GCG CTA GTT TCT TGT TTA GAT T 

ptenahu1864 rev CAG ACT ATT ATT TCC CCA AAC 

ptenahu1864 nested fwd TGT TAA CCT GGT GTA CAG TGC 

ptenbhu1435 fwd AAA GAA CAG AAA TCC AGT TCC A 

ptenbhu1435 rev TGC TTA GAA CTT TGC ACC AA 

ptenbhu1435 nested fwd TGT TGA GCT TTT GTT GGA TGA 

Table 6.1: Primer sequences used for genotyping transgenic zebrafish. BRAF genotyping primers 

were provided by Dr Craig Ceol (University of Massachusetts, MA, USA). p53 primer sequences 

were obtained from Berghmans et al., 2005. pten genotyping primers were obtained from Faucherre et 

al., 2008. 

 

6.4.6.2 – PCR Protocols 

BRAFV600E genotyping – denaturing step at 95˚C for 2 minutes followed by 35 cycles 

of; 95˚C for 15 seconds, 56˚C for 30 seconds, 72˚C for 1 minute. This was followed 

by an additional elongation step at 72˚C for 10 minutes.  
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p53M214K genotyping – denaturing step at 95˚C for 3 minutes followed by 38 cycles 

of; 95˚C for 15 seconds, 58˚C for 30 seconds, 72˚C for 1 minute. This was followed 

by an additional elongation step at 72˚C for 10 minutes.  

 

ptenahu1864 genotyping – denaturing step at 95˚C for 3 minutes followed by 38 cycles 

of; 95˚C for 15 seconds, 55˚C for 30 seconds, 72˚C for 1 minute. This was followed 

by an additional elongation step at 72˚C for 10 minutes. The PCR product was 

purified by QIAquick PCR Purification Kit as per manufacturers (Qiagen) and set up 

with the ptenahu1864 nested forward primer with the sequencing PCR programme 

outlined below. 

 

ptenbhu1435genotyping - denaturing step at 95˚C for 3 minutes followed by 38 cycles 

of; 95˚C for 15 seconds, 54˚C for 30 seconds, 72˚C for 1 minute. This was followed 

by an additional elongation step at 72˚C for 10 minutes. The PCR product was 

purified by QIAquick PCR Purification Kit as per manufacturers (Qiagen) and set up 

with the ptenbhu1435 nested forward primer with the sequencing PCR programme 

outlined below. 

 

6.4.6.3 – Sequencing 

A 5μl sequencing PCR reaction was performed with purified DNA, the reaction 

mixture consisted of 1μl of DNA, 2μl of BigDye Terminator v3.1 (Applied 

Biosystems, CA, USA), 1μl of primer (5μM) and 1μl dH20. The PCR program 

consisted of a denaturing step at 95˚C for 1 minute followed by 25 cycles of; 95˚C 

for 10 seconds, 50˚C for 7 seconds, 60˚C for 4 minute. The PCR product was then 

ethanol precipitated and sequenced by capillary sequencing performed by the MRC 

Human Genetics Unit sequencing service. 

 

6.4.6.4 – Obtaining DNA from Paraformaldehyde Fixed or Paraffin Embedded Tissues 

Some tissues required retrospective genotyping for confirmation, for some samples 

tissue that had been paraformaldehyde fixed were available, whereas for others only 

paraffin embedded tissue was available. Both were able to undergo DNA extraction 
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using a modified version of the manufacturer’s protocol for the QIAamp DNA Mini 

Kit (Qiagen, Sussex, UK), for the paraffin embedded samples this modified protocol 

was provided by Professor John Bartlett’s laboratory, and was further modified to 

extract DNA from fixed tissues. For extracting from fixed tissues, the tissue was 

chopped using a sterile scalpel and the tissue specific manufacturer’s protocol 

followed apart from an extension of the lysis step to overnight at 56˚C in a rotating 

oven.  

 

For DNA extraction from paraffin embedded tissues, tissue was taken from the block 

itself due to the small sample size, rather than obtained by sections. A sample of 

approximately 10mg was cut from the block using a sterile scalpel, as much paraffin 

wax manually removed as possible, the sample chopped up and transferred to an 

eppendorf tube. 200μl of 5% Tween 20 was added to the samples, which were then 

heated to 90˚C for 10 minutes before cooling to 55˚C for 5 minutes. 4μl of 10mg/ml 

of proteinase K was added to the samples which were incubated at 55˚C which was 

repeated every hour for a further 4 hours, before a final addition after which the 

samples were left at 55˚C overnight. Following the overnight step 300μl of 1xPBS 

was added to each sample and vortexed, samples were heated to 99˚C for 10 minutes, 

then transferred briefly to ice. Samples were then centrifuged at 10,000rpm for 15 

minutes at 4˚C, and placed back on ice for 5 minutes, during which time the paraffin 

wax will form a hardened layer on top of the liquid. The solution was aspirated from 

below the wax and transferred to a fresh eppendorf. 500μl of Buffer AL (supplied in 

the QIAamp DNA Mini Kit) was added and vortexed. Samples were incubated at 

56˚C for 20 minutes and then 500μl of 100% ethanol added and mixed. Samples 

were added to QIAamp Spin columns and the manufacturer’s protocol followed from 

this step (Qiagen, Sussex, UK), the elution volumes stated were able to be decreased 

to increase DNA concentration in the eluate.  
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6.5 – Pathology 

6.5.1 – Schedule 1 Killing and Paraformaldehyde Fixation 

Fish of interest were sacrificed by immersion in ethyl-3 aminobenzoate methane 

sulphonic acid solution (tricaine; Sigma-Aldrich, UK) for 10 minutes after cessation 

of gill movements as directed by Home Office Schedule 1 methods. Fish were 

dissected in half transversely to increase penetration of the fixative, and placed in 4% 

paraformaldehyde (Electron Microscopy Sciences, USA) at 4˚C for 3 days, washed 

once in 1xPBS, and decalcified in 0.5M EDTA pH8 for 5 days, before storage in 

70% ethanol. 

 

6.5.2 – Paraffin Wax Embedding 

Tissue samples were embedded using the histology service based at the Queen’s 

Medical Research Institute, New Royal Infirmary of Edinburgh. Samples were 

processed on a tissue VIP machine on the following cycle: 50% ethanol for 1.5 hours 

at 35˚C, 80% ethanol for 1.5 hours at 35˚C, 95% ethanol for 1.5 hours at 35˚C, 100% 

ethanol for 2x 1.5 hours at 53˚C, 100% ethanol for 2x 2 hours at 35˚C, 100% xylene 

for 2x 1.5 hours at 35˚C, 100% xylene for 2 hours at 35˚C. Paraffin wax 3x 1.5 hours 

at 60˚C, paraffin wax 2 hours at 60˚C, after which the samples are oriented and 

cooled in paraffin wax blocks. Paraffin blocks were then sectioned at 5μm thickness. 

 

6.5.3 – Haematoxylin and Eosin Staining 

Slides were deparaffinised in 2x5 minute washes in xylene, followed by rehydration 

in 3x5 minute washes in 100% ethanol and successive 2 minute washes in 90%, 70%, 

50% and 30% ethanol respectively before washing in tap water. Slides were 

overstained in Harris haematoxylin (for nucleic structures, referred to hereon as 

haematoxylin) for 4 minutes, rinsed in water and dedifferentiated for a few seconds 

in acid alcohol, rinsed again followed by a few seconds in Scott’s tap water substitute 

to blue the haematoxylin and rinsed in tap water again. Slides were counterstained 

with eosin to highlight cytoplasmic structures for 1-2 minutes, rinsed in water and 
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100% ethanol. Slides were dehydrated by 4 successive 1 minute washes in 100% 

ethanol and 3 successive 5 minute washes in xylene, followed by mounting with 

DPX mounting media (BDH available via VWR International) and the appropriately 

sized cover slip. 

 

6.5.3.1 – Re-Haematoxylin Staining 

Slides previously processed through IHC, mounted with DPex (BDH via VWR 

International) and a glass coverslip, which had been determined to have insufficient 

Haematoxylin staining, were ‘re-blued’. Slides were soaked in xylene for several 

days, until the coverslip falls away from the slide. Sections are then rehydrated by 

passage of 1min each through the rehydration xylene and alcohol steps described for 

the IHC protocol. Slides are then washed in dH2O, re-counterstained in haematoxylin, 

washed in running tap water, blued up in Scots tap water substitute, washed again in 

running tap water and dehydrated through ethanol and xylene as for IHC protocol. 

 

6.6 – Immunohistochemistry 

6.6.1 – Immunohistochemistry Protocol 

Slides were dewaxed in 2x5 minute washes of xylene, before rehydration in 2x5 

minute washes in 100% ethanol and subsequent 5 minute washes in 70% and 50% 

ethanol respectively. Slides were then washed 2x5 minutes in dH2O, before 

bleaching in 1% KOH, 3% H2O2 for 15 minutes, whilst heavily melanised slides, 

such as mitf tumours with densely pigmented melanophores required up to 30 

minutes bleaching. Slides were washed in 3x5 minutes dH2O, whilst either citrate or 

EDTA buffer was brought to the boil in a microwavable pressure cooker (see 

solutions in Chapter 6.1). Slides were placed into the pressure cooker, which was 

then sealed and brought up to pressure, before heating for a further 5 minutes. The 

steam was allowed to vent before removal of the pressure cooker lid, and the slides 

cooled for 20 minutes in the buffer. Slides were then washed 3x5 minutes in dH2O, 

before blocking endogenous peroxidase activity with 3% H2O2 for 10 minutes. Slides 
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were washed 2x5 minutes in dH2O, and 1x5 minutes in 1xTBS. Slides were blocked 

for 30 minutes in DAKO serum free protein block, before antibodies were applied to 

the samples diluted in DAKO antibody diluent (DAKO, Cambridgeshire, UK) and 

were incubated at 4˚C overnight.  

 

Slides were washed 3x5 minutes in 1xTBS before incubating for 30 minutes in HRP 

Rabbit/Mouse secondary antibody (DAKO EnVison Detection kit). Slides were 

washed 2x5 minutes in 1xTBS and stain was visualised using DAB detection, in a 

ratio of 20μl of DAB chromagen to 980μl of DAB buffer, and incubated for 10 

minutes. DAB chromagen was washed off in 2x5 minutes washes dH2O. Slides were 

counterstained with haematoxylin, blued up in Scott’s tap water, and washed in 

running tap water. Samples were dehydrated by 1 minute washes in 70%, 90%, 

100%, 100% ethanol concentrations, followed by 2x2 minute washes in xylene 

before mounting with DPX mounting media (BDH, VWR International) and 

22x50mm coverslips. 
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6.6.2 – Antibody List and Supplier 

 

Antibody Name Cat # Supplier 
AKT 9272 CST 
Phospho-AMPKα (Thr172) 2535 CST 
Phospho-AMPKα1 (Ser485) 4184 CST 
Phospho-BRAF (Ser445) 2696 CST 
Casein kinase 1 (CK1) 2655 CST 
Phospho-cdc2 (Thr14) 2543 CST 
Phospho-FAK (Tyr576/577) 3281 CST 
Phospho-GSK3α (Ser21) 9337 CST 
Phospho-GSK3α/β (ser21/9) 9331 CST 
Phospho-GSK3β (Ser9) 9336 CST 
Phospho-Her2/ErbB2 (Tyr887) 2241 CST 
γ H2AX* --- J. Amatruda 
Phospho-Histone H3 (Ser10)* 9706 CST 
MelanA* M7196 DAKO 
Phospho MEK1/2 (Ser221) 2338 CST 
MELK 2274 CST 
Myt1 4282 CST 
p53 5.1* --- D. Lane 
Phospho p38 MAPK (Thr180/Tyr182) 9215 CST 
Phospho p44/42 MAPK (ERK1/2) (Thr202/Tyr204) 9106 CST 
Phospho-p70 S6 kinase (Thr421/Ser424) 9204 CST 
Phospho-p70 S6 kinase (Thr389) 9206 CST 
PKM1/2 3186 CST 
SAPK/JNK 9252 CST 
Phospho-SAPK/JNK (Thr183Tyr185) 9251 CST 
Phospho-Src family (Tyr416) 2101 CST 
Non-phospho Src 2102 CST 
Phospho-SEK1/MKK4 (Ser257/Thr261) 9156 CST 
Phospho-TAK1 (Thr184/187) 4508 CST 
TAK1 4505 CST 
Table 6.2: Antibodies used for validation screen listed with supplier and catalogue number, with the 

exception of those marked * which were previously validated antibodies used for pathology. 
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6.6.3 – IHC Protocols for Established Antibodies 

 

Antibody Name Dilution Used Antigen 
Retrieval 

Phospho p44/42 MAPK 
(ERK1/2) (Thr202/Tyr204) 

1:1000 also used at 
1:100,000 

EDTA 

Phospho MEK1/2 (Ser221) 1:2000 EDTA 
γ H2AX 1:4000 Citrate 
Phospho-Histone H3 (Ser10) 1:1000 Citrate 
p53 5.1 1:500 Citrate 
Table 6.3:  IHC conditions for antibodies supplied with protocols. 

 

Antibodies listed in Table 6.3 were previously used in zebrafish tissues and were 

provided with protocols. All antibodies were used with the IHC protocol described 

above under the conditions listed in the table. γ H2AX was kindly provided by 

Professor James Amatruda (UT Southwestern Medical Centre, Texas, USA). The 

p53 5.1 antibody was provided by professor David Lane (The University of Dundee, 

UK). 

 

6.6.4 – Lambda Phosphatase Validation 

Phosphate group stripping of tissue samples for validation was performed as part of 

the validation process. Slides underwent the immunohistochemistry reaction 

described in Chapter 6.6.1. At the serum-free protein block stage, samples were 

incubated in DAKO serum free protein block for 1 hour before the addition of either 

Lambda Phosphatase (100μl LP buffer, 100μl MnCl2, 10μl LP enzyme, 790μl dH2O) 

or a negative control (100μl LP buffer, 900μl dH2O) supplied by New England 

Biolabs, Slides were incubated overnight at 37˚C in a sealed damp hybridisation 

chamber. Slides were washed 3x5 minutes in TBS-T (0.1% Tween 20), 1x5 minutes 

in TBS before returning to the immunohistochemistry protocol described above.  
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6.6.5 – Competing Peptide Assays 

Samples were processed through the immunohistochemistry protocol described 

above. For non-phosphorylation specific antibodies, competing peptide validation 

experiments were performed. All competing peptides were obtained from Cell 

Signalling Technology via New England Biolabs UK. As per manufacturers 

instructions antibodies were made up in DAKO antibody diluent to the required 

dilutions, and twice the volume of competing peptide to antibody was added. The 

antibody/peptide solutions were incubated at room temperature for a minimum of 30 

minutes before addition to the slides alongside antibodies without competing 

peptides for comparison. Slides were incubated at 4˚C overnight as described in the 

immunohistochemistry protocol which was then followed for the remainder of the 

experiment. 
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AKT (mouse) Showing sequence for AKT2  
Antibody raised against the carboxy terminus 
 
Mus musculus – Gene ID (ENSMUSG00000004056)  

– peptide ID (ENSMUSP00000103981) 
Danio rerio  – Gene ID (ENSDARG00000026797)  

         – peptide ID (ENSDARP00000031063) 
 
 
Mus musculus MNEVSVIKEGWLHKRGEYIKTWRPRYFLLKSDGSFIGYKERPEAPDQTLPPLN  
Danio rerio  MTELSVVKEGWLLKRGEYIKTWRPRYFILKSDGSFIGYKEKPELTDQSCAPLN  
                *.*:**:***** **************:************:** .**: .***  
 
Mus musculus  NFSVAECQLMKTERPRPNTFVIRCLQWTTVIERTFHVDSPDEREEWMRAIQMV  
Danio rerio  NFSVEECQLMKTERPRPNTFMIRCLQWTTVIERTFHVDSSDERDEWMRAIQMV  
  **** ***************:******************.***:*********  
 
Mus musculus  ANSLKQRGPGEDAMDYKCGSPSDSSTSEMMEVAVNKARAKVTMNDFDYLKLLG  
Danio rerio  ANGLQARD-VDEPMEIKYSSPSDA--LEDMEMCLSKSSSRVTMNDFDYLKLLG  
  **.*: *.  ::.* :* .****:   * **:.:.*: ::*************  
 
Mus musculus  KGTFGKVILVREKATGRYYAMKILRKEVIIAKDEVAHTVTESRVLQNTRHPFL  
Danio rerio  KGTFGKVILVREKASGMYYAMKILRKEVIIAKDEVAHTVTESRVLQNTRHPFL  
               **************:* ************************************  
 
Mus musculus  TALKYAFQTHDRLCFVMEYANGGELFFHLSRERVFTEDRARFYGAEIVSALEY  
Danio rerio  TTLKYAFQTHDRLCFVMEYANGGEVFVHVSVKCWFSEDSFQFSSVLIQFSVDS  
  *:**********************:*.*:* :  *:**  :* .. *  :::  
 
Mus musculus  LHSR-DVVYRDIKLENLMLDKDGHIKITDFGLCKEGISDGATMKTFCGTPEYL  
Danio rerio  VQCQFSSVLIQPQLENLMLDNDGHIKITDFGLCKEGITDEATMRTFCGTPEYL  
  ::.: . *  : :*******:****************:* ***:*********  
 
Mus musculus  APEVLEDNDYGRAVDWWGLGVVMYEMMCGRLPFYNQDHERLFELILMEEIRFP  
Danio rerio  APEVLEDNDYGRAVDWWGLGVVMYEMMCGRLPFYSQDHERLFEQIVMEEIRFP  
  **********************************.******** *:*******  
 
Mus musculus  RTLGPEAKSLLAGLLKKDPKQRLGGGPSDAKEVMEHRFFLSINWQDVVQKKLL  
Danio rerio  RSLSTHARALLTGLLRKEPKQRLGGGPDDARDVMMHKFFSGVQWDDVLQKKL- 
  *:*...*::**:***:*:*********.**::** *:** .::*:**:****   
 
Mus musculus  -PPFKPQVTSEVDTRYFDDEFTAQSITITPPDRYDSLDPLELDQRTHFPQFSY  
Danio rerio  LPPFKPQVTSETDTRYFDDEFTAQSITVTPPDKLSCQDVEESGPIAHFPQFSY  
                 **********.***************:****: .. *  * .  :*******  
 
Mus musculus SASIRE 
Danio rerio SASVRE 
  ***:** 
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Protein Alignment for AKT3 
 
Mus musculus – Gene ID (ENSMUSG00000019699)  

– peptide ID (ENSMUSP00000106790) 
Danio rerio  – Gene ID (ENSDARG00000087205)  

         – peptide ID (ENSDARP00000111940) 
There is also another possible homologue which is an uncharacterised protein 
 
 
Mus musculus  MSDVTIVKEGWVQKRGEYIKNWRPRYFLLKTDGSFIGYKEKPQDVDLPYPLNN  
Danio rerio  MNDLNVVKEGWVQKRGEYIKNWRPRYFLLKTDGSFIGYKEKPQDADLAYPLNN  
                *.*:.:**************************************.**.*****  
 
Mus musculus  FSVAKCQLMKTERPKPNTFIIRCLQWTTVIERTFHVDTPEE-REEWTEAIQAV  
Danio rerio  FSVAKCQLMKTERPKPNTFIIRCLQWTTVIERTFHVDTPEESRDEWVEAIQMV  
  ***************************************** *:**.******  
 
Mus musculus  ADRLQRQEEERMNCSPTSQIDNIGEEEMDASTTHHKRKTMNDFDYLKLLGKGT  
Danio rerio  ADKLAKQEEEGILCSPISQIENVNEEEMDTSTSHHKRKTMNDFDYLKLLGKGT  
  *:* : **** : *** ***:*:.*****:**:********************  
 
Mus musculus  FGKVILVREKASGKYYAMKILKKEVIIAKDEVAHTLTESRVLKNTRHPFLTSL  
Danio rerio  FGKVILVREKASGTYYAMKILKKEVIIAKDEVAHTLTESRVLKNTRHPFLTSL  
   *************.***************************************  
 
Mus musculus  KYSFQTKDRLCFVMEYVNGGELFFHLSRERVFSEDRTRFYGAEIVSALDYLHS  
Danio rerio  KYSFQTKDRLCFVMEYVNGGELFFHLSRERVFSEDRTRFYGAEIVSALDYLHS  
  *****************************************************  
 
Mus musculus  GKIVYRDLKLENLMLDKDGHIKITDFGLCKEGITDAATMKTFCGTPEYLAPEV  
Danio rerio  AKIVYRDLKLENLMLDKDGHIKITDFGLCKEGITDAATMKTFCGTPEYLAPEV  
  .****************************************************  
 
Mus musculus  LEDNDYGRAVDWWGLGVVMYEMMCGRLPFYNQDHEKLFELILMEDIKFPRTLS  
Danio rerio  LEDNDYGRAVDWWGLGVVMYEMMCGRLPFYNQDHEKLFELILMEEIKFPRTLS  
  ********************************************:********  
 
Mus musculus  SDAKSLLSGLLIKDPNKRLGGGPDDAKEIMRHSFFSGVNWQDVYDKKLVPPFK  
Danio rerio  ADAKSLLSGLLIKDPNKRLGGGPDDAKEIMRHSFFTALDWQDVYDKKLVPPFM  
  :**********************************:.::*************   
 
Mus musculus PQVTSETDTRYFDEEFTAQTITITPPEKYDDDGMDGMDNERRPHFPQFSYSAS  
Danio rerio  PQVSSETDTRYFDEEFTAQTITITPPEKYDEDGMDAADSERRPHFPQFSYSAS 

***:**************************:****. *.**************  
 
Mus musculus GRE 
Danio rerio        GRE 
     *** 
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Peptide alignment for AMPKα1    
Antibody raised to residues surrounding Ser485 
  
Homo sapiens – Gene ID (ENSG00000132356)  

– peptide ID (ENSP00000346148) 
Danio rerio  – Gene ID (ENSDARG00000060596)  

         – peptide ID (ENSDARP00000079966) 
 
 
Homo sapiens    MRRLSSWRKMATAEKQKHDGRVKIGHYILGDTLGVGTFGKVKVGKHELTGHKV  
Danio rerio ---------MA-TDKQKHEGRVKIGHYILGDTLGVGTFGKVKVGQHELTKHQV  
                        ** ::****:*************************:**** *:*  
 
Homo sapiens    AVKILNRQKIRSLDVVGKIRREIQNLKLFRHPHIIKLYQVISTPSDIFMVMEY  
Danio rerio  AVKILNRQKIRSLDVVGKIRREIQNLKLFRHPHIIKLYQVISTPTDIFMVMEY  
  ********************************************:********  
 
Homo sapiens    VSGGELFDYICKNGRKSDVPGVVKTGSTKELDEKESRRLFQQILSGVDYCHRH  
Danio rerio  VSGGELFDYICKNGK---------------LDEKESRRLFQQIISGVDYCHRH  
  **************:               *************:*********  
 
Homo sapiens    MVVHRDLKPENVLLDAHMNAKIADFGLSNMMSDGEFLRTSCGSPNYAAPEVIS  
Danio rerio  MVVHRDLKPENVLLDAHMNAKIADFGLSNMMSDGEFLRTSCGSPNYAAPEVIS  
  *****************************************************  
 
Homo sapiens    GRLYAGPEVDIWSSGVILYALLCGTLPFDDDHVPTLFKKICDGIFYTPQYLNP  
Danio rerio  GRLYAGPEVDIWSSGVILYALLCGTLPFDDDHVPTLFKKICDGIFFTPQYLNP  
  *********************************************:*******  
 
Homo sapiens    SVISLLKHMLQVDPMKRATIKDIREHEWFKQDLPKYLFPEDPSYSSTMIDDEA  
Danio rerio  SVISLLKHMLQVDPMKRATIKEIREDEWFKQDLPKYLFPEDAAYSSNMIDEEA  
  *********************:***.***************.:***.***:**  
 
Homo sapiens    LKEVCEKFECSEEEVLSCLYNRNHQDPLAVAYHLIIDNRRIMNEAKDFYLATS  
Danio rerio  LKEVCEKCECTEEEVLNCLYSRNHQDPLAVAYHLIIDNRRIMSEAKDFYLASS  
  ******* **:*****.***.********************* ********:*  
 
Homo sapiens    PPDSFLDDHHLT---RPHPERVPFLVAET-PRARHTLDELNPQKSKHQGVRKA  
Danio rerio  PPDSFLDDLPAHHSAKVHPERVPFLVAESQPRPRHTLDELNPQKSKHLGVRRA  
  ********       : ***********: **.************** ***:*  
 
Homo sapiens    KWHLGIRSQSRPNDIMAEVCRAIKQLDYEWKVVNPYYLRVRRKNPVTSTYSKM 
Danio rerio  KWHLGIRSQSRPNDIMSEVCRAMKQLDYEWKVVNPYYLRVRRKNPVTGMHTKM  
               ****************:*****:************************. ::**  
 
Homo sapiens    SLQLYQVDSRTYLLDFRSIDDEITEAKSGTATPQRSGSVSNYRSCQRSDS---  
Danio rerio  SLQLYQVDSRTYLLDFRSIDDDMMEVKSGTATPHRSGSVGNYRTTLKNDKSEK  
  *********************:: *.*******:*****.***:  :.*.       
                 
Homo sapiens -------DAEAQ---------GKSSEVSLTSSVT-SLDSSPVDLTPRPGSHTI  
Danio rerio    NECEDAAKGEASAPSTPPISASKVAEGSLASSLTSSVDSTGGEILPRPGSHTI  
         ..**.         .* :* **:**:* *:**:  :: ******** 
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Homo sapiens   EFFEMCANLIKILAQ 
Danio rerio  EFFEMCANLIKLLAR  
  ***********:**: 
 
 
Peptide alignment for AMPKα2    
Antibody raised raised to residues surrounding Thr172 
  
Homo sapiens – Gene ID (ENSG00000162409)  

– peptide ID (ENSP00000360290) 
Danio rerio  – Gene ID (ENSDARG00000060641)  

         – peptide ID (ENSDARP00000080103) 
 
 
Homo sapiens    MAEKQKHDGRVKIGHYVLGDTLGVGTFGKVK-IGEHQLTGHKVAVKILNRQKI  
Danio rerio MAEKQKHEGRVKIGHYILGDTLGVGTFGKVKSFGETKITNHKVAVKILNRQKI  
                *******:********:************** :** ::*.*************  
 
Homo sapiens    RSLDVVGKIKREIQNLKLFRHPHIIKLYQVISTPTDFFMVMEYVSGGELFDYI  
Danio rerio  RSLDVVGKIKREIQNLKLFRHPHIIKLYQVISTPTDFFMVMEYVSGGELFDYI  
  *****************************************************  
 
Homo sapiens    CKHGRVEEMEARRLFQQILSAVDYCHRHMVVHRDLKPE-NVLLDAHMNAKIAD  
Danio rerio  CKHGRVEDAEARRLFQQIISAVDYCHRHMVVHRDLKPESNPPLNQHSQVLLCT  
  *******: *********:******************* *  *: * :. :.   
 
Homo sapiens   FGLSNMMSDGEFLRTSCGSPNYAAPEVISGRLYAGPEVDIWSCGVILYALLCG  
Danio rerio  TGLSNMMSDGEFLRTSCGSPNYAAPEVISGRLYAGPEVDIWSCGVILYALLCG  
  *****************************************************  
 
Homo sapiens    TLPFDDEHVPTLFKKIRGGVFYIPEYLNRSVATLLMHMLQVDPLKRATIKDIR  
Danio rerio  TLPFDDEHVPTLFKKIRGGVFYIPEYLNRSVASLLMLMLQVDPLKRATIKDIR  
  *******************************:*********************  
 
Homo sapiens    EHEWFKQDLPSYLFPEDPSYDANVIDDEAVKEVCEKFECTESEVMNSLYSGDP  
Danio rerio  EHEWFKQDLPGYLFPEDPSYDATVVDEEAVREVCEKFECTEAEVLSSLYSGDP  
  **********.***********.*:*:***:**********:**:.*******  
 
Homo sapiens    QDQLAVAYHLIIDNRRIMNQASEFYLASSPPSGSFMDDSAMHIPPGLKPHPER  
Danio rerio  QDQLAVAYHLIIDNRRIMNQASEFYLASSPPTSSFMEEG-MPLPPGVKPHPER  
  *******************************:.***::. * :***:******  
 
Homo sapiens    MPPLIADSPKARCPLDALNTTKPKSLAVKKAKWHLGIRSQSKPYDIMAEVYRA  
Danio rerio  MPPLLADSPKARCPLDALNTTRPKPLAVKKAKWHLGIRSQSKPYDIMAEVYRA  
  ****:****************:**.****************************  
 
Homo sapiens    MKQLDFEWKVVNAYHLRVRRKNPVTGNYVKMSLQLYLVDNRSYLLDFKSIDDE 
Danio rerio MKQLEYEWKVVNPYHLRVRRKNPVTGNFVKMSLQLYQVDNRSYLLDFKSIDDD  
  ****::******.**************:******** ***************:  
 
Homo sapiens    VVEQRSGSSTPQRSCSAAGLHRPRSSFDSTT--A-ESHSLSGSLTGSLTGSTL   
Danio rerio IMEHKSGSSTPQRSGSTAGLLRPRLSIDSASVVAMEMPQLSSSLPGSLTGS-T  
                ::*::********* *:*** *** *:**::  * *  .**.**.******   
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Homo sapiens    SSVSPRLGSHTMDFFEMCASLITTLAR 
Danio rerio PLLTPRQGSHTMDFFEMCASLITTLAR 
 . ::** ******************** 
 
 
 
 
Peptide alignment for BRAF 
Antibody raised to peptides surrounding Ser445 
 
Homo sapiens – Gene ID (ENSG00000157764)  

– peptide ID (ENSP00000288602) 
Danio rerio  – Gene ID (ENSDARG00000017661)  

         – peptide ID (ENSDARP00000048390) 
 
 
Homo sapiens    ------MAALSGGGGGGAEP----GQALFNGDMEPEAGAGAGAAASSAADPAI  
Danio rerio MAALSSAESPPPVFNGDTMNRDPERDPGLDELGAGLEPACPGEAAIPECQQGI  
                        : .   .*.:       :. ::        * .* ** . .: .*  
 
Homo sapiens    PEEVWNIKQMIKLTQEHIEALLDKFGGEHNPPSIYLEAYEEYTSKLDALQQRE  
Danio rerio  PEEIWNIKQMIKLTQEHLEALLDKFGGEHNPPSIYLEAYEEYTSKLDALQQRE  
  ***:*************:***********************************  
 
Homo sapiens    QQLLESLGNGTDFSVSSSASMDTVTSSSSSSLSVLPSSLSVFQNPTDVARSNP  
Danio rerio  QQLLEAIGNGTEFCSSPTPTLLDVKGQGIQSAPTAPNTLAVLQTPTDATRGNP  
   *****::****:*. *.:.::  *.... .* .. *.:*:*:*.***.:*.**  
 
Homo sapiens    KSPQKPIVRVFLPNKQRTVVPARCGVTVRDSLKKALMMRGLIPECCAVYRIQD  
Danio rerio  RSPQKPIVRVFLPNKQRTVVPARCGMTVRDSLKKALMMRGLIPECCAVYRVQD  
  :************************:************************:**  
 
Homo sapiens    GEKKPIGWDTDISWLTGEELHVEVLENVPLTTHNFVRKTFFTLAFCDFCRKLL  
Danio rerio  GEKKPIGWDTDISWLTGEELHVEVLENVPLTTHNFVRKTFFTLAFCDFCRKLL  
  *****************************************************  
 
Homo sapiens    FQGFRCQTCGYKFHQRCSTEVPLMCVNYDQLDLLFVSKFFEHHPIPQEEASLA  
Danio rerio  FQGFRCQTCGYKFHQRCSTEVPLMCVNYDQLDLLLASKFLVHHPITQEEVSSE  
  **********************************:.***: ****.***.*    
 
Homo sapiens    ETALTSGSSPSAPASDSIGPQILTSPSPSKSIPIPQPFRPADEDHRNQFGQRD  
Danio rerio  GTTPISEMCPSLPPSESTGSLCHPTVSPSKSIPIPQSFRPGEEDHRNQFGQRD  
  *:  *  .** *.*:* *.   .: **********.***.: ***********    
 
Homo sapiens   RSSSAPNVHINTIEPVNIDDLIRDQGF-RGDG---------------------  
Danio rerio RSSSAPNVHINTIEPVNIDDLIRDQGLPRSDGAPSQHPARCLRKNRTRTSSPL  
   **************************: *.**               
     
Homo sapiens -------------------GSTTGLSATPPASLPGSLTNVKALQKSPGPQRER  
Danio rerio  LSSHPNDIVFDFEPEPVFRGSTTGLSATPPASLPGSLPNVKV-SKSPCQPRER  
        ******************.***. .***   ***  
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Homo sapiens   KSSSSSEDRNRMKTLGRRDSSDDWEIPDGQITVGQRIGSGSFGTVYKGKWHGD  
Danio rerio  KPSSSSEDRNKMKTLGRRDSSDDWEIPEGQITLGQRIGSGSFGTVYKGKWHGD  
                *.********:****************:****:********************  
 
Homo sapiens    VAVKMLNVTAPTPQQLQAFKNEVGVLRKTRHVNILLFMGYSTKPQLAIVTQWC  
Danio rerio  VAVKMLNVTAPTPQQLQAFKNEVGVLRKTRHVNILLFMGYTTKPQLAIVTQWC  
  ****************************************:************  
 
Homo sapiens    EGSSLYHHLHIIETKFEMIKLIDIARQTAQGMDYLHAKSIIHRDLKSNNIFLH  
Danio rerio  EGSSLYHHLHIIETKFEMIKLIDIARQTAQGMDYLHAKSIIHRDLKSNNIFLH  
  *****************************************************  
 
Homo sapiens    EDLTVKIGDFGLATVKSRWSGSHQFEQLSGSILWMAPEVIRMQDKNPYSFQSD  
Danio rerio  EDLTVKIGDFGLATVKSRWSGSHQFEQLSGSILWMAPEVIRLQDKNPYSFQSD  
  *****************************************:***********  
 
Homo sapiens    VYAFGIVLYELMTGQLPYSNINNRDQIIFMVGRGYLSPDLSKVRSNCPKAMKR  
Danio rerio  VYAFGIVLYELMSGALPYSNINNRDQIIFMVGRGYLSPDLSKVRSNCPKAMKR  
   ************:****************************************  
 
Homo sapiens    LMAECLKKKRDERPLFPQILASIELLARSLPKIHRSASEPSLNRAGFQTEDFS  
Danio rerio LMADCLKKKREERPLFPQILASIELLARSLPKIHRSASEPSLNRAGFQTEDFS  
                ***:******:******************************************  
 
Homo sapiens   LYACASPKTPIQAGGYGAFPVH- 
Danio rerio  LYTCASPKTPIQAGGYGEFTAFK 
  **:************** *... 
 
 
 
 
Peptide alignment for cdc2 –  
raised to residues surrounding Thr14 
 
Homo sapiens – Gene ID (ENSG00000170312)  

– peptide ID (ENSP00000378699) 
Danio rerio  – Gene ID (ENSDARG00000087554)  

         – peptide ID (ENSDARP00000109027) 
 
 
Homo sapiens    MEDYTKIEKIGEGTYGVVYKGRHKTTGQVVAMKKIRLESEEEGVPSTAIREIS   
Danio rerio MDDYLKIEKIGEGTYGVVYKGRNKTTGQVVAMKKIRLESEEEGVPSTAVREIS  
                *:** *****************:*************************:****  
 
Homo sapiens    LLKELRHPNIVSLQDVLMQDSRLYLIFEFLSMDLKKYLDSIPPGQYMDSSLVK  
Danio rerio  LLKELQHPNVVRLLDVLMQESKLYLVFEFLSMDLKKYLDSIPSGEFMDPMLVK  
  *****:***:* * *****:*:***:****************.*::**. ***  
 
Homo sapiens    SYLYQILQGIVFCHSRRVLHRDLKPQNLLIDDKGTIKLADFGLARAFGIPIRV  
Danio rerio  SYLYQILEGILFCHCRRVLHRDLKPQNLLIDNKGVIKLADFGLARAFGVPVRV  
   *******:**:***.****************:**.*************:*:**  
 
Homo sapiens    YTHEVVTLWYRSPEVLLGSARYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQ  
Danio rerio  YTHEVVTLWYRAPEVLLGASRYSTPVDLWSIGTIFAELATKKPLFHGDSEIDQ  
  ***********:******::*******:*************************  
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Homo sapiens    LFRIFRALGTPNNEVWPEVESLQDYKNTFPKWKPGSLASHVKNLDENGLDLLS  
Danio rerio  LFRIFRTLGTPNNEVWPDVESLPDYKNTFPKWKSGNLANTVKNLDKNGIDLLM  
  ******:**********:**** **********.*.**. *****:**:***  
 
Homo sapiens    KMLIYDPAKRISGKMALNHPYFNDLD------NQIKKM 
Danio rerio KMLIYDPPKRISARQAMTHPYFDDLDKSSLPASNLKI- 
                *******.****.: *:.****:***      .::*   
 
 
 
 
 
Peptide alignment for CK1 
Antibody raised against residues from the middle region of casein kinase 1α1 
 
Homo sapiens – Gene ID (ENSG00000113712)  

– peptide ID (ENSP00000421689) 
Danio rerio  – Gene ID (ENSDARG00000007993)  

         – peptide ID (ENSDARP00000027892) 
 
 
Homo sapiens    MASSSGSKAEFIVGGKYKLVRKIGSGSFGDIYLAINITNGEEVAVKLESQKAR  
Danio rerio MASSSGSKAEFIVGGKYKLVRKIGSGSFGDIYLAINITNGEEVAVKLESQKAR  
                *****************************************************  
 
Homo sapiens    HPQLLYESKLYKILQGGVGIPHIRWYGQEKDYNVLVMDLLGPSLEDLFNFCSR  
Danio rerio  HPQLLYESKLYKILQGGVGIPHIRWYGQEKDYNVLVMDLLGPSLEDLFNFCSR  
  *****************************************************  
 
Homo sapiens  RFTMKTVLMLADQMISRIEYVHTKNFIHRDIKPDNFLMGIGRHCNKCLESPVG  
Danio rerio  RFTMKTVLMLADQMISRIEYVHTKNFIHRDIKPDNFLMGIGRHCNKCLESPVG  
   *****************************************************  
 
Homo sapiens    KRKRSMTVSTSQDPSFSGLNQLFLIDFGLAKKYRDNRTRQHIPYREDKNLTGT  
Danio rerio  KRKRSLAVSSSQDPSFSGLNQLFLIDFGLAKKYRDNRTRQHIPYREDKNLTGT  
   *****::**:*******************************************  
 
Homo sapiens    ARYASINAHLGIEQSRRDDMESLGYVLMYFNRTSLPWQGLKAATKKQKYEKIS  
Danio rerio  ARYASINAHLGIEQSRRDDMESLGYVLMYFNRTSLPWQGLKAATKKQKYEKIS  
   *****************************************************  
 
Homo sapiens    EKKMSTPVEVLCKGFPAEFAMYLNYCRGLRFEEAPDYMYLRQLFRILFRTLNH  
Danio rerio  EKKMSTPVEVLCKGFPAEFAMYLNYCRGLRFEEAPDYMYLRQLFRILFRTLNH  
  *****************************************************  
 
Homo sapiens    QYDYTFDWTMLKQKAAQQAASSSGQGQQAQTPTGKQTDKTKSNMKGF 
Danio rerio QYDYTFDWTMLKQKAAQQAASSGGQGQQAQTPTGKQTDKPKSNMKGF 
                **********************.****************.******* 
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Peptide alignment for FAK  
Antibody raised against residues surrounding Tyr576/577 
 
Homo sapiens – Gene ID (ENSG00000169398)  

– peptide ID (ENSP00000429911) 
Danio rerio  – Gene ID (ENSDARG00000040197)  

         – peptide ID (ENSDARP00000124315) 
 
 
Homo sapiens    MAAAYLDPNLNHTPNSSTKTHLGTGMERSPGAMERVLKVFHYFESNSEPTTWA  
Danio rerio MATAFLEPTPNHTLSVGAKARLSAGTERVPGAPDRVLKVFHHFENNSEHSTWS  
                **:*:*:*. *** . .:*::*.:* ** *** :*******:**.*** :**:  
 
Homo sapiens    SIIRHGDATDVRGIIQKIVDSHKVKHVACYGFRLSHLRSEEVH---------- 
Danio rerio SNIRHGDATDVRQIIKYIINVYER----------MHLKSMQISGFLLCNVWII  
    * ********** **: *:: ::            **:* ::               
 
Homo Sapiens    ---WLHVDMGVSSVREKYELAHPPEEW-K-YELRIRYLPKGFLNQFTEDKPTL  
Danio Rerio  VLVWKSPKAQVSELKSKCSQICRSAEWMRAYELRIRYLPKGFLTQFTEDKPTL  
                 *   .  **.::.* .    . ** : *************.*********  
 
Homo sapiens    NFFYQQVKS-DYMLEIADQVDQEIALKLGCLEIR-RSYWEMRGNALEKKSNYE  
Danio rerio  NYFYQQMMHVTFFVEVADQVEQEVALKLGCLEIRWRFYREMRGNALDKKSNYE  
                *:****:    :::*:****:**:********** * * *******:******  
 
Homo sapiens    VLEKDVGLKRFFPKSLLDSVKAKTLRKLIQQTFRQFANLNREESILKFFEILS  
Danio rerio  LLEKDVGLRRFFPKSLLESVKAKTLRKQIQQTFKQFANLNDEQSVLKFFEILA  
                :*******:********:********* *****:****** *:*:*******:  
 
Homo sapiens    PVYRFDKECFKCALGSSWIISVELAIGPEEGISYLTDKGCNPTHLADFTQVQT  
Danio rerio  PVYRFDKECFRCALGSSWVISVDLAIGPEEGISYLTDKGSTPTHLANLTQVQS  
                **********:*******:***:****************..*****::****:  
 
Homo sapiens    IQYSNSEDKDRKGMLQLKIAGAPEPLTVTAPSLTIAENMADLIDGYCRLVNGT  
Danio rerio  IHYSCVEEKERKGVLQLDVAGAAEPLTISTPSFSTAENMADLIDGYCRLLNAV  
                *:**  *:*:***:***.:***.****:::**:: **************:*..  
 
Homo sapiens   SQSFIIRPQKEGERALPSIPKLANSEK--QGMRT--HAVSVSETDDYAEIIDE  
Danio rerio  NQSFIIRPQKDGERALPSIPKLANNEKRLEGIRAGVRAISVSETDDYAEIIDE  
  .*********:*************.**  :*:*:  :*:**************  
 
Homo sapiens EDTYTMPSTRDYEIQRERIELGRCIGEGQFGDVHQGIYMSPENPALAVAIKTC  
Danio rerio EDTYTMPSTQDYEIQRDRIELGRCIGEGQFGDVHQGVYISPVNPSLSVAIKTC 
  *********:******:*******************:*:****:*:*******  
 
Homo sapiens    KNCTSDSVREKFLQEALTMRQFDHPHIVKLIGVITENPVWIIMELCTLGELRS  
Danio rerio KNCTSDSVREKFLQEARECSTFKHKHSFMLLSVF-QSTVMKTSEIHTYDTLYH  
                ****************     *.* * . *:.*: :..*    *: * . *   
 
Homo sapiens    FLQVRKYSLDLASLILYAYQLSTALAYLESKRFVHRDIAARNVLVSSNDCVKL  
Danio rerio  FV----YELFCITDPLVYENINACVFYLHSSFNANRQASFRNMSGLRKWRPLR  
                *:    *.*   :  *   ::.:.: **.*.  .:*: : **:    :      
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Homo sapiens    GDFGLSRYMEDSTYYKASKGKLPIKWMAPESINFRRFTSASDVWMFGVCMWEI  
Danio rerio  GIFDFFVSVMSFMCFPASKGKLPIKWMAPESINFRRFTSASDVWMFEIIIWTD  
  * *.:   : .   : ****************************** : :*   
 
Homo sapiens    LMHGVKPFQGVKNNDVIGRIENGERLPMPPNCPPTLYSLMTKCWAYDPSRRPR  
Danio rerio  LTLIEKSFICIYNYHTVGLVMTAGISCVCSNTPALLLTPATLPTAEIPYKAVV  
                *    *.*  : * ..:* : ..    : .* *. * :  *   *  * :    
 
Homo sapiens    FTELKAQLSTILEEEKAQQEERMRMESRRQATVSWDSGGSDEAPPKPSRPGYP 
Danio rerio  LDELLLSASFINKHKRNLNREQTHAAVFRRSIEDFCCCLSVTVFPQSGLKPIC  
                : **  . * * :.::  :.*: :    *::  .: .  *  . *:..       
 
Homo sapiens    SPRSSEGFYPSPQHMVQTNHY-QVSGYPGSHGITAMAGSIYPGQASLLDQTDS  
Danio rerio VSHTIQSTFRTVKKCSVFSSFVKGSGYPAAH----VSSPGFPAQTSILDPLES 
   .:: :. : : ::    . : : ****.:*    ::.. :*.*:*:**  :*  
 
Homo sapiens    WNHRPQEIAMWQPNVEDSTVLDLRGIGQVLPTHLMEERLIRQQQEMEEDQRWL  
Danio rerio  WNHR-QEPPTWPANAEDGAAV---GRTQPMNKHLMEETLIKQQQQMEEDQRWL  
                **** ** . * .*.**.:.:   *  * : .***** **:***:********  
 
Homo sapiens  EKEERFLKPDVRLSRGSIDREDGSLQGPIGNQHIYQPVGKPDPAAPPKKPPRP 
Danio rerio   EQEESFLKPESRNSRSSIDREDAALQTPMGKQHVYQPVGKTDLVAPPKKPPRP 
  *:** ****: * **.******.:** *:*:**:******.* .********* 
 
Homo sapiens    GAPGHLGSLASLSSPADSYNEGVK------LQPQEISPPPTANLDRSNDKVYE  
Danio rerio GAPAHLTNLS----PADSYNEGVKRWFEWRLQPQEISPPPTANLDRSNDKVYE 
  ***.** .*:    **********      ***********************  
 
Homo sapiens    NVTGLVKAVIEMSSKIQPAPPEEYVPMVKEVGLALRTLLATVDETIPLLPAST  
Danio rerio NVTGLVKAVIEMSSRIQPALPEEYVPMVKFSGLALRTLLATVDETIPVL---- 
                **************:**** *********  ****************:*   
 
Homo sapiens   HREIEMAQKLLNSDLGELINKMKLAQQYVMTSLQQEYKKQMLTAAHALAVDAK  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens  NLLDVIDQARLKMLGQTRPH 
Danio rerio    -------------------- 
 
 
 
 
Peptide alignment for GSK-3α  
Antibody raised against peptides surrounding Ser 21 
 
Homo sapiens – Gene ID (ENSG00000105723)  

– peptide ID (ENSP00000222330) 
Danio rerio  – Gene ID (ENSDARG00000029501)  

         – peptide ID (ENSDARP00000049706) 
 
 
Homo sapiens    MSGGGPSGG-----------------GPGGSGRARTSSFAEPGGG-GGGGGGG  
Danio rerio MFHPAPGQVDEGSADRRPTASVNFQSDMSGSGRPRTSSFAEPQGASGTAAASA  
                *   .*.                   . .****.******** *. * .....   
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Homo sapiens    PGGSASGPG-GTGGGKASVGAMGGGVGASSSGGGPGGSGGGGSGGPGAGTSFP  
Danio rerio GTAAVVGSNAGKPGVSQASADSSSACANLKLA--------------------- 
                  .:. *.. *. * . : .  ... .  . .                        
 
Homo sapiens    PPGVKLGRDSGKVTTVVATLGQGPERSQEVAYTDIKVIGNGSFGVVYQARLAE  
Danio rerio -------RDSGKVTTVVATPGQGPDRPQEVSYTDIKVIGNGSFGVVYQARLID  
                ************ ****:*.***:******************** :  
 
Homo sapiens    TRELVAIKKVLQDKRFKNRELQIMRKLDHCNIVRLRYFFYSSGEKKDELYLNL  
Danio rerio  THEWVAIKKVLQDKRFKNRELQIMRKLDHCNIVRLRYFFYCSGEKKDEVYLNL  
                *:* ************************************.*******:****  
 
Homo sapiens    VLEYVPETVYRVARHFTKAKLTIPILYVKVYMYQLFRSLAYIHSQGVCHRDIK  
Danio rerio  VLDYVPETVYRVARHFSKAKTIIPIFYVKVYMYQLFRSLAYIHSQGVCHRDIK  
                **:*************:***  ***:***************************  
 
Homo sapiens    PQNLLVDPDTAVLKLCDFGSAKQLVRGEPNVSYICSRYYRAPELIFGATDYTS  
Danio rerio  PQNLLVDPETAVLKLCDFGSAKQLVRGEPNVSYICSRYYRAPELIFGATDYTS  
                ********:********************************************  
 
Homo sapiens    SIDVWSAGCVLAELLLGQPIFPGDSGVDQLVEIIKVLGTPTREQIREMNPNYT  
Danio rerio  NIDIWSAGCVLAELLLGQPIFPGDSGVDQLVEIIKVLGTPTREQIREMNPNYT  
                .**:*************************************************  
 
Homo sapiens    EFKFPQIKAHPWTKVFKSRTPPEAIALCSSLLEYTPSSRLSPLEACAHSFFDE  
Danio rerio  EFKFPQIKAHPWTKVFKPRTPPEAIALCSRLLEYTPVTRLSPLQACAHAFFDE  
                *****************.*********** ****** :*****:****:****   
 
Homo sapiens  LRCLGTQLPNNRPLPPLFNFSAGELSIQPSLNAILIPPHLRSPAGTTTLTPSS  
Danio rerio  LRQPGTRLPSGRELPPLFNFTTTELMIQPQLNSTLIPPHARAQTVASSN----  
  **  **:**..* *******:: ** ***.**: ***** *: : :::      
 
Homo sapiens    QALTETPTSSDW-QSTDATPTLTNSS 
Danio rerio ----DGS--EGSVQP---GSTLTNST 
                    : .  ..  *.    .*****: 
 
 
 
 
Peptide alignment for GSK-3β 
Antibody raised against peptides surrounding Ser 9 
 
Homo sapiens – Gene ID (ENSG00000082701)  

– peptide ID (ENSP00000324806) 
Danio rerio  – Gene ID (ENSDARG00000052468)  

         – peptide ID (ENSDARP00000068806) 
 
 
Homo sapiens    MSGRPRTTSFAESCKPVQQPSAFGSMKVSRDKDGSKVTTVVATPGQGPDRPQE  
Danio rerio MSGRPRTTSFAESCKPVPQPSAFGNMKVSRDKDGSKVTTVAATPGQGPDRPQE  
                ***************** ******.***************.************  
 
Homo sapiens    VSYTDTKVIGNGSFGVVYQAKLCDSGELVAIKKVLQDKRFKNRELQIMRKLDH  
Danio rerio  VSYTDTKVIGNGSFGVVYQAKLCDTGELVAIKKVLQDKRFKNRELQIMRKLDH  
         ************************:****************************  
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Homo sapiens    CNIVRLRYFFYSSGEKKDEVYLNLVLDYVPETVYRVARHYSRAKQTLPVIYVK  
Danio rerio  CNIVRLRYFFYSSGDKKDEVYLNLVMDYVPENVYRVARHYSKAKQNLPMVYVK  
                **************:**********:*****.*********:***.**::***  
 
Homo sapiens    LYMYQLFRSLAYIHSFGICHRDIKPQNLLLDPDTAVLKLCDFGSAKQLVRGEP  
Danio rerio  LYMYQLFRSLAYIHSYGICHRDIKPQNLLLDPETAVLKLCDFGSAKQLVRGEP  
                ***************:****************:********************  
 
Homo sapiens    NVSYICSRYYRAPELIFGATDYTSSIDVWSAGCVLAELLLGQPIFPGDSGVDQ  
Danio rerio  NVSYICSRYYRAPELIFGATDYTSSIDIWSAGCVLAELLLGQPIFPGDSGVDQ  
                ***************************:*************************  
 
Homo sapiens   LVEIIKVLGTPTREQIREMNPNYTEFKFPQIKAHPWTKDSSGTGHFTSGVRVF  
Danio rerio LVEIIKVLGTPTREQIREMNPNYTEFKFPQIKAHPWTK-------------VF  
                **************************************             **  
 
Homo sapiens    RPRTPPEAIALCSRLLEYTPTARLTPLEACAHSFFDELRDPNVKLPNGRDTPA  
Danio rerio RPRTPPEAIALCSRLLEYTPTARLTPLEACAHTFFDELREPNLKLPNGRERPV   
  ********************************:******:**:******: *.  
 
Homo sapiens    LFNFTTQELSSNPPLATILIPPHARIQAAASTPTNATAASDANTGDRGQTNNA  
Danio rerio LFNFTTQELSNNPSLASVLIPAHAQNQAENSTQS-ASAATGANSGDRGLNTNA  
                **********.**.**::***.**: **  ** : *:**:.**:****.. **  
 
Homo sapiens   ASASASNST 
Danio rerio  ASAAPNPST 
  ***:.. ** 
 
 
 
 
Peptide alignment for Her2/ErbB2  
Antibody raised against residues surrounding Tyr 877 
 
Homo sapiens – Gene ID (ENSG00000141736)  

– peptide ID (ENSP00000269571) 
Danio rerio  – Gene ID (ENSDARG00000090408)  

         – peptide ID (ENSDARP00000106313) 
 
 
Homo sapiens    MELAALCRWGLLLALLPPGAASTQVCTGTDMKLRLPASPETHLDMLRHLYQGC  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    QVVQGNLELTYLPTNASLSFLQDIQEVQGYVLIAHNQVRQVPLQRLRIVRGTQ  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    LFEDNYALAVLDNGDPLNNTTPVTGASPGGLRELQLRSLTEILKGGVLIQRNP  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    QLCYQDTILWKDIFHKNNQLALTLIDTNRSRACHPCSPMCKGSRCWGESSEDC  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    QSLTRTVCAGGCARCKGPLPTDCCHEQCAAGCTGPKHSDCLACLHFNHSGICE  
Danio rerio ----------------------------------------------------- 
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Homo sapiens    LHCPALVTYNTDTFESMPNPEGRYTFGASCVTACPYNYLSTDVGSCTLVPLHN  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    QEVTAEDGTQRCEKCSKPCARVCYGLGMEHLREVRAVTSANIQEFAGCKKIFG  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    SLAFLPESFDGDPASNTAPLQPEQLQVFETLEEITGYLYISAWPDSLPDLSVF  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens   QNLQVIRGRILHNGAYSLTLQGLGISWLGLRSLRELGSGLALIHHNTHLCFVH  
Danio rerio  ----------------------------------------------------- 
 
Homo sapiens    TVPWDQLFRNPHQALLHTANRPEDECVGEGLACHQLCARGHCWGPGPTQCVNC  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    SQFLRGQECVEECRVLQGLPREYVNARHCLPCHPECQPQNGSVTCFGPEADQC  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens   VACAHYKDPPFCVARCPSGVKPDLSYMPIWKFPDEEGACQPCPINCTHSCVDL  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    DDKGCPAEQRASPLTSIISAVVGILLVVVLGVVFGILIKRRQQKIRKYTMRRL  
Danio rerio ----------------------------------------------------- 
 
Homo sapiens    LQETELVEPLTPSGAMPNQAQMRILKETELRKVKVLGSGAFGTVYKGIWIPDG  
Danio rerio ----------------------------------------------------- 
                                                                
Homo sapiens    ENVKIPVAIKVLRENTSPKANKEILDEAYVMAGVGSPYVSRLLGICLTSTVQL  
Danio rerio ------------------------MDEALIMASMEHPHLVRLLGVCLSPTIQL  
                                        :*** :**.:  *:: ****:**:.*:**  
 
Homo sapiens    VTQLMPYGCLLDHVRENRGRLGSQDLLNWCMQIAKGMSYLEDVRLVHRDLAAR  
Danio rerio  VTQLMPHGCLLDYVHEHQDNIGSQLLLNWCVQIAKGMMYLEERRLVHRDLAAR  
                ******:*****:*:*::..:*** *****:****** ***: **********  
 
Homo sapiens    NVLVKSPNHVKITDFGLARLLDIDETEYHADGGKVPIKWMALESILRRRFTHQ  
Danio rerio  NVLVKSPNHIKITDFGLARLLETNEKEYSADEGKMPIKWMALECIHYRKFTHQ  
                *********:***********: :*.** ** **:********.*  *:****  
 
Homo sapiens  SDVWSYGVTVWELMTFGAKPYDGIPAREIPDLLEKGERLPQPPICTIDVYMIM  
Danio rerio   SDVWSYGVTIWELMTFGGKPYDGIPTREIPDILEKGERLPQPPICTIDVYMVM  
  *********:*******.*******:*****:*******************:*  
 
Homo sapiens    VKCWMIDSECRPRFRELVSEFSRMARDPQRFVVIQN-EDLGPASPLDSTFYRS  
Danio rerio  VKCWMIDADSRPRFKELAAEFSRMARDPQRYLVIQGDDRMKLPSPNHSKFFQS  
                *******::.****:**.:***********::***. : :  .** .*.*::*  
 
Homo sapiens    LLEDDDMGDLVDAEEYLVPQQGFFCPDP--APGAGGMV------------HHR  
Danio rerio  LLDEEELDDLMDADEYLVPHSLNAPPTSHIPHPHVDSNQNQFGYHDGSRCPED  
                **:::::.**:**:*****:.    * .  .    .               .    
 
Homo sapiens    HRSSSTRS-GGGDLTLGLEPSEEEAPRSPLAPSEGAGSDVFDGDL----GMGA  
Danio rerio VTRFHEVAAAGNA-PSA-----------LGSAQRAGLDLVEEQHCNGSLKKQA  
                       : .*.  . .             :..... . * : .        *  
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Homo sapiens    AKGLQSLPTHDPSPLQRYSEDPTVPLPSETD---GYVAPLTCSPQ-------- 
Danio rerio TV-----HSVEDSSGQRYSADPTVLLGEK--TQREDTDEDGYMSPMKDKISTN  
                :       : : *. **** **** * .:       .      .            
 
Homo sapiens    PEYVNQPDVRPQPPSPREG-----------------------PLPAARPAGAT  
Danio rerio --HLNPVEENPFVTRRKSKDVHALDNPGYHNTPDGKPKCEDE----------- 
                  ::*  : .*  .  :.                                      
 
Homo sapiens    LERPKTLSPGKNGVVKDVFAFGGAVENPEYLTPQGGAAPQP------------ 
Danio rerio -----------------------YINEPLYLNTFNNTSDIHQEMLRKNGVSIP  
                    :::* **.. ..::                   
 
Homo sapiens    ----------------------------------------------------- 
Danio rerio  AQMTTAGHILQTGKPHHHSHGPHVHFAIPPVQPVHPGPMSQNDHNAHSVQSGH  
 
Homo sapiens   ----------------------------------------------------- 
Danio rerio  DHAVKSGPSAGQICLVSHQVQQGHPSKSNRSPQQFQLSGGKLPGHPVQPGSQI  
                                                                        
 
Homo sapiens    ---HPPPAFSPAFDNLYYWDQDPPERGAPP---------------STFKGTPT  
Danio rerio  GTVLVDKMYKNSFDNPEYWQHSLPPPQISQDSSSAVCNNKFLYKQNGRVQPPA  
                        :. :***  **::. *    .                .    .*: 
 
Homo sapiens    AENPEYLGLDV----PV------------- 
Danio rerio AENPEYLS--GVKPGMVLPPPPYRQRNTVV 
                *******.        *              
 
 
 
Peptide alignment for MELK 
Antibody raised to residues near the carboxy terminal domain 
 
Homo sapiens – Gene ID (ENSG00000165304)  

– peptide ID (ENSP00000298048) 
Danio rerio  – Gene ID (ENSDARG00000030759)  

         – peptide ID (ENSDARP00000109117) 
 
 
Homo sapiens   MK--DYDELLKYYELHETIGTGGFAKVKLACHILTGEMVAIKIMDKNTLGSDL  
Danio rerio MPVDSTSELLKHYEVYETIGSGGFAKVKLGRHKLTGEKVAIKIMEKKDLGDDL  
                *   . .****:**::****:********. * **** ******:*: **.**  
 
Homo sapiens    PRIKTEIEALKNLRHQHICQLYHVLETANKIFMVLEYCPGGELFDYIISQDRL  
Danio rerio  PRVKIEIEAMKNLSHQHVCRLYHVIETTSKIYMVLEYCPGGELFDYIIAKDRL  
                **:* ****:*** ***:*:****:**:.**:****************::***  
 
Homo sapiens    SEEETRVVFRQIVSAVAYVHSQGYAHRDLKPENLLFDEYHKLKLIDFGLCAKP  
Danio rerio  SEEETRVFFRQIISALAYVHSQGYAHRDLKPENLLIDEDHNLKLIDFGLCAKP  
                *******.****:**:*******************:** *:************  
 
Homo sapiens    KGNKDYHLQTCCGSLAYAAPELIQGKSYLGSEADVWSMGILLYVLMCGFLPFD  
Danio rerio  KGGLGFELLTCCGSPAYAAPELIQGKAYIGSEADVWSMGVLLYALLCGFLPFD  
                **. .:.* ***** ***********:*:**********:***.*:*******  
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Homo sapiens    DDNVMALYKKIMRGKYDVPKWLSPSSILLLQQMLQVDPKKRISMKNLLNHPWI  
Danio rerio  DDNCMVLYRKITRGKYSNPHWLSPSSILLLNQMMQVDPKRRLTVKHLLDHPWV  
                *** *.**:** ****. *:**********:**:*****:*:::*:**:***:  
 
Homo sapiens    MQDYNYPVEWQSKNPFIHLDDDCVTELSVHHRNNRQTMEDLISLWQYDHLTAT  
Danio rerio MRGYSTPVEWHSKYPLGHIDEDCITEMAVTFKQSKQRTIQLVSEWKYDQITAT  
  *:.*. ****:** *: *:*:**:**::* .::.:*   :*:* *:**::***  
 
Homo sapiens    YLLLLAKKARGKPVRLRLSSFSCGQASATPFTDI-KSNNWSL-EDVTASDKNY 
Danio rerio YLLLLAKKRQGRPVRLRAECPVIDIVCSPL-QDMQLKKSLRFTEDDDGVHPVV  
                ******** :*:***** ..   . ..:.   *:  .:.  : **  . .   
:  
 
Homo sapiens    VAGLI---DYDWCEDDLSTGAATPRTS-QFTKYWTESNGVESKSLTPALCR-- 
Danio rerio LGSMVFPPDC---YDDENPWT--PLTPKNTHT----TNTPRMKLYPETTEKWN  
                :..::   *     ** .. :  * *. :  .    :*  . *  .  :       
 
Homo sapiens  ---------------------TPANKLKNKENVYTPKSAVKNEEYFMFPEPKT  
Danio rerio EMAYSPVIEHSRPCRQKPERR--ERTKENKENL---AVPGTDGDVFALPAPRT  
                          .. :****:     . .: : * :* *:*  
 
Homo sapiens    PV--NKNQH-KREILTTPNRYTTPSKARN----QCLKETPIKIPVN---STGT  
Danio rerio PTSSRK-VKSNRTVMTTPNHNNNKSSEVNKGAGSATKEGSRRREVEQQQNGQQ  
                *.  .*  : :* ::****: .. *.  *    .. ** . :  *:   .    
 
Homo sapiens    DKLMTGVISPERRCRSVELDLNQAHMEETPKRKGAKVFGSLERGLDKVITVLT  
Danio rerio GELNILAFSPERRSRS--LDLAGCQVDSGQKRKGGKVFGSLERGLDKVITMLT  
                .:*   .:*****.**  ***  .:::.  ****.***************:**  
 
Homo sapiens    RSKRKGSARDGPRRLKLHYNVTTTRLVNPDQLLNEIMSILPKKHVDFVQKGYT  
Danio rerio  PSKKRG-PRDGPRKIKAQYNVTLTNQTNADQVLNQILSILPEKNVDFVQKGYT  
                 **::* .*****::*: *****.  .*.**:**:*:****:*:*********  
 
Homo sapiens    LKCQTQSDFGKVTMQFELEVCQLQKPDVVGIRRQRLKGDAWVYKRLVEDILSS  
Danio rerio LKCHTQSDFGKVTMQFELEVCLLQKPEVVGIRRQRLKGDAWVYKHLVEDILSS  
                ***:***************** ****:*****************:********  
 
Homo sapiens   C---KV 
Danio rerio SSQWSA 
  .   .. 
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Peptide alignment for Myt1 
Antibody raised against residues near the middle of the protein  
 
Homo sapiens – Gene ID (ENSG00000196132)  

– peptide ID (ENSP00000327465) 
Danio rerio  – Gene ID (ENSDARG00000089464)  

         – peptide ID (ENSDARP00000109320) 
 
Homo sapiens    MSLENEDKRARTRSKALRGPPETTAADLSCPTPGCTGSGHVRGKYSRHRSLQS  
Danio rerio MSLDTDDKRTRTRSKAGRVPSEIVGQEL---------------------SALS  
                ***:.:***:****** * *.* .. :*                     *  *  
 
Homo sapiens    CPLAKKRKLEGAEAEHLVSKRKSHPLKLALDEGYGVDSDGS-EDTEVK-DA-- 
Danio rerio CPLARKRRLQEAESEQPSSKRKSHPLKLAMDEGFNAESEGSGEETELREEEEE  
                ****:**:*: **:*:  ***********:***:..:*:** *:**:: :        
 
Homo sapiens    --SVSDESEGTLEGAEAETSGQDEIHRPETAEG--RSPVKSHFGSNPIGSATA  
Danio rerio ED--EECTQQKLGDQEDEQQAKQNTESTNTEEEGDEEECIIIESSSTEKPKPS  
                    .: :: .* . * * ..::: . .:* *   ..      .*..  . .:  
 
Homo sapiens    SSKGSYSSYQGIIATSLLNLGQIAEETLVEEDLGQAAKPGPGIVHLLQ-EAAE 
Danio rerio PS-EDLSSYQHIVANSMTHLNNHNNGA--MSPQQPPVIMETQEKSPFRETEEE  
                .*  . **** *:*.*: :*.:  : :   .    ..   .     ::    *    
 
Homo sapiens    GA---ASEEGEKGLFIQPEDAEEVVEVTTERSQDL--CPQSLEDAASEESSKQ  
Danio rerio KYGTEETR--------------SQVGVVVCKENGLKLEDEEADSESQKESDHQ  
                      :.              . * *.. :.:.*    :. :. :.:**.:*     
 
Homo sapiens    KGILS--HEEEDEEEEEEEEEEEEDE--EEEEE---EEEEEEEEEEEEE---- 
Danio rerio YFTEEMQTQQDDEEEEEDD-------DDDEGLRSEIQKGETYHNELNDIKHEE  
                    .   :::******::         :*  .  :: *  .:* ::          
 
Homo sapiens    -EEEEEEEEEEEEE---AAPDVI---FQED------TSHTSAQKA-PELRG-P  
Danio rerio E-----EEEERETVCSVITATQGSHIREDYISHKLALPQSYSSNKAPTASAML  
                      ****.*      :.       ::        .:: :.:  *   .    
 
Homo sapiens   ESPSPKPE-YSVIVEVRS-DDDK--------DEDTHSRKSTVTDESEMQDMMT 
Danio rerio  IDVQSEGSERDADDDDDDD-DDDDDDDGDEGDDDSLSQRSTVADESEMFD-IM 
   . ..: .  ..  :  .  **.        *:*: *::***:***** * : 
 
Homo sapiens    RGNLGLLEQAIALKAEQVRTVCEPG--CPPAEQSQLGLGEPGKAAKP-LDTVR  
Danio rerio RGNLGLLEQAIALKAQQVKAHRG--LSRIPEHHRF--FALDDRAGKHM-EHIR  
                ***************:**::         * .:    :.  .:*.*   : :*  
 
Homo sapiens  KSYYSKDPSRAEKREIKCPTPGCDGTGHVTGLYPHHRSLSGCPHKDRIPPEIL  
Danio rerio  KSCFVKESSRSEKREIKCPTPGCDGTGHVTGLYPHHRSLSGCPHKDRIPPEIL  
                ** : *:.**:******************************************  
 
Homo sapiens    AMHENVLKCPTPGCTGQGHVNSNRNTHRSLSGCPIAAAEKLAKSHEKQQPQ-- 
Danio rerio  AMHENVLKCPTPGCTGQGHVNSNRNTHRSLSGCPIAAAEKLSKSHDKQHLPQP  
                *****************************************:***:**:      
 
Homo sapiens    TGDPSKSSSNSDRILRPMCFVKQLEVPPYGSYRPNVAPATPRANLAKELEKFS  
Danio rerio  MGEHIKGSPNSDRVLRPMCFVKQLEIPPHGSYRPSLVPATPRANLAKELEKYS  
                 *:  *.*.****:***********:**:*****.:.**************:*  
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Homo sapiens    KVTFDYASFDAQVFGKRMLAPKIQTSETSPKAFQ------------------- 
Danio rerio  KVSFDYASFDVQVFGKRMLAPKMHTSETSPKAFKSKPPFPRVSPPSPSLHGVY  
                **:*******.***********::*********:                       
 
Homo sapiens    ------CFDYSQDAEAAHMAATAILNLSTRCWEMPENLSTKPQDLPSKSVDIE  
Danio Rerio GKSSSSGYDYSHDAEAAHMAATAILNLSTRCWERPENLSIRHQD---KSMEIE  
                       :***:********************* ***** : **   **::**  
 
Homo sapiens    VDENGTLDLSMHKHRKRENAFPSSSSCSSSPGVKSPDASQRH----SSTSAPS  
Danio rerio VDENGTLDLSMKKPIKREVGM-----SCTSPEVRSPDLSSSSSSSSTSLHH-G  
                ***********:*  *** .:     ..:** *:*** *.      :*    .  
 
Homo sapiens   SSMTSPQSSQASRQDEWDRPLDYTKPSRLREEEPEESEPAAHSFASSEADDQE 
Danio rerio NSSISPHSLHTYKQEEWEGPLDYTKPNRQREEELEEMDHSAPSFASSDPEDCD 
  .*  **:* :: :*:**: *******.* **** ** : :* *****:.:* :   
 
Homo sapiens    VSEENFEERKYPGEVTLTNFKLKFLSKDIKKELLTCPTPGCDGSGHITGNYAS 
Danio rerio MMQDGLEDRKYPGEVTTPSFKVRFQPKDNKKDLLMCPTPGCDGSGHITGNYAS 
                : ::.:*:******** ..**::* .** **:** ****************** 
 
Homo sapiens    HRSLSGCPLADKSLRNLMAAHSADLKCPTPGCDGSGHITGNYASHRSLSGCPR  
Danio rerio HRSLSGCPLADKSLRSLMAAHTAELKCPTPGCDGSGHITGNYSSHRSLSGCPR  
                ***************.*****:*:******************:**********  
 
Homo sapiens    AKKSGVKVAPTKDDKEDPELMKCPVPGCVGLGHISGKYASHRSASGCPLAARR  
Danio rerio  AKKGGIKTTPIKDDKEDSELLKCPVPGCDSLGHISGKYATHRSAYGCPLAARR  
                ***.*:*.:* ******.**:******* .*********:**** ********  
 
Homo sapiens    QKEGSLNGSSFSWKSLKNEGPTCPTPGCDGSGHANGSFLTHRSLSGCPRATFA  
Danio rerio  QKEGLLNGSPFSWKAFKTEGPTCPTPGCDGSGHANGSFLTHRSLSGCPRASLN  
                **** ****.****::*.******************************** ::   
 
Homo sapiens    GKKGKLSGDEVLSPKFKTSDVLENDEEIKQLNQEIRDLNESNSEMEAAMVQLQ  
Danio rerio  KKKAKFPGEEYLSTKFRASDVLDNDEDIKQLNKEINELNESNNEMEADMVNLQ  
                 **.*:.*:* **.**::****:***:*****:**.:*****.**** **:**  
 
Homo sapiens    SQISSMEKNLKNIEEENKLIEEQNEALFLELSGLSQALIQSLANIRLPHM-EP  
Danio rerio  TQITSMEKNLKNIEQENKMIEEQNEALFMELSGLSQALIRSLANIRLPHMQEP  
                :**:**********:***:*********:**********:********** **  
 
Homo sapiens    ICEQNFDAYVSTLTDMYSNQ----DPENKDLLESIKQAVRGIQV 
Danio rerio ITEQNFESYVSTLTDMYTNKDCYQNPENKALLETINKAVKGIKV 
                * ****::*********:*:    :**** ***:*::**:**:* 
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Peptide alignment for Phospho p38 MAPK 
Antibody raised to residues surrounging Thr180/Tyr182 
 
Homo sapiens – Gene ID (ENSG00000112062) – peptide ID (ENSP00000229795) 
Danio rerio a  – Gene ID (ENSDARG00000000857)  

– peptide ID (ENSDARP00000040361) 
Danio rerio b  – Gene ID (ENSDARG00000028721)  

– peptide ID (ENSDARP00000035686) 
 
 
Homo sapiens    -MSQERPTFYRQELNKTIWEVPERYQNLSPVGSGAYGSVCAAFDTKTGLRVAV  
Danio rerio a MSQKERPTFYRQEVNKTIWEVPVQYQNLSPVGSGAYGSVCSAFDAKTGFKVAV  
                  .:*********:******** :****************:***:***::***  
Danio rerio b  MSQKARPTFYRQELNKTIWEVPERYQNLSPVGSGAYGSVCSAFDGKAGLRVAV 
    .: ***********************************:*** *:******  
 
 
Homo sapiens    KKLSRPFQSIIHAKRTYRELRLLKHMKHENVIGLLDVFTPARSLEEFNDVYLV  
Danio rerio a  KKLSRPFQSIIHAKRTYRELRLLKHMRHENVIGLLDVFTPATSLKEFNDVYLV  
                **************************:************** **:********  
Danio rerio b  KKLSRPFQSIIHAKRTYRELRLLKHMKHENVIGLLDVFSPATSLEEFNDVYLV  
                **************************************:** ***********  
 
 
Homo sapiens    THLMGADLNNIVKCQKLTDDHVQFLIYQILRGLKYIHSADIIHRDLKPSNLAV  
Danio rerio a  THLMGADLNNIVKCQKLTDDHVQFLIYQILRGLKYIHSADIIHRDLKPSNLAV  
                *****************************************************  
Danio rerio b  THLMGADLNNIVKCQKLTDDHVQFLIYQILRALKYIHSADIIHRDLKPSNLAV  
                *******************************.*********************  
 
 
Homo sapiens    NEDCELKILDFGLARHTDDEMTGYVATRWYRAPEIMLNWMHYNQTVDIWSVGC  
Danio rerio a  NEDCELKILDFGLARHTDDEMTGYVATRWYRAPEIMLNWMHYNVTVDIWSVGC  
                ******************************************* *********  
Danio rerio b  NEDCELKILDFGLARLTDDEMTGYVATRWYRAPEIMLNWMHYNMTVDIWSVGC  
                *************** *************************** *********  
 
 
Homo sapiens    IMAELLTGRTLFPGTDHINQLQQIMRLTGTPPAYLINRMPSHEARNYIQSLTQ  
Danio rerio a  IMAELLTGRTLFPGTDHINQLQQIMRLTGTPPSSLISRMPSHEARTYISSLPQ  
                ********************************: **.********.**.**.*  
Danio rerio b  IMAELLTGRTLFPGTDHINQLQQIMRLTGTPPASLISRMPSHEARNYISSLPH  
                ********************************* **.***********.**.:  
 
 
Homo sapiens    MPKMNFANVFIGANPLAVDLLEKMLVLDSDKRITAAQALAHAYFAQYHDPDDE  
Danio rerio a  MPKRNFADVFIGANPQAVDLLEKMLVLDTDKRITAAEALAHPYFAQYHDPDDE  
                *** ***:******* ************:*******:****.***********  
Danio rerio b  MPKRNFADVFIGANPLAVDLLEKMLVLDTDKRITASQALAHPYFAQYHDPDDE  
                *** ***:********************:******:*****.***********  
 
 
Homo sapiens    PVADPYDQSFESRDLLIDEWKSLTYDEVISFVPPPLDQEEMES 
Danio rerio a PEAEPFDQSFESRELDIEEWKRQTYEEMISFEPPVFDVDEMES 
                * *:*:*******:* *:***  **:*:*** ** :* :**** 
Danio rerio b  PEADPYDQSFESRDLEIEEWKSLTYEEVMSFEPPVFDGDEMES 
                * ************* *:*******:**:** ** :* :**** 
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Peptide alignment for Phospho-p70 S6 kinase 
Antibodies raised against peptides surrounding Thr421/Ser424 and Thr389 
 
Homo sapiens – Gene ID (ENSG00000108443) – peptide ID (ENSP00000225577) 
Danio rerio a  – Gene ID (ENSDARG00000018399)  

– peptide ID (ENSDARP00000012715) 
Danio rerio b  – Gene ID (ENSDARG00000058230)  

– peptide ID (ENSDARP00000075502 ) 
 
Homo sapiens    MRRRRRRDGFYPAPDFRDREAEDMAGVFDIDLDQPEDAGSEDELEEGGQLNES  
Danio rerio a  -----------------------MAGVFDIDLDPPEDNVSDEELSDGAKINEY  
                                       ********** ***  *::**.:*.::**  
Danio rerio b  -----------------------MAGVFDIDLDQPEENVSDDELEE-AQINEL  
                                       *************:  *:***** .*:**  
 
 
Homo sapiens    MDH-GGVGPYELGMEHCEKFEISETSVNRGPEKIRPECFELLRVLGKGGYGKV  
Danio rerio a  IDQCSG---FEF-MEDCEKFEISEDSVNQGTEKIRPECFELLRVLGKGGYGKV  
               :*: .*   :*: **.******** ***:*.**********************  
Danio rerio b  MDQCSG---FEFNMDDCEKIEISEDNVNQGTENIRPECFELLRVLGKGGYGKV  
              **: .*   :*:.*:.***:**** .**:*.*:********************  
 
 
Homo sapiens    FQVRKVTGANTGKIFAMKVLKKAMIVRNAKDTAHTKAERNILEEVKHPFIVDL  
Danio rerio a  FQVRKVAGAASGKIFAMKVLKKAMIVRNAKDTAHTKAERSILEEVKHPFIVDL  
                ******:** :****************************.*************  
Danio rerio b  FQVRKVSGAATGKIFAMKVLKKAMIVRNAKDTAHTKAERNILEEVKHPFIVDL  
                ******:** *******************************************  
 
 
Homo sapiens    IYAFQTGGKLYLILEYLSGGELFMQLEREGIFMEDTACFYLAEISMALGHLHQ  
Danio rerio a  IYAFQTGEKLYLILEYLSGGELFMQLEREGIFLEDTACFYLAEISLALGHLHQ  
                ******* ************************:************:*******  
Danio rerio b  IYAFQTGGKLYLILEYLSGGELFMQLEREGIFMEDTACFYLAEISMALGHLHQ  
                *****************************************************  
 
 
Homo sapiens    KGIIYRDLKPENIMLNHQGHVKLTDFGLCKESIHDGTVTHTFCGTIEYMAPEI  
Danio rerio a  KGIIYRDLKPENIMLNYNGHVKLTDFGLCKESIHDGTVTHTFCGTIEYMAPEI  
                ****************::***********************************  
Danio rerio b  KGIIYRDLKPENIMLNNQGHVKLTDFGLCKESIHDGTVTHTFCGTIEYMAPEI  
               ****************:************************************  
 
 
Homo sapiens    LMRSGHNRAVDWWSLGALMYDMLTGAPPFTGENRKKTIDKILKCKLNLPPYLT  
Danio rerio a  LTRSGHNRAVDWWSLGALMYDMLTGAPPFTAENRKKTIDKILKCKLNLPPYLT  
                * ****************************.**********************  
Danio rerio b  LMRSGHNRAVDWWSLGALMYDMLTGAPPFTGENRKKTIDKILKCKLNLPPYLT  
                *****************************************************  
 
Homo sapiens    QEARDLLKKLLKRNAASRLGAGPGDAGEVQAHPFFRHINWEELLARKVEPPFK 
Danio rerio a  QEARDLLKKLLKRNASVRIGASPRDVLDIQRHSFFRHINWDDLLAFKIDPPFK 
  ***************: *:**.* *. ::* *.*******::*** *::**** 
Danio rerio b  QEARDLLKRLLKRSASSRLGAGPGDATEVQTHPFFRHVNWDDLLARKVEPPFK 
  ********:****.*:********** ***:******:**::*********** 
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Homo sapiens    PLLQSEEDVSQFDSKFTRQTPVDSPDDSTLSESANQVFLGFTYVAPSVLESVK 
Danio rerio a  PFLQSADDVSQFDSKFTSQTPVDSPDDTKLSESDNQVFLGFTYIAPSVLENIK 
                *:*** :********** *********:.**** *********:******.:* 
Danio rerio b  PFLQSAEDVSQFDSKFTSQTPVDSPDDSTLSESANQVFLGFTYVAPSVLENIK 
                *:*** *********** ********************************.:* 
 
 
Homo sapiens    EKFSFEPKIRSPRRFIGSPRTPVSPVKFSPGDFWGRGAS-AS--TANPQTPVE  
Danio rerio a  EKFTFEPKSRSPRKVLGSPRTPVSPLKAEVEDGWSRGPLFPEVTTSSSLLPPT  
                ***:**** ****:.:*********:* .  * *.**.  ..  *:..  *    
Danio rerio b  EKFSFEPKIRSPRRFLGSPRTPLSPIKFS-GDCWPRGPTLPG--SSTLQSPTE  
                ***************:******:**:*** ** * **.: ..  *:*.*:*.* 
 
 
Homo sapiens    YPMMETSGIEQMDVTMSGEASAPLPIRQP---NSGPYKKQAFPMISKRPEHLR  
Danio rerio a  GALKQASNVEQMDMSSNMEASAPLPIKKPLGSNTGSFMKQPHPVGGRRPKHLK  
                 .: ::*.:****:: . ********::*   *:*.: **..*: .:**:**: 
Danio rerio b  LA-MEVSSVDHMDVQASAEATAPLPIRQPAGSNMGQFKQQAYPVISKRPEHLR  
                . **.*.:::***  *.**:********   * * :*:**:*:********* 
 
Homo sapiens MNL 
Danio rerio a   MKL 
  *:* 
Danio rerio b  MNL 
  *** 
 
 
 
 
 
Peptide alignment for PKM1/2 
 
Homo sapiens – Gene ID (ENSG00000067225) – peptide ID (ENSP00000320171) 
Danio rerio a  – Gene ID (ENSDARG00000003933)  

– peptide ID (ENSDARP00000110339) 
Danio rerio b  – Gene ID (ENSDARG00000003191)  

– peptide ID (ENSDARP00000111539) 
 
 
Homo sapiens    ----------------------------------------------------- 
Danio rerio a ----------------------------------------------------- 
Danio rerio b  MSLYSINRVINVFLHNTCKMFNCEVNPVLAEERIAVGSSSGRYRVDKLRQWRM  
 
 
Homo sapiens   ----------------------MSKPHSEAGTAFIQTQQLHAAMADTFLEHMC  
Danio rerio a ---------------------MSQTKAQDMGSAFIQTQQLNAAMADTFLEHMC  
                         ..  .: *:********:************  
Danio rerio b  KSSEVPAGVHQQRTLLADAAPAMSQTK-TTASGFIQTQQMPAAMAETFLEHLC  
                                **:.:  :.:.******: ****:*****:* 
 
 
Homo sapiens    RLDIDSPPITARNTGIICTIGPASRSVETLKEMI-------------------  
Danio rerio a  LLDIDSEPTIARNTGIICTIGPASRSVDTLKEMIXXXXXXXXXXXXXXXXXXX  
   ***** *  *****************:******      
Danio rerio b  LLDIDSEPTVSRNTGIVCTLGPASRSLETLREMI-------------------  
                 ***** * .:*****:**:******:***:***                               



269 

 
Homo sapiens    ---------------KSGMNVARLNFSHGTHEYHAETIKNVRTATESFASDPI  
Danio rerio a  XXXXXXXXXXXXXXXKSGMNIARMNFSHGSHEYHGETIKNVREACASFEPGSI  
                 *****:**:*****:****.******* *  ** ...*  
Danio rerio b  ---------------LSGMNVARLNFSHGTHEYHAETIKSVREAIESFGAGTI  
                  ***********************.** * ***.:..*  
 
 
Homo sapiens    LYRPVAVALDTKGPEIRTGLIKGSGTAEVELKKGATLKITLDNAYMEKCDENI  
Danio rerio a  QYRPVGIALDTKGPEIRTGLIKGSGTAEVELKKGNKIKVTLDDSFMENCDEDT  
   ****.:*************************** .:*:***:::**:***: 
Danio rerio b  DYRPVAIALDTKGPEIRTGLIKGSGTEEVKLVKGNIIKLTLDDKFMDNCDENT  
                 *****:******************* **:* **  :*:***: :*::****  
 
 
Homo sapiens    LWLDYKNICKVVEVGSKIYVDDGLISLQVKQKGADFLVTEVENGGSLGSKKGV  
Danio rerio a LWLDYKNITKVVEVGSKVYIDDGLISLQVLQIGSDYLICEIENGGSLGSKKGV 
  ******** ********:*:********* * *:*:*: *:************ 
Danio rerio b LWLDYKNITKVVQQGSHIYVDDGLISLKVKEIGSDFLNCEIENGGMLGSKKGV 
  ******** ***: **:**********:**: *:***  *:**** ******* 
 
 
Homo sapiens    NLPGAAVDLPAVSEKDIQDLKFGVEQDVDMVFASFIRKASDVHEVRKVLGEKG  
Danio rerio a NLPGAAVDLPAVSEKDIKDLQFGVEMGVDMIFASFIRKAADVQAVRKVLGEKG 
  *****************:**:**** .***:********:**: *********  
Danio rerio b  NLPGANVDLPAVSEKDIKDLQFGVEQGVDMVFASFIRKAADVHAVRKVLGEKG 
                ***** ***********:**:*****.************:*** *********  
 
 
Homo sapiens    KNIKIISKIENHEGVRRFDEILEASDGIMVARGDLGIEIPAEKVFLAQKMMIG  
Danio rerio a KNIKIISKLENHEGVRRFDEIMEASDGIMVARGDLGIEIPTEKVFLAQKMMIG 
  ********:************:******************:************ 
Danio rerio b  KDIRIISKLENHEGVRKFDEILEASDGIMVARGDLGIEIPTEKVFLAQKMMIS 
                *:*:****:*******:***********************:***********. 
 
 
Homo sapiens    RCNRAGKPVICATQMLESMIKKPRPTRAEGSDVANAVLDGADCIMLSGETAKG  
Danio rerio a RCNKAGKPIICATQMLESMIKKPRPTRAEGSDVANAVLDGADCIMLSGETAKG  
  ***:****:********************************************  
Danio rerio b  RCNRIGKPIICATQMLESMIKKPRPTRAESSDVANAVLDGADCIMLSGETAKG  
               **** ***:********************.***********************  
 
 
Homo sapiens    DYPLEAVRMQHLIAREAEAAMFHRKLFEELVRASSHSTDLMEAMAMGSVEASY  
Danio rerio a  DYPLEAVRTQHMIAREAEAATFHRQLFEGLRRSSVLTRDPSDAVAVGAVEASF  
  ******** **:******** ***:*** * *:*  : *  :*:*:*:****:  
Danio rerio b  EYPIESVLTQHLIAREAEAAMFHRQLFEELRRTSHLTRDPTESVAVGAVEASF  
                :**:*:*  ***************:***** *:*  : *  *::*:*:****:  
 
 
Homo sapiens    KCLAAALIVLTESGRSAHQVARYRPRAPIIAVTRNPQTARQAHLYRGIFPVLC  
Danio rerio a  KCCASGIIILTKTGRSAHLISRYRPRAPILAVTRNEQTARQAHLYRGIFPIYY  
  ** *:.:*:**::***** ::********:***** **************:   
Danio rerio b  KCCASAIICLTKTGRSAQLLSRYRPRAPIMAVTRNGQTSRQLHLYRGVIPILY  
                ** *:*:* **::****: ::********:***** **:** *****::*:*  
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Homo sapiens    KDPVQEAWAEDVDLRVNFAMNVGKARGFFKKGDVVIVLTGWRPGSGFTNTMRV  
Danio rerio a NSPSNDVWAEDVDLRVNFAMDVGKARGFFKAGDVVIVLTGWRPGSGYTNTMRV  
  :.* ::.*************:********* ***************:******  
Danio rerio b  TKPANDIWAEDVDLRVSFALEIGKHRKYFKSGDVIIVVTGWRPGSGYTNTMRI  
                ..*.:: *********.**:::** * :**.***:**:********:*****:  
 
 
Homo sapiens VPVP 
Danio rerio a VPVP 
  **** 
Danio rerio b   VVVP 
  * ** 
 
 
 
Peptide alignment for Phospho-SAPK/JNK 
Antibody raised to residues surrounding Thr183/Tyr185 
 
Homo sapiens – Gene ID (ENSG00000107643) – peptide ID (ENSP00000363304) 
Danio rerio a  – Gene ID (ENSDARG00000031888)  

– peptide ID (ENSDARP00000119001) 
Danio rerio b  – Gene ID (ENSDARG00000009870)  

– peptide ID (ENSDARP00000111769) 
 
 
Homo sapiens    MSRSKRDNNFYSVEIGDSTFTVLKRYQNLKPIGSGAQGIVCAAYDAILERNVA 
Danio rerio a MNKNKREKEFYSVDVGDSTFTVLKRYQNLRPIGSGAQGIVCSAYDNNLERNVA  
                *.:.**:::****::**************:***********:***  ******  
Danio rerio b  MNRNKREKEYYSIDVGDSTFTVLKRYQNLRPIGSGAQGIVCSAYDHVLDRNVA  
  *.*.**::::**:::**************:***********:*** :*:****  
 
 
Homo sapiens    IKKLSRPFQNQTHAKRAYRELVLMKCVNHKNIIGLLNVFTPQKSLEEFQDVYI  
Danio rerio a  IKKLSRPFQNQTHAKRAYRELVLMKCVNHKNIIGLLNVFTPQKTLEEFQDVYL  
                *******************************************:********:  
Danio rerio b  IKKLSRPFQNQTHAKRAYRELVLMKCVNHKNIIGLLNVFTPQKTLEEFQDVYL  
  *******************************************:********:  
 
 
Homo sapiens    VMELMDANLCQVIQMELDHERMSYLLYQMLCGIKHLHSAGIIHRDLKPSNIVV  
Danio rerio a  VMELMDANLCQVIQMELDHERLSYLLYQMLCGIKHLHAAGIIHRDLKPSNIVV  
                *********************:***************:***************  
Danio rerio b  VMELMDANLCQVIQMELDHERLSYLLYQMLCGIKHLHAAGIIHRDLKPSNIVV  
  *********************:***************:***************  
 
 
Homo sapiens    KSDCTLKILDFGLARTAGTSFMMTPYVVTRYYRAPEVILGMGYKENVDLWSVG  
Danio rerio a  KSDCTLKILDFGLARTAATGLLMTPYVVTRYYRAPEVILGMGYQANVDIWSVG  
                *****************.*.::*********************: ***:****  
Danio rerio b  KSDCTLKILDFGLARTAATGLLMTPYVVTRYYRAPEVILGMGYQANVDVWSIG  
  *****************.*.::*********************: ***:**:*  
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Homo sapiens    CIMGEMVCHKILFPGRDYIDQWNKVIEQLGTPCPEFMKKLQPTVRTYVENRPK 
Danio rerio a CILAEMVRHKILFPGRDYIDQWNKVIEQLGTPTQEFLLKLNQSVRTYVENRPR 
  **:.*** ************************  **: **: :*********: 
Danio rerio b CIMAEMVRGSVLFPGTDHIDQWNKVIEQLGTPSQEFMMKLNQSVRTYVENRPR 
  ***.***  .:**** *:**************. *** **: :*********: 
 
 
Homo sapiens    YAGYSFEKLFPDVLFPADSEHNKLKASQARDLLSKMLVIDASKRISVDEALQH 
Danio rerio a YTGYSFEKLFPDVLFPADSEHSKLKASQARDLLSKMLVIDASKRISVDEALQH 
                *:*******************.******************************* 
Danio rerio b YAGYSFEKLFPDVLFPADSDHNKLKASQARDLLSKMLVIDASKRISVDEALQH 
  *******************:********************************* 
 
 
Homo sapiens    PYINVWYDPSEAEAPPPKIPDKQLDEREHTIEEWKELIYKEVMDLEERTKNGV 
Danio rerio a PYINVWYDPAEVEAPSPLITDKQLDEREHTVEEWKELIYKEVLDWEERMKNGV 
                *********:*.***.* *.**********:***********:* *** **** 
Danio rerio b  PYINVWYDPSEVEAPPPAITDKQLDEREHSVEEWKELIYKEVLEWEERTKNGV 
  ***********.***** *.*********::***********:: ******** 
   
 
Homo sapiens   IRGQPSPLGAAVINGSQHPS-SSSSVNDVSSMSTDPTLASDTDSSLEAAAGPL 
Danio rerio a IRGQPSPLGAAVINGSPQPS-SSSSINDVSSMSTEPTVASDTDSSLEASAGPL 
                **************** :** ****:********:**:**********:**** 
Danio rerio b IRGQPASLGAAVSSDSHEPSTSSSSINDVSSMSTEVTLTSDTDSSQETSNGAL 
  *****:.***** ..*:.** ****:********: **:****** *:: *.* 
 
 
Homo sapiens    GCCR 
Danio rerio a SCCR 
               .*** 
Danio rerio b  HCCR 
   *** 
 
 
 
 
Peptide alignment for Phospho-Src  
Antibody raised to residues surrounding Tyr416 
 
Homo sapiens – Gene ID (ENSG00000197122)  

– peptide ID (ENSP00000408503) 
Danio rerio – Gene ID (ENSDARG00000008107)  

        – peptide ID (ENSDARP00000093618) 
 
Homo sapiens  MGSNKSKPKDASQRRRSLEPAENVHGAGGG-----AFPASQTPSKPASADGHR  
Danio rerio  MGGVKSKPKELGQRSRSLD------DGTGGHHHHTPNPTSFTPNRSPPVEGSR  
                **. *****: .** ***:      .. **     . *:* **.:....:* *    
 
 
Homo sapiens  GPSAAFAPA-AAEPKLFGGFNS-SDTVTSPQRAGPLAGGVTTFVALYDYESRT  
Danio rerio  R--GTQPNIINAEQALFGGVNSTTNSITSPNRIGI-LGGVTTFVALYDYESRT  
                   .: .    **  ****.** ::::***:* *   ****************  
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Homo sapiens  ETDLSFKKGERLQIVNNTEGDWWLAHSLSTGQTGYIPSNYVAPSDSIQAEEWY  
Danio rerio  ASDLSFRKGERLQIVNNTEGDWWLARSLTTGESGYIPSNYVAPSDSIQAEEWY  
                 :****:******************:**:**::********************  
 
 
Homo sapiens  FGKITRRESERLLLNAENPRGTFLVRESETTKGAYCLSVSDFDNAKGLNVKHY  
Danio rerio  FGKITRRDSERLLLNLENRRGTFLVRESETTKGAYCLSVLDYDNVKGLNVKHY  
                *******:******* ** ******************** *:**.********  
 
 
Homo sapiens  KIRKLDSGGFYITSRTQFNSLQQLVAYYSKHADGLCHRLTTVCPTSKPQTQGL  
Danio rerio  KIRKLDSGGFYITSRTQFSTLQQLVNHYRQHADGLCHSLTDVCPVLKPPTQGL  
                ******************.:***** :* :******* ** ***. ** ****  
 
 
Homo sapiens  AKDAWEIPRESLRLEVKLGQGCFGEVWMGTWNGTTRVAIKTLKPGTMSPEAFL  
Danio rerio  ARDAWEIPRDSLRLDVKLGQGCFGEVWMGTWNGTTRVAIKTLKPGTMSPEAFL  
                *:*******:****:**************************************  
 
Homo sapiens  QEAQVMKKLRHEKLVQLYAVVSEEPIYIVTEYMSKGSLLDFLKGETGKYLRLP 
Danio rerio  QEAQVMKKLRHEKLVQLYAVVSEEPIYIVTEYMGQGSLLDFLKGDMGKMLRLP 
  *********************************.:*********: ** **** 
 
 
Homo sapiens  QLVDMAAQIASGMAYVERMNYVHRDLRAANILVGENLVCKVADFGLARLIEDN 
Danio rerio  QLVDMASQIASGMAYVERMNYVHRDLRAANILVGDNLVCKVADFGLARLIEDN 
                ******:***************************:****************** 
 
 
Homo sapiens  EYTARQGAKFPIKWTAPEAALYGRFTIKSDVWSFGILLTELTTKGRVPYPGMV  
Danio rerio  EYTARQGAKFPIKWTAPEAALYGRFTIKSDVWSFGILLTELTTKGRVPYPGMV  
                *****************************************************  
 
 
Homo sapiens  NREVLDQVERGYRMPCPPECPESLHDLMCQCWRKEPEERPTFEYLQAFLEDYF  
Danio rerio  NREVLDQVERGYRMPCPAECPDSLHELMLTCWRKEPEERPTFEYLQGFLEDYF  
                *****************.***:***:**  ****************.******  
 
 
Homo sapiens  TSTEPQYQPGENL 
Danio rerio  TSTEPQYQPGENL 
                ************* 
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Peptide alignment for Phospho SEK1/MKK4  
Antibody raised to residues surrounding Ser257/Thr261 
 
Homo sapiens – Gene ID (ENSG00000065559) – peptide ID (ENSP00000262445) 
Danio rerio a  – Gene ID (ENSDARG00000063583)  

– peptide ID (ENSDARP00000087469) 
Danio rerio b  – Gene ID (ENSDARG00000077177)  

– peptide ID (ENSDARP00000101456) 
 
 
Homo sapiens    MAAPSPS---GGGGSGG-GSGSGTPGPVGSPAPGHPAVSSMQG---------- 
Danio rerio a MATSSPS-------SNPASASNNPTQLHPAQSQHITTMSSMQGFQINLSGLPP  
  **:.***       *.  .:.....    : :   .::*****            
Danio rerio b  MAAPSSDSGS--------SCGGGGTAGPAGLSPRLGSIGAQDSNSCWRCQNET  
                *****..           ..*.* ..  .. :*   ::.: :.                   
 
 
Homo sapiens    ------------KRKALKLNFANPPFKSTARFTLNPNPTGVQNPHIERLRTHS  
Danio rerio a S-----------KRKALKLNFANPPIKTTSRIT---SGLPFQNPHIERLRTHS  
              *************:*:*:*:*   .   .************  
Danio rerio b  GFQINLSGVTQIKRKALKLNFANPPVKPAARLPITSTAPAFQNPHIERLRTHS  
                            *************.*.:**:.:.......************  
 
 
Homo sapiens    IESSGKLKISPEQHWDFTAEDLKDLGEIGRGAYGSVNKMVHKPSGQIMAVKRI  
Danio rerio a  IESSGKLKISAEQHCDFTAEDLKDLGEIGRGAYGSVNKMAHKPSGQIMAVKRI  
  **********.*** ************************.*************  
Danio rerio b  IESSGKLKISPEQHCDFTAEDLKDLGEIGRGAYGSVNNMVHKPSGQIMAVKRI  
               ************** **********************:***************  
 
 
Homo sapiens    RSTVDEKEQKQLLMDLDVVMRSSDCPYIVQFYGALFREGDCWICMELMSTSFD  
Danio rerio a  RSTVDEREQKQLLMDLDVVMRSSDCPYIVQFYGALFREGDCWICMELMSTSFD  
  ******:**********************************************  
Danio rerio b  RSTVDEKEQKQLLMDLDVVMRSSDCPYIVQFYGALFREGDCWICMELMATSLD  
                ************************************************:**:*  
 
 
Homo sapiens   KFYKYVYSVLDDVIPEEILGKITLATVKALNHLKENLKIIHRDIKPSNILLDR 
Danio rerio a  KFYKYVYSSLDEVIPEEILGKITLATVKALNHLKENLKIIHRDIKPSNILLDR 
  ******** **:*****************************************  
Danio rerio b  KFYKYVYCASDDVIPEEILGKITLATVKALNHLKENLKIIHRDIKPSNILLDR 
  *******.. ******************************************* 
 
 
Homo sapiens    SGNIKLCDFGISGQLVDSIAKTRDAGCRPYMAPERIDPSASRQGYDVRSDVWS 
Danio rerio a KGNIKLCDFGISGQLVDSIAKTRDAGCRPYMAPERIDPSASRQGYDVRSDVWS 
  .**************************************************** 
Danio rerio b  NGNIKLCDFGISGQLVDSIAKTRDAGCRPYMAPERIDPSASRQGYDVRSDVWS 
                .**************************************************** 
 
 
Homo sapiens    LGITLYELATGRFPYPKWNSVFDQLTQVVKGDPPQLSNSEEREFSPSFINFVN 
Danio rerio a LGITLYELATGRFPYPKWNSVFDQLTQVVKGDPPQLSSSEERQFSPKFINFVN 
  *************************************.****:***.****** 
Danio rerio b  LGITLYELATGRFPYPRWNSVFDQLTQVVKGEPPQLCSSEDRQFSHKFIQFVN 
                ****************:**************:****..**:*:** .**:*** 
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Homo sapiens    LCLTKDESKRPKYKELLKHPFILMYEERAVEVACYVCKILDQMPATPSSPMYV 
Danio rerio a LCLTKDESKRPKYKELLKHAFIQMYEERSVDVATYVCRILDQMPPSPSSPMYV 
  *******************.** *****:*:** ***:******.:******* 
Danio rerio b  LCLTKDESKRPKYRELLKHPFILMYEERLVDVARYVCRILDQMPASPGSPMYV 
                *************:************** *:** ***:*******:*.***** 
 
 
Homo sapiens    D 
Danio rerio a S 
  . 
Danio rerio b  D 
                * 
 
 
 
 
Peptide alignment for TAK1 (MAP3K7) 
Antibody #4505 raised against residues near carboxy terminus 
Antibody #4508 raised againt residues surrounding Thr184/187 
 
Homo sapiens – Gene ID (ENSG00000135341) – peptide ID (ENSP00000358335) 
Danio rerio  – Gene ID (ENSDARG00000020469)  

         – peptide ID (ENSDARP00000006286) 
Oryzias latipes – Gene ID (ENSORLG00000017940)  
           – peptide ID (ENSORLP00000022458) 
 
 
Homo sapiens  MSTASAASSSSSSSAGEMIE-APSQVLNFEEIDYKEIEVEEVVGRGAFGVVC  
Danio rerio  --MSMPS--------ADMLETPP--MYPFEEIDYVDIEVEEVVGRGAFGVVC  
                    : .:        .:*:* .*  :  ****** :****************  
Orysias latipes  MSLTLPP--------SEMLETPP--GYPFEEINYEDIEVEEVVGRGAFGVVC  
                 ** : ..        .**:* .*     ****:*::****************  
 
 
Homo sapiens  KAKWRAKDVAIKQIESESERKAFIVELRQLSRVNHPNIVKLYGACLNPVCLV  
Danio rerio  KAKWKGRDVAIKTIESESEKNAFIVELRQLSRVDHPNIVKLYGSCNNPVCLV  
              ****:.:***** ******::************:*********:* ******  
Orysias latipes  KAKWKGNDVAIKTIESESERKAFIVELRQLSRVNHPNIVKLYGSCSNPVCLV  
                 ****:.:***** ******************************:* ******  
 
 
Homo Sapiens  MEYAEGGSLYNVLHGAEPLPYYTAAHAMSWCLQCSQGVAYLHSMQPKALIHR  
Danio rerio  MEYAEGGSLYNVLHGAEPLPHYTASHAMSWCLQCSQGVSYLHGMKPKALIHR  
               ********************:***:*************:***.*:*******  
Orysias latipes  MEYAEGGSLYNVLHGAEPLPCYTASHAMSWCLQCSQGVAYLHGMKPKALIHR  
                ******************** ***:*****************.*:*******  
 
 
Homo sapiens  DLKPPNLLLVAGGTVLKICDFGTACDIQTHMTNNKGSAAWMAPEVFEGSNYS  
Danio rerio  DLKPPNLLLVAGGTVLKICDFGTACDIQTHMTNNKGSAAWMAPEVFEGSNYS  
                 ****************************************************  
Orysias latipes  DLKPPNLLLVAGGTVLKICDFGTACDIQTHMTNNKGSAAWMAPEVFEGSNYS  
                 **************************************************** 
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Homo sapiens  EKCDVFSWGIILWEVITRRKPFDEIGGPAFRIMWAVHNGTRPPLIKNLPKPI  
Danio rerio  EKCDVFSWGIILWEVITRRKPFDEIGGPAFRIMWAVHRGTRPPLIKNLPKAI 
   *************************************.************.* 
Orysias latipes  EKCDVFSWGIILWEVITRRKPFDEIGGPAFRIMWAVHNGTRPPLIKNLPKPI 
   ****************************************************  
 
 
Homo sapiens     ESLMTRCWSKDPSQRPSMEEIVKIMTHLMRYFPGADEPLQYPCQYSDEGQSN  
Danio rerio  ESLMTRCWSKDPSQRPSMEEIVKIMSHLMGYFPGSEEPLKYPYQYSDEGQSN 
                 *************************:*** ****::***:** ********* 
Orysias latipes  ESLMTRCWSKDPSQRPSMEEIVKIMSHLMKYFPESDVPLQYPYLYSDDGQIN 
                *************************:***:*** :* *****  ***:** * 
 
 
Homo sapiens  SATSTGSFMDIASTNTSNKSDTNME--QVPATNDTIKRLESKL--LKNQAKQ 
Danio rerio  SATSTGSHLDY--TCTSNKNDINMEHTNSPGSNDTIK------FPYKPKG-- 
                *******.:*   * ****.* ***  : *.:*****         *  
Orysias latipes  SATSTVSYLDY--TNTSNKSDANMEHSDSQGSNDTIK-ITPQFPAFKPKSLN 
                 ***** *::*   ********:***  :  .:***** : .::  :* :: :  
 
 
Homo sapiens  Q-SESGRLSLGA-SRGSSVESL------PPTSEGKRMSADMSEIEARIAA-T 
Danio rerio  -------ISGQSLSRGSSVESLPGRSHFQPSSDSKRMSVELSELEPRLPFAS  
                       :*  : *********       *:*:.****.::**:*.*    :    
Orysias latipes  PDQGGSSDKSLPLSRGGSVESLPARTLC--LGDGKRMSADLSELEPKAAFAP  
                  . ..  .  . ***.*****         .:*******:**:*.: *  . 
 
 
Homo sapiens  TAYSKPKRGHRKTASFGNILDVPEIVIS-GNGQPRRRSIQDLTVT-GTEPGQ  
Danio rerio  PA---------------------------TCEPHRRRSVQDLPAI-GTDASQ  
                .*                                ****:***..  **:..*     
Orysias latipes  AA-TQFRRGHRKTASHGTILDVPKIVVTATCEAQRRRSVQDLPAIVNAESSQ  
                :* :  :********.*.*****:**::      ****:***..  .:*..*     
 
 
Homo sapiens  V---SSRSSSPSVRMITTSGPTSEKPTRSHPWTPDDSTDTNGSDNSIPMAYL  
Danio rerio  DSRNNSRSSSPSFRMI----------------TPDR-TDTNGSDNSIPMAYL  
                    .*******.***                ***  ***************  
Orysias latipes  GSRNSSRSSSP--RMM------PADKPSRGYFSPDDPTDTNGSDNSIPMAYL  
                    *******  **:      . . .    ::***.***************  
 
 
Homo sapiens    TLDHQLQPLAPCPNSKESMAVFEQHCKMAQEYMKVQTEIALLLQRKQELVAE  
Danio rerio     TLDHQLQPLAPCPNSKESMAVFEQHCKMAQEYLKVQTEIALLKQRKEELIAE  
                ********************************:********* ***:**:**  
Orysias latipes  TLDHQLQPLAPCPNSKESMAVFEQHCKMAQEYLKVQTEIALLIQRKKELIAE  
                ********************************:*********:***:**:**  
 
 
Homo sapiens     LDQDEKDQQNTSRLVQEHKKLLDENKSLSTYYQQCKKQLEVIRSQQQKRQGT  
Danio rerio  LDQDEKDQQNACRLAQEQKKLIEENKSLSTYYQQCKKQLELIRAQQQKRQGT  
                **********:.**.**:***::*****************:**:******** 
Orysias latipes LDQDEKDQQNTSRLVQEHKKLLEENKSLSTYYQKCKKQLELIRVQQQKRQGT  
                **********************:**********:******:** ******** 
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Homo sapiens  S 
Danio rerio  S 
   * 
Orysias latipes  S 
   * 
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Dear Editor,

Nevi are senescent and benign tumors of melano-

cytes, some of which can progress to melanoma (Gray-

Schopfer et al., 2007). BRAFV600E is the most frequent

mutation in human nevi and melanoma, and promotes

senescence in human melanocytes (Gray-Schopfer

et al., 2007). The functional activity of BRAFV600E has

been validated in both zebrafish and mouse animal mod-

els (Damsky and Bosenberg, 2010; Patton et al., 2010).

Both models display nevus-like melanocytic hyperplasia;

however, the focus has been on the malignant transfor-

mation of these nevi to melanoma and not the nevi

themselves.

In zebrafish, the transgenic expression of BRAFV600E

from the mitfa promoter can promote fish-nevus

development, but an additional genetic mutation, for

example, in p53 is required to promote progression to

malignancy (Patton et al., 2005). BRAFV600E nevi develop

in the young adult fish, and once formed remain static,

and do not continue to grow for the remainder of the life

of the fish. Thus, like in humans, fish-nevi appear to have

limited growth potential, most likely due to oncogenic

BRAF-induced senescence pathways. Even in BRAFV600E

animals that are deficient for p53, only some fish-nevi

progress to melanoma (Patton et al., 2005), suggesting

that the constraints on fish-nevus growth are robust and

that multiple cellular changes are required to promote

transformation to melanoma.

We were able to exploit the regenerative capacity of

the zebrafish to explore the self-renewal potential of the

fish-nevus. The zebrafish pigmentation pattern consists

of three pigment cell types: the melanocytes, the irido-

phores, and the xanthophores (Kelsh et al., 2009).

Partial amputation of the fin tissue has previously been

studied to dissect the genetic pathways responsible for

melanocyte regeneration (Rawls and Johnson, 2000,

2001). Following microinjection of the BRAFV600E trans-

gene into the single-cell embryo (mosaic transgenics),

nevi occur randomly, with a proportion in the caudal fin

(Appendix S1). Zebrafish fin pigmentation patterns are

highly stereotyped, and zebrafish-nevi are clearly distin-

guishable from normal patterning by ectopic dark, dif-

fusely pigmented and often larger melanocytes. This

allowed us to ask whether the constraints on fish-nevus

growth are maintained in the context of the regenerat-

ing fin tissue. The distal portion of the caudal fin was

amputated, removing between one-quarter and one-half

of the nevus, and the regrowth of the tail and fish-nevus

was recorded. We reasoned that there could be four

possible outcomes: nevus regrowth with the regenerat-

ing tail fin, enhanced nevus regrowth with the regener-

ating tail fin, no nevus growth with the regenerating tail

fin, or regression of the remaining nevus.

Thirty-four zebrafish displaying fish-nevi within the

caudal fin underwent partial amputation (Figure 1B and

Table 1). Zebrafish were imaged initially as a reference

image, immediately following partial nevus removal (Fig-

ure 1A, B) and subsequently at 1-week intervals for at

least 3 weeks post-surgery (Figure 1C–G). Four different

outcomes were observed (Table 1). The most frequent

outcome was complete regrowth of the nevus (regener-

ate; n = 32; Figure 1C–G). Regenerating fin nevus tissue

carried the mitfa-BRAFV600E transgene cells, as con-

firmed by genotyping of the regenerate fin tissue (data

not shown). However, because the fish are mosaic

transgenics, non-nevus tail fin tissue also carried and

expressed the transgene preventing us from determin-

ing the origin of the repopulating fish-nevus melano-

cytes. Fin regeneration without regrowth of the nevus

was also observed (n = 1; non-regenerate; Figure S1),

as was one case of nevus regression in which the

remaining segment of nevus appeared to regress leav-

ing the original stripe pattern evident (regression; Fig-

ure S2). Rates of fish-nevus regrowth could vary, but all

fish-nevi could be clearly seen to begin recurrence

within 1 week. Most fish-nevi had recurred by 3 weeks,

although one fish required up to 10 weeks for complete

regrowth. Three fish showed enhanced regrowth along

the length of the tail fin (Figure S3). Thus, we find that

most fish-nevi have the potential for recurrence within

the context of the regenerating tail fin tissue.
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Fish-nevi recurrence was not altered by different wild-

type background (AB or TE strains). We also tested

recurrence in zebrafish disrupted for cell-to-cell contact

between pigment cells in the mutant line leopard (muta-

tion in connexin 41.8; (Watanabe et al., 2006) and in

zebrafish that have fin overgrowth (longfin; mutation in

kcnh2l; S. Johnson, personal communication). Fish-

nevus recurrence was recorded in all fish, regardless of

background (Table 1). Notably, fish-nevi could recur after

multiple and successive fin amputations (up to at least

three times).

We then addressed the cell population that generates

the recurrent nevus. One possibility is that the differen-

tiated melanocytes in the remaining fish-nevus undergo

migration and ⁄ or proliferation to repopulate the regener-

ating fin. Previous studies have shown that regeneration

of the pigment stripes following fin amputation involves

unpigmented precursor cells (Lee et al., 2010; Rawls

and Johnson, 2000, 2001). Ten fish with regenerative

fish-nevi were selected, and recurrence was observed

in the presence of N-phenylthiourea (PTU) to block de

novo melanin synthesis (Figure 2). In this way, melanin

is used as a lineage tracer that pigments the new mela-

nocytes derived from division of original nevus cells or

allows for the visualization of migrating nevus cells into

the regenerating tail. We found that the tail fins regener-

ated in PTU lack pigmentation of either the regenerating

stripes or nevus cells. Unpigmented cells did repopulate

the tail fin; however, because upon the initiation of mel-

anin synthesis (24 h after removal of PTU), we observed

pigmented melanocytes in the tail fin and the regener-

ated fish-nevus. This indicates that the melanocytes

responsible for repopulating the fish-nevus, at least in

the initial stages, are primarily derived from an unpig-

mented precursor cell type and not from significant

migration or proliferation of differentiated pigmented

fish-nevus melanocytes.

Tail fin regeneration did not promote melanoma in any

of the recurring fish-nevi. Notably, two nevi fish had

p53+ ⁄ ) mutations and also did not develop melanoma

(up to 3 months post-caudal fin amputation) at the

regenerating nevus, despite developing tumors from

additional nevi elsewhere on the body (Table 1). Follow-

ing this, we wondered whether tail regeneration might

Week 1

A B

C D E

F

H

G
Week 2 Week 3

Figure 1. Regeneration of a partially amputated fish-nevus. (A)

Mosaic integration of mitf-BRAFV600E promotes fish-nevus

development in wild-type zebrafish. Ectopic melanocytes form a

fish-nevus in the tail fin (black tissue, ventral portion of tail fin). The

red line indicates the line of amputation; the asterisk indicates an

additional fish-nevus on the body. (B) Amputation of a portion of

the tail fin, removing the distal portion of the fish-nevus (ventral

portion of fin) and normal fin tissue (dorsal portion of fin). The

regenerating tail fin was imaged at 1-week intervals following

amputation. Regrowth of the tail fin at 1 week (C), 2 weeks (D),

and 3 weeks (E). Higher-magnification image of the regenerating

tail fin pigmentation in the normal tissue of the dorsal portion of

the fin (F) and the regenerating fish-nevus (G). Yellow

xanthophores and black melanocytes are clearly visible in the tail

fin regenerate. (H) Complete tail fin and fish-nevus regeneration

at 4 months.

Table 1. Summary of BRAFV600E zebrafish nevus response

BRAFV600E nevus response

Number of

zebrafisha

Recurrent 32

Original sizeb 29

Larger sizec 3

Nonrecurrence 1

Regression 1

aAB ⁄ TE (12 wild-type fish; 2 p53M214K+ ⁄ )), leopard (3) or longfin,

leopard (15), ranging in age from 3 months to 1.5 years.
bOriginal size recurrent nevi were scored as those nevi that at least

regained original nevus size in the regenerating tail fin at 4 weeks.

Original size recurrent nevi genotypes: AB ⁄ TE (12 wild-type fish; 2

p53M214K+ ⁄ )), leopard (3) or longfin, leopard (12).
cLarger size recurrent nevi were scored as those nevi that

appeared larger at 4 weeks than the original nevus. All larger size

recurrent nevi were observed in the longfin, leopard line.
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stimulate tumor formation in tumor prone BRAFV600E

p53 lines in which all melanocytes carry the BRAFV600E

transgene. We repeated our tail regeneration assay in

five stable transgenic BRAFV600E ⁄ V600E p53) ⁄ ) zebrafish

and found no progression to melanoma at the tail fin

(followed up to 4 weeks post-amputation; data not

shown). Likewise, amputation of the tail fins in the

highly tumor prone RASV12 stable lines (Santoriello

et al., 2010) also did not stimulate tumorigenesis (fol-

lowed up to 3 weeks post-amputation; n = 24; data not

shown). Thus, in the proliferative environment of the

regenerating tail fin, sufficient cellular controls are main-

tained to prevent tumorigenesis in BRAFV600E- and

RASV12-expressing melanocytes.

In conclusion, otherwise growth-restricted zebrafish

fish-nevi have the potential to repopulate large portions

of a nevus from an unpigmented precursor cell type,

without promoting tumorigenicity. UV light exposure

and BRAF mutations contribute to nevus initiation in

humans but the maintenance, recurrence, and regres-

sion of nevi are not well understood. Nevi often regress

in older people (Tucker et al., 2002), and a proportion of

patients display nevi recurrence following removal by

surgical curettage or dermabrasion (King et al., 2009).

These recurrent nevi are not tumorigenic but can often

resemble a dysplastic nevus or melanoma (pseudomel-

anoma). The source of melanocytes that repopulate a

recurrent nevus is unknown, but it has been postulated

that the melanocytes may be derived from nearby mela-

nocyte stem cells or residual nevus melanocytes at the

site of removal (King et al., 2009). In our model, the

regenerative nevi appear to be derived from an unpig-

mented precursor population, at least during the first

11 days of regeneration. The potential for differing

regenerative outcomes of the fish-nevi suggests that

fish-nevi may actively regulate and sustain their growth.

While we do not know how human nevus maintenance

compares with the zebrafish-observed nevus outcomes,

this model provides a novel platform to study funda-

mental questions about nevus maintenance, regrowth,

and regression.
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