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ABSTRACT 

 

The ability of cancer to self-propagate is shared with adult stem cells. This 

shared trait led to the hypothesis that adult stem cells may be more apt to 

transformation. To address the impact of the differentiation status of the cell of 

origin on melanoma this study utilized two complementary systems: transgenic 

zebrafish and melanocytes differentiated from hESCs. Transformation was 

initiated in precursor neural crest (NC), precursor melanoblast (MB), or late stage 

melanocyte (MEL). 

To model the importance of cell of origin in fish, we have engineered 

transgenic fish that drive BRAFV600E expression in p53-/- fish under the control of 

NC, MB, and MEL promoters. To model melanoma in human cells we have 

engineered a hES line to express mutant BRAFV600E under the control of a DOX 

inducible promoter with genetic knockouts for p53, Rb1, and/or p16. We then 

differentiated the hES cells to NC, MB, or MEL and induced mutant BRAF 

expression at the defined stages and looked for comparative tumorigenesis. 

In both models, BRAF expression initiated in MEL is insufficient to drive 

tumors. BRAF expression initiated at the precursor MB stage drives aggressive 

melanomas. BRAF expression initiated at the precursor NC stage produces 

undifferentiated tumors. These findings suggest that the differentiation state of 

the cell of origin is limited for initiating melanoma. The impact of BRAFV600E 

appears to be context dependent with a distinct transcriptional impact at each 

stage. Importantly, hES derived tumors appear to be representative of patients 

when clustered on a TCGA plot.  
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Second Project: Cancer modeling by Transgene Electroporation in Adult 

Zebrafish 

 

Transgenic animals are invaluable for modeling cancer, but often require 

complex of multiple germline alleles to obtain the desired combinations. 

Oncogenic transgenes can be rapidly tested by mosaic expression in zebrafish 

that typically lack spatial and temporal control of tumor onset, which limits their 

utility for the study of tumor progression and metastasis. To overcome these 

limitations, we have developed a method called Transgene Electroporation in 

Adult Zebrafish (TEAZ). TEAZ can deliver DNA constructs with promoter 

elements of interest to drive fluorophores, oncogenes, or CRISPR-Cas9- based 

mutagenic cassettes in specific cell types. Using TEAZ, we created a highly 

aggressive melanoma model in fully immunocompetent animals. TEAZ speeds 

up tumor onset when compared to typical embryo injections. The resulting 

tumors initiated at highly defined locations, enable tracking their progression and 

deep invasion into tissues and metastatic deposits. TEAZ can be deployed to 

other tissues and cell types such as the heart, muscle or brain with the use of 

suitable transgenic promoters. The versatility of TEAZ makes it widely accessible 

for rapid modeling of somatic gene alterations and cancer progression at a scale 

not achievable in other in vivo systems.  
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CHAPTER ONE: INTRODUCTION 

1.1. Melanocytes 

Melanin Biogenesis and Transfer 

Melanin Biogenesis 

Melanocytes are the specialized cells that produce the protective skin-darkening 

pigment melanin. Melanin is a complex heteropolymer that absorbs light across 

the entire visible and UV spectrum and serves as the body’s natural sunscreen. 

Melanocytes constitutively produce a basal level of melanin but excessive UV 

exposure stimulates melanocytes to increase melanin production in an effort to 

further protect against UV damage. This protective darkening of the skin has the 

popularly recognized impact of tanning.   

 

Melanin exists in two forms, either a yellow-red pheomelanin or the black-brown 

eumelanin. And while all humans produce both forms, variations in their relative 

abundance contribute to the wide-range of natural skin tones. While serving a 

similar function, pheomelanin and eumelanin differ in color, size, shape, and 

packing of their granules, which impacts their properties and function in vivo [1]. 

Pheomelanin is reactive to UVR exposure and has inferior photoprotective 

properties [1]. Red-haired individuals have comparatively high-levels of 

pheomelanin resulting in diminished sun protection, increased photoaging and 

higher rates of skin cancer [2]. 
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Both melanin structures are initiated by the rate-limiting biochemical break down 

of tyrosine into 3,4-dihydroxyphenylalanine (dopa) that is governed by the 

enzyme tyrosinase (TYR) (Figure 1.1). The Dopa intermediate can then be 

pushed towards production of either of the melanin structures. Eumelanin 

production requires the processing of Dopa via successive hydroxylation, 

oxidation, and carboxylation reaction governed by tyrosinase-related protein 1 

(Tyrp1) and tyrosinase-related protein 2 (TYRP2 or DCT). If cellular levels of 

TYRP1 and TYRP2 are low, dopa is broken down in a single cysteine-dependent 

reduction step to pheomelanin [1].  

 

 

Figure 1.1 Simplified scheme of melanin synthesis in melanocytes.   
Tyrosine is broken down into either eumelanin or pheomelanin with enzymatic help from the TYR, 

TYRP1, and TYRP2 enzymes (adapted from Shah et al. 2018) [3] 
 

Melanin synthesis is spatially contained within melanosomes, which are 

membrane bound intracellular organelles unique to pigment cells. The 

sequestration of melanin production within the melanosomes allows for the 
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chemical reactions to proceed under careful local control of protein levels and 

acidity [4]. Furthermore, melanosomes allow for the sequestration of cytotoxic 

intermediates (including 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-

carboxylic acid) produced during melanin synthesis. Beyond sequestering 

intermediates, melanosomes have been shown to scavenge cytotoxic 

metabolites and chemotherapies [5, 6]. Several genetic pigmentation disorders 

have mutations in proteins governing melanosome structure, leading to leakage 

and endogenous melanogenic cytotoxicity [7, 8]. 

 

Melanosome structures can be divided into four distinct stages (I, II, III, IV) along 

their biogenesis pathway [9, 10] (Figure 1.2). The first two stages are 

unpigmented and collectively known as early melanosomes or premelanosomes 

as melanin synthesis has not initiated yet. Stage I melanosomes are lysosome-

like spherical organelle that are developing an intraluminal proteinaceous fibril 

matrix [11, 12]. In stage II the fibril matrix in the melanosome is completed and 

the organelle morphologically transitions to an ellipsoid shape. In stage III 

melanin synthesis begins. The melanin is deposited onto the fibril scaffold 

yielding progressively thicker and blacker fibrils that are eventually completely 

concealed by stage IV [13]. Stage IV melanosomes are fully opaque and mature 

with virtually indistinguishable internal structures.  
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Figure 1.2 Melanosome features.   
Melanosomes are segregated by their differentiation state from Stage I pre-melanosomes to Stage 

IV fully differentiated, mature melanosomes [14] 
 

The genes regulating pigmentation are highly specific and tightly regulated to the 

fully mature, pigmented melanocyte. As the remainder of the project will 

reference the pigmentation/differentiation genes, several key genes are listed 

here with brief descriptions. 

 

Tyrosinase protein 1 (TYRP1/ gp75) – TYRP1 is a melanocyte-specific 

transmembrane glycoprotein that is localized to the melanosome and cell surface 

of melanocytes [15]. TYRP1 expression is tightly restricted to fully differentiated 

melanocytes and is only present in stage III and IV melanosomes. TYRP1 plays 

an enzymatic role in melanin synthesis and a role in stabilizing tyrosinase protein 

and modulating its catalytic activity. TYRP1 is also implicated in maintenance of 

melanosome structure. In mice, mutations in TYRP1 (Oculocutaneous albinism 

type 3) result in a pigmentation defect with the appearance of a brown coat rather 

than a black coat [16]. TYRP1 expression is regulated by MITF (Microphthalmia-

associated transcription factor) and is activated from Stage III onwards [17]. 
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Tyrosinase (TYR) – Tyrosinase is a catalytic oxidase and acts as an enzyme for 

the rate-limiting step controlling the production of melanin [9, 12]. TYR 

expression is regulated by MITF. TYR protein is sorted into melanosomes and is 

only present in stage III and IV melanosomes limiting expression to fully 

differentiated melanocytes. 

 

Melanocytes Protein PMEL (PMEL/gp100/silver) is the main component of 

stage I and II melanosomes and gives the melanosome its defined shape. In the 

absence of PMEL, melanosomes do not form fibrillar structure and maintain 

enlarged, rounded appearance [9, 18]. PMEL expression is regulated by MITF 

and is activated from Stage I onwards. 

 

Melanocyte microenvironment 

Melanocytes are found in the epidermis, iris, heart, ear, nasal cavity, brain and 

adipose tissue [19-27]. For the purpose of this study we will focus solely on 

epidermal melanocytes and epidermal-derived melanoma. There are two distinct 

types of epidermal melanocytes: Hair Follicle (HF) Melanocytes and Interfollicular 

(IF) melanocytes. 

 

The primary purpose of melanin is to serve as a protective barrier against 

harmful UV rays. As melanocytes only make up a small portion of the epidermis, 

this protection would be virtually useless if the melanocytes did not share the 

melanin with adjacent cells. The confined melanosome allows for efficient 
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downstream transfer of intact, pigmented melanosomes to neighboring 

keratinocytes. The distribution of melanosomes to keratinocytes affords an even 

color distribution and protection across the epidermis.  

 

Sun exposure activates p53 in keratinocytes, increasing their production of 

Proopiomelanocortin (POMC) (Figure 1.3). Differential processing of POMC 

results in the production of ACTH, α-melanocyte-stimulating hormone (α-MSH), 

β-MSH, γ-MSH, and other hormones including β-endorphin (β-END) and β-

lipotropic hormone (β-LPH) [28]. Binding of α-MSH to MC1R on neighboring 

melanocytes activates MITF and results in increased melanin production [29]. In 

return, keratinocytes actively engulf the melanosome-containing dendritic 

processes of the melanocytes yielding an even distribution of pigmentation [30]. 

 
 

 

Figure 1.3 Cutaneous response to UV radiation.   
The UV rays of tanning drive p53-mediated upregulation of proopiomelanocortin (POMC) in keratinocytes. 

Post-translational cleavage of POMC leads to secretion of α-MSH and stimulation of MC1R on adjacent 
melanocytes. MC1R stimulation results in melanin synthesis and eventual transfer of melanin-containing 

vesicles (melanosomes) to keratinocytes. [31] (adapted from Lo et al. 2014) 
 



 7 

The decision between pheomelanin and eumelanin is regulated at multiple levels 

with multiple inputs. A key regulatory input is the melanocortin-1 receptor (MC1R) 

on melanocytes [32]. The importance of MC1R was first discovered with the 

realization that mice with a mutated extension locus display a reddish blond coat 

rather than the black coat typically found in the C57BL/6 background [33]. When 

wild-type (WT) MC1R is activated by its agonists α-melanocyte-stimulating 

hormone (α-MSH) and adrenocorticotropic hormone (ACTH) it leads to the 

downstream conversion of adenylyl cyclase into cyclic adenosine 

monophosphate (cAMP). cAMP accumulation promotes the activation of protein 

kinase A (PKA) which in turn phosphorylates cAMP responsive binding element 

(CREB). Phosphorylated CREB is a transcription factor that directly upregulates 

microphthalmia transcription factor (MITF). MITF is the “master transcription 

factor of melanocyte development” and actively upregulates a pigmentation 

transcriptional program including TYR, TYRP1, and TYRP2 [34].  

 

Hair follicle (HF) melanocytes are responsible for pigmenting hair. In the adult 

hair follicle, the pigmentation unit resides in the hair bulb immediately on top of 

the dermal papilla (DP) fibroblasts and consists of approximately five 

keratinocytes for every melanocyte. Pigmentation results from a complex 

signaling network between the three cell types [35]. The DP fibroblasts secrete 

TGF-beta signaling to regulate the rate of melanocyte division [36]. Keratinocytes 

secrete a series of factors (including bFGF, ET-1, IL-1α/1β, ACTH, α-MSH, 

PGE2/PGF2α, GM-CSF, NO, TNF-α, NGF, BMP-4) to regulate melanogenesis, 
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melanocyte dendricity and melanocyte proliferation [14, 36]. The melanocytes 

secrete melanin encapsulated in melanosomes to protect the fibroblasts and 

keratinocytes. 

 

 

Figure 1.4 Hair follicle pigmentation is regulated by the hair cycle.   
Melanocytes sit at the base of the hair bulb and release pigmented melanosomes into the shaft to 

pigment the hair follicle. HF melanocyte turnover is carefully regulated by the natural hair 
follicle cycle [37]. (adapted from Steingrimsson et al. 2005) 

 
 

Hair follicle pigmentation is largely controlled by the natural hair cycle. The hair 

coat of mammals constantly turns over throughout the adult life of the animal 

(Figure 1.4). To generate each new hairs, existing follicles undergo cycles of 

growth (anagen), regression (catagen) and rest (telogen) [38]. Follicular 

melanogenesis is stringently coupled to the anagen (growth) stage of the hair 

cycle during which time HF melanocytes transfer melanin granules into 

keratinocytes to form pigmented hair shafts. During each anagen phase, hair 

follicles generate an entirely new hair shaft from tip to root, including new hair 

follicle melanocytes. For human scalp hair, the typical anagen growth phase lasts 

3 years but can last up to 25 years in extreme cases [39, 40]. During catagen 

proliferation and differentiation cease and there is extensive apoptosis. During 
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telogen the hair follicle largely rests, as there is no significant proliferation, 

apoptosis or differentiation. Follicular melanogenesis is off for both catagen and 

telogen [35]. Telogen can be followed by exogen wherein the club hair is lost. 

Exogen does not happen in every hair cycle. 

 

The interfollicular (IF) melanocytes are typically distributed at infrequent but 

regular intervals along the basal layer of the epidermis (Figure 1.5). The IF 

melanocytes are surrounded by keratinocytes with their respective density 

ranging from about 1:4 to about 1:10 depending on the location within the skin 

[27]. IF melanocytes bind to the basal lamina via integrin receptors, and attach to 

surrounding keratinocytes by E-cadherin–mediated attachments [30]. 

Interestingly, the number of melanocytes is not correlated with race or gender 

[41]. Rather, darker skin is simply the readout of more active melanocytes, as all 

individuals have approximately 1500 melanocytes per square millimeter of skin 

surface. Contrary to the cyclical nature of HF melanocytes, epidermal 

melanocytes pigment continuously. Pigmentation levels are modulated in 

response to global hormonal signals and local UV exposure. 
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Figure 1.5 Interfollicular melanocytes.   
Interfollicular or epidermal melanocytes sit at the interface of the basement membrane and the 

keratinocyte layer. IF melanocytes are very dendritic and contact a large number of keratinocytes 
[14]. Light skinned and dark skinned individuals have the same number of melanocytes but the 

melanocytes from dark skinned individuals produce more melanin. From top to bottom: SC, 
stratum corneum; G, stratum granulosum; S, stratum spinosum; B, stratum basale; BM, 

basement membrane; D, dermis. Cell types: K, keratinocyte; M, melanocyte; F, fibroblast; 
shaded oval, melanin granule (adapted from Yamaguchi 2007) [42] 

 

Hair follicle and interfollicular melanocytes are morphologically distinct despite 

sharing a common cell of origin in the early epidermis. The stage IV HF 

melanocytes are bigger, more dendritic, and more mature than their IF 

counterparts [43]. The HF melanosomes are similarly larger with more expanded 

Golgi Apparatus and rough endoplasmic reticulum [44, 45]. The diversity in 

melanosome structure results in divergent fates for the melanin product. 

Eumelanin produced by the epidermal melanocytes degrades in the 

differentiating layers of the epidermis. Conversely, eumelanin granules 

transferred into hair cortical keratinocytes remain minimally digested leading to 

similarly pigmented proximal and distal ends of a typical scalp hair shaft [44].  
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Melanocyte developmental biology 

Neural Crest biology 

Melanocytes are derived from the transient, migratory population of cells unique 

to vertebrates known as the Neural Crest Cells (NCC). The neural crest is 

defined during gastrulation and is at the edge of the neural plate on the border 

between the neural and non-neural ectoderm (Figure 1.6). The neural plate forms 

out of the embryonic disc opposite the primitive streak and its location is dictated 

by the notochord. The neural plate is visible around 4 weeks of development in 

humans and it differentiates into neuroectoderm [14]. During neurulation, the 

NCCs or neural fold (bordering the neural plate) fold up at the dorsal midline and 

form the neural tube [46, 47]. The NCCs that form the roof of the neural tube 

(opposite the notochord) undergo an epithelial-to-mesenchymal transition (EMT) 

before migrating away to give rise to a diverse population of differentiated cells. 

NCC derivatives include both mesoderm (smooth muscle cells, osteoblasts, 

adipocytes, chondrocytes) and ectoderm cells (melanocytes, schwann cells, 

neurons) [46]. Neural crest stem cells express the transcription factor Sox10 and 

can be isolated by an antibody to p75 [48]. Sox10 expression is required for 

maintaining pluripotency of the Neural Crest population and this population is co-

labeled with crestin early in development of the zebrafish embryo [49-53]. The 

fates of the crest cells are defined in part by the anatomic location within the roof 

plate; with NCC traditionally grouped as either cranial, vagal, trunk or sacral [54]. 

Facial melanocytes are mainly derived from the cranial NCC while the remainder 

of the body is primarily seeded with melanocytes derived from the trunk NCC. 
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Figure 1.6 Neural crest pluripotency and migration.   
NC cells migrate from the tip of the neural tube to diverse locations during embryogenesis and 

give rise to a variety of cell types in the adult. (adapted from Shyamla 2015) [55] 
 

The genes regulating neural crest differentiation and specification are tightly 

regulated and often essential to NC survival. As the rest of the project will 

reference several neural crest genes they are listed here with brief descriptions. 

 

SRY-box 10 (SOX10) – SOX10 expression is first detected right before NCCs 

delaminate from the neural tube and expression persists in some NCC 

derivatives including Schwann cells and melanocytes. SOX10 expression is 

essential for NCC survival, as mutations in SOX10 in both mice and zebrafish 

lead to cell death within the neural crest lineage and a wide-range of neural crest 

derived defects into adulthood, including melanocyte loss [52, 56]. SOX10 has 

been demonstrated to maintain multipotency and inhibit neuronal differentiation 
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of NCC in vivo [57]. There are species-specific differences in the regulation of 

SOX10 as SOX10 is maintained throughout melanocyte differentiation in humans 

but is down regulated in melanoblasts in zebrafish and mice [58]. 

 

Crestin (ctn) – Crestin is a functionally uncharacterized zebrafish gene that is a 

member of a family of retroelements [59]. Crestin expression marks the neural 

crest during embryonic development, but becomes undetectable by ~72 hpf. 

Interestingly, crestin is specifically upregulated in melanoma tumors in adult 

zebrafish [53]. Given the essentially zero background in adulthood, crestin 

reactivation is a selective marker for tumor initiation [60].  

 

Endothelin receptor type B (EDNRB) – EDRNB is not specific to NCC, but its 

expression in NCC is turned on by SOX10. EDNRB is a G-protein-coupled 

receptor that activates a phosphatidylinositol-calcium second messenger system 

in response to ligand (endothelin) binding. Hirschsprung disease type 2, is due to 

homozygous loss of EDNRB, which leads to defects in NCC and enteric neuron 

migration [61]. Furthermore endothelin signaling can induce phenotype switching 

in melanoma cells in vivo [62] 

 

SRY-box 9 (SOX9) – Sox9 is another member of the Sox family of transcription 

factors. SOX9 differentiates cells derived from all three germ layers and its 

expression is not limited to the NCC population. Furthermore, a subset of both 

ectoderm- and endoderm-derived tissues continue to express Sox9 in adult 



 14 

mature organs [63]. Interestingly, SOX9 is expressed in melanocytes in both 

neonatal and adult human skin and is upregulated by UVB exposure [64].  

 

Melanoblast biology 

In melanocyte (MB) development, neural crest stem cells are first restricted to a 

bipotent glial-melanocyte lineage progenitor that is common to Schwann cells 

before further differentiating into unpigmented, but melanin producing, committed 

melanoblast [65]. During human development, melanoblast migration takes place 

around six to eight weeks of development and the majority of MB are localized 

within the epidermis by 12-13 weeks [14]. While migrating to their final location, 

MB will multiply [66]. Human melanoblasts migrate to the basal layer of the 

epidermis where they reside either in the hair bulge or surrounded by 

keratinocytes (forming pigmentation units) to serve as precursors to the mature, 

pigmented melanocytes. The neural crest cells that will become melanocytes are 

known to up regulate MITF (microphthalmia-associated transcription factor). 

However, there remains some uncertainty over whether melanocyte fate is 

determined prior to or during migration [67]. MITF is a master regulator of 

melanocyte development and acts a transcription factor responsible for 

controlling much of melanocyte development including activation of dct 

(dopachrome tautomerase) [34, 68, 69]. The differentiation and maturation of 

melanoblasts into pigmented melanoblasts occurs concomitant with colonization 

of the hair bulb and expression of tyrosinase, oca2 and pmel. 
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The genes regulating melanoblast differentiation and specification are tightly 

regulated. They are essential in cementing the fate of melanocyte precursors 

during the period prior to pigmentation. As the rest of the project will reference 

several melanoblast genes they are listed here with brief descriptions. 

 

Microphthalmia-associated transcription factor (MITF) – MITF is the 

“melanocyte master regulator” and is the earliest known marker of commitment to 

the melanocyte lineage. MITF is first expressed in melanoblasts shortly after 

neural crest emigration and its expression is used to label melanoblasts in vivo. 

MITF is an important transcription factor for driving melanocyte pathways 

regulating pigmentation (Dct, tyrosinase, Trp1) and later melanocyte survival 

(Bcl2) [70]. Moreover, ectopic expression of MITF in fibroblasts is sufficient to 

drive pigmentation [71, 72]. Intriguingly, once melanoblasts express mitf mRNA, 

their survival becomes dependent on functional MITF protein [70]. The SCF/cKIT, 

Wnt, and αMSH/MC1R pathways regulate the transcription of MITF (Figure 1.7). 

The following proteins also have a demonstrated impact on MITF expression: 

Pax3, CREB, Sox10, and Lef1 [73, 74]. There are several different splicing 

isoforms of MITF with varying 5’ exons that have differing documented roles. A 

specific isoform (MITF-M) is uniquely expressed in melanocytes [75]. MITF is 

upstream and regulates the expression levels of DCT, TYR, TYRP1, and MITF 

itself [17]. Distinct from the human genome, the zebrafish genome has two 

copies of the MITF (mitfa and mitfb) that appear homologous to distinct isoforms 

generated by alternative mRNA splicing of the single mammalian human MITF 



 16 

gene [76]. The zebrafish mitfb is sufficient to rescue pigmentation of the retinal 

pigment epithelial cells but not neural crest melanoblasts in the absence of mitfa. 

The mitfa promoter has been used to effectively drive expression in the body 

melanoblasts and melanocytes of the embryonic and adult zebrafish with only 

limited expression in the eye [74, 77]. 

 

 

Figure 1.7 Regulation of Microphthalmia-associated transcription factor 
(MITF).   

MITF dictates the pigment cell phenotype by regulating melanocyte-specific genes involved in 
melanoblast survival, lineage commitment, and melanocyte proliferation and survival. MITF 

expression, post-translational modifications, and down-stream pathway are strongly influenced 
by multiple upstream pathways, including c-Kit (purple), Wnt/β-Catenin (yellow), and α-MSH 

(blue) [78]. (adapted from Hocker 2008) 
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Dopachrome tautomerase (DCT/TYRP2/tyrosine-related protein 2) – DCT is 

downstream of MITF and is frequently used as a marker of melanoblasts during 

development or melanocyte stem cells within the adult skin. Mice with a 

homozygous deletion for DCT are viable and do not show any abnormalities in 

DCT-expressing sites (skin, retinal pigment epithelium, substantia nigra) [79]. 

However, the mice are do have reduced melanin content in their hair resulting in 

a dilute coat color. Interestingly, primary melanocytes cultured from the DCT-/- 

mouse are viable and show a normal distribution of TYR and TYRP1.  While DCT 

is not essential for the melanocyte lineage it is an important genetic marker of the 

melanoblast. DCT is also frequently referred to as TYRP2. 

 

Mast/stem cell growth factor receptor (cKIT/ SCFR /CD117) – cKIT is a 

receptor tyrosine kinase whose primary ligand is stem cell factor (SCF) [80]. 

Ligand binding leads to the prototypical receptor tyrosine kinase (RTK) 

dimerization and cross-phosphorylation with downstream cascade signaling 

typically via the MAPK or PI3K pathways. KIT expression is not restricted to the 

melanocyte lineage. KIT plays a critical role in the development of a variety of 

mammalian cell types including hematopoietic progenitor cells, mast cells, 

primordial germ cells, and intestinal cells of Cajal [81]. Emphasizing its role in 

development, homozygous deletions for either cKIT or SCF are embryonic lethal. 

In melanocyte differentiation, Transcription Factor Activator Protein 2 alpha 

(TFAP2α) activates expression of cKit, which in turn stimulates a pathway 

activating transcription factor Microphthalmia (Mitf). Furthermore, KIT is an 
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oncogene with activating mutations found in melanoma, gastrointestinal stromal 

tumors, testicular seminoma, mast cell disease, and acute myeloid leukemia [82]. 

The role of cKIT in the various stages of melanocytes development has been 

dissected using a cKIT-blocking antibody [83]. cKIT is required for NCC migration 

into the dermis and for melanocyte proliferation in the epidermal layer. However, 

cKIT is dispensable for the periods while melanocytes establish themselves 

within the epidermis or while melanocytes integrate into the developing hair 

follicle. 

 

Adult Stem Cells 

Tissue resident stem cells in adulthood  

While some tissues within the body are perpetually renewing (i.e. blood, testis, 

gut), the majority of the cells and tissues within the adult body exhibit a very low 

and occasionally undetectable level of turnover. Amongst the organs with low 

turnover, some tissues rapidly regenerate in response to injury (i.e. liver and 

muscle) while still others are less resilient (i.e. brain, heart). The inability to 

regenerate following injury was interpreted as an absence of tissue-resident stem 

cells. However, the paradigm has shifted with the appreciation that even non-

renewing, post-mitotic tissue like the brain has a low level of cell turnover [84-88]. 

Over the past several decades, tissue-resident adult stem/progenitor cells have 

been identified and characterized in almost every organ of the body [84, 89-99].  

This new appreciation for tissue-resident adult stem cells brought an explosion of 
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proposals and research on how best to exploit this population for regeneration 

and anti-aging therapeutic interventions [100, 101].  

 

Aging is linked to a loss of stem cell activity and the resultant diminished ability 

for tissue regeneration. The mechanism of diminished stem cell capacity with age 

appears to be cell-type specific [102-109]. Some tissues have been 

demonstrated to have a decrease in quantity of tissue-resident stem cells with 

age, while still other tissues paradoxically see an increase in quantity. 

Independent of the mechanism, all tissues to date have shown a decreased 

capability of tissue resident stem cells in aging.  

 

Melanocyte stem cells in adulthood  

Adult epidermal melanocytes are long-living cells with an unknown lifespan, 

which is presumed to be in the decades. By contrast, adult human hair follicle 

melanocytes proliferate, differentiate and subsequently die by apoptosis each 

hair cycle. This means that HF melanocytes die every 3-8 years at the end of 

each hair cycle [44]. Given that subsequent hair follicles are also pigmented, 

researchers have long hypothesized the presence of tissue resident stem cells 

within the epidermis [110, 111]. Extensive research has established the presence 

of precursor cells in the epidermis that are not irreversibly fated to become 

melanocytes [112-117]. Independent research groups have identified precursor 

cells within the epidermis and coined them melanocyte stem cells (MSCs), Skin-

Derived Precursor (SKP) cells, dermal stem cells (DSCs), epidermal-neural crest 
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stem cells (EPI-NCSC), or Schwann cell precursors (SCPs). The relationship 

between some of these precursor cells in the skin is unclear as each cell type 

has been identified and studied independently. However, it is clear that there are 

stem cells within the epidermis that remain pluripotent into adulthood and are 

transcriptionally comparable to NCCs. 

 

A melanocyte stem-cell (MSC) compartment for mice was first identified in the 

hair follicle bulge (Figure 1.8) [36]. Beginning each hair cycle, the MSC 

asymmetrically divides yielding a melanocytes precursor that migrates down to 

the hair bulb while maintaining an undifferentiated melanocyte stem cell in the 

hair bulge. Single cell transcriptional profiling from mouse hair follicle melanocyte 

stem cells revealed high expression of Pax3 and DCT with notable absence of 

pigmentation genes tyrosinase, pmel, Mc1r. Interestingly, Melanocytes stem cells 

lacked expression of melanoblast markers Ednrb, Kit, sox10 and mitf [118]. The 

presence of Melanocyte Stem Cells (MSC) is conserved in the hair bulge in 

humans [36, 119]. 

 

 

Figure 1.8 Schematic of melanocyte behavior during hair cycling.   
Melanocyte stem cells (SC, blue) are maintained in the hair bulge throughout the hair 

cycle, and are reactivated at early anagen to supply amplifying progeny (AC, red) to the 
hair matrix, where most of them mature into differentiated melanocytes (MC, green). B, 
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bulge region; S, sebaceous gland; APM, arrector pili muscle; P, permanent portion; T, 
transient portion [36]. (adapted from Nishimura 2002) 

 

Skin-derived precursor (SKP) cells were discovered by the Freda Miller lab and 

are localized adjacent to the follicle dermal papillae (Figure 1.9). SKP cells 

express high levels of the neural crest markers Slug, Snail, Twist, PAX3, SOX9, 

p75, and Nestin [120]. SKP cells are exclusively stimulated in anagen and shut 

down during telogen in a hair cycle dependent manner. Importantly, akin to NC 

cells, the SKP cells migrate to the sympathetic ganglia, skin, spinal nerve and 

DRG when transplanted into a stage-30 chick embryo in ovo [120]. Finally, these 

studies have gone on to show that explants of these adult NCCs can be 

expanded clonally and differentiated into mesodermal and peripheral neural 

progeny including adipocytes, skeletogenic cell types, and Schwann cells [120-

124]. The ability to differentiate into both germ layers argues that these cells are 

truly undifferentiated progenitors that are not yet programmed towards any 

particular cell fate but rather retain a pluripotency akin to neural crest cells. While 

the majority of the characterization work was done on mouse derived SKP cells, 

a human equivalent has been isolated and characterized from adult foreskin 

[125]. Interestingly, foreskin does not contain hair follicles so the human 

equivalent isolated to date is likely not associated with the DP but rather deeper 

in the dermis [126].  

 

Dermal Stem Cells (DSCs) are neural crest-like progenitor cells that reside 

deeper in the dermis and have been studied by the Meenhard Herlyn lab. Akin to 

SKPs, DSCs are isolated from human glabrous foreskin (Figure 1.9). To focus on 
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precursors from outside the hair follicles, the epidermis and basement membrane 

of foreskins were dissected away from the dermis prior to isolating DSCs [127]. 

Therefore, DSCs are multipotent cells that reside deep in the dermis. DSCs grow 

as three-dimensional spheres, display a capacity for self-renewal and express 

NGFRp75, nestin and OCT4, but not melanocyte markers. In addition, cells 

derived from single-cell clones were able to differentiate into multiple lineages 

including melanocytes. Finally, Li et al. demonstrated using a three-dimensional 

(3D) skin reconstruct model that DSCs home to the epidermis to differentiate into 

melanocytes.  

 

EPI-NCSCs are neural crest-derived multipotent stem cells that persist into 

adulthood and have been studied almost exclusively by the Sieber-Blum lab 

[116, 128]. EPI-NCSCs reside in the bulge of hair follicles rather than the Dermal 

Papillae like the SKPs. EPI-NCSCs also express neural crest markers. Further 

microarray analysis demonstrated that SKP cells are transcriptionally comparable 

to neural crest cells rather than melanoblasts [129]. Importantly, these studies 

have gone on to show that explants of these adult NCCs can be expanded 

clonally and differentiated into mesoderm (osteocytes) and ectoderm 

(melanocytes) [130]. While the majority of this work was done on mouse derived 

SKP cells a human equivalent has been isolated and characterized from the hair 

bulge of adult skin [130]. As these cells are easily accessible and expandable, 

they have been extensively studied as a potential therapeutic source for cell 

replacement therapy. 
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Fate mapping studies have show that melanocytes can also arise from Schwann 

cell progenitors associated with nerve fibers following injury [131, 132]. 

Furthermore, the SCPs have been demonstrated to serve as a stem cell niche for 

neuroendocrine cells of the adrenal medulla [133]. While it is unclear if in the 

absence of injury melanocytes in the adult repopulate through this mechanism, 

SCPs have been proposed as another cell source with NCC-like capabilities. 

 

 

Figure 1.9 Summary of neural crest stem cell precursors in the hair follicle.   
The adult skin harbors NCSC-like precursors into adulthood in the bulge (MSCs), dermal 

papilla (SKPs), dermis (dermal stem cells, not shown) or adjacent to glial cells (glial 
precursors) [134]. (adapted from Shakhova 2010) 
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1.2. Melanoma 

Disease 

Epidemiology 

Melanoma is derived of the melanocyte lineage and is the deadliest form of skin 

cancer, despite accounting for less than 2% of skin cancer cases [135]. If 

diagnosed early, melanoma can often be cured by surgical resection. However, 

upon metastasis, melanoma is extremely deadly. Unfortunately, rates of 

melanoma have been steadily rising over the past 30 years. The American 

Cancer Society estimates that 91,270 new melanomas will be diagnosed (about 

55,150 in men and 36,120 in women) and about 9,320 people will die of 

melanoma this year [135]. Melanoma is predominantly diagnosed in the elderly 

with the average age of melanoma diagnosis being 63 years old [135]. However, 

epidemiological studies have demonstrated a positive association between early 

age sunburn and subsequent risk of melanoma [136]. 

 

Diagnosis 

Melanomas typically present as an asymmetrical, irregularly bordered, 

multicolored or tan/brown spot or growth that continues to increase in size over 

time. They can often be mistaken for normal moles, which are common small, 

round brown spots on the skin resulting from melanocytic overgrowth that appear 

early in life and are similarly caused by sun exposure. Melanoma can be 

distinguished from moles by changes to the shape or color of existing moles or 
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appearance of new moles. Early signs of melanoma are summarized by the 

mnemonic “ABCDE” (Figure 1.10) [137]. 

• Asymmetry 

• Borders (irregular with edges and corners) 

• Color (variegated) 

• Diameter (greater than 6 mm (0.24 in), about the size of a pencil eraser) 

• Evolving over time 

 

 

Figure 1.10 The ABCDEs of Melanoma.   
Malignant melanoma can be differentiated from non-malignant, normal, melanocytic 

overgrowth by the ABCDEs [138]. (adapted from www.skincancer.org) 
 

Prognosis 

Melanoma progression is divided into either radial or vertical growth. Radial 

growth is defined by horizontal progression within the epidermis parallel to the 

surface. The prognosis for melanoma still in the radial growth phase is excellent 
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as metastases are very uncommon. Vertical growth is characterized by 

progression perpendicular to the surface, penetrating the deeper tissue. 

Penetration into the subcutaneous layer is accompanied by access to blood and 

lymph vessels with the potential to metastasize portending poor prognosis [139]. 

 

The depth of cancer progression is a strong predictor of patient outcome. The 

depth of melanoma progression has historically been described using “Clark 

level” and “Breslow’s depth” scales. Clinically, melanoma is classified into five 

different stages (ranging from 0-4) depending on the cancer progression. The 

first stage (stage 0) is melanoma in situ. Stage 1 is characterized by tumors that 

are up to 1 millimeter thick. Stage 2 melanoma means a tumor that has grown 

more than 2 millimeters thick. Stage 3 melanoma is no longer decreed by size 

but by the spread of cancer to the lymph system or regional skin sites. Finally, 

stage 4 is characterized by the spread of cancer to distant skin or other organs of 

the body. 

 

The five stages are used to categorized patients and prognosticate drug 

treatments and survival statistics. Early stage melanomas that have not spread 

are easily treated surgically. However, once melanoma has metastasized beyond 

the lymph nodes surgery is no longer curative and patients must be treated with 

more systemic therapies including chemotherapy, radiation therapy, targeted 

therapy and immunotherapy. Despite the clean segregation along staging lines, 
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melanoma is extremely heterogeneous between patients and staging is not 

sufficient to prognosticate every tumor. 

 

Risk Factors 

Cancers arise as a result of genetic mutations that lead to uncontrolled 

proliferation unhinged from normal environmental cues. The primary source of 

DNA damage in melanoma is mutagenic ultraviolet light from the sun [140]. 

However, other non-UV sources of DNA mutations (as in the BRAFV600E gene) 

occur through as yet undefined mechanisms. On average, melanoma patients 

have the highest DNA mutation rate among all cancer patients (except those 

patients with inherited deficiencies in mismatch repair or DNA polymerase 

mutations) [141]. The sites of mutations within the genome appear to be chance, 

but ≥60% of mutations follow a confirmed UV mutation signature of converting a 

cytosine to thymine at a dipyrimidine site [142, 143]. The majority of somatic DNA 

mutations will be extraneous to cell survival or function and will not impact cell 

fate. Yet other DNA mutations will be deleterious to cell survival, resulting in cell 

death. Still, a small percentage of random mutations can cause cancer by 

activating oncogenes or inactivating tumor suppressors and driving a heritable 

growth advantage. 

 

Avoiding direct sun exposure by taking shade or utilizing sunscreen is the best 

protection against harmful UV exposure. However, humans do need sunlight for 

Vitamin D and to maintain a healthy lifestyle [144]. Fortunately, melanin serves 
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as the body’s natural sunscreen for when we don’t avoid the sunlight. The 

protective nature of melanin can be easily read out through the epidemiology 

data proving darker skinned individuals are naturally more refractory against 

melanoma. Statistically, the lifetime risk for melanoma is only 0.1% for black 

skinned individuals, while rising to 0.58% for Hispanics, and 2.6% for white 

skinned individuals [135]. White skinned people are 20 times more likely than 

black skinned people to get melanoma. 

 

Genetics 

In a large-scale DNA sequencing project of melanoma, Hodis et al. found 86,813 

coding mutations across 121 tumors for a median mutation rate of 14.4 coding 

mutations per megabase (Figure 1.11) [145].  This is the highest median 

mutation burden amongst all cancer types [146]. Given the heterogeneity and 

volume of mutations between patients, distinguishing driver mutations from 

passenger mutations has been difficult. As a result, computational methods 

(MutSig and InVEx) have been utilized to identify statistically significantly 

mutated genes (SMGs) based on patient-specific mutation frequencies and 

spectra, mRNA expression levels, and gene-specific DNA replication times. The 

13 SMGs were identified as oncogenes BRAF (52%), NRAS (28%), IDH1 (5.7%), 

DDX3X (6.3%), RAC1 (6.3%), and MAP2K1 (5.1%) and tumor suppressors 

CDKN2A (13%), TP53 (15%), PTEN (8.5%), NF1 (14%), RB1 (3.8%), PPP6C 

(7%), and ARID2 (14%). In addition to mutations, copy number variations are 

commonly found in KIT, PDGFRA, VEGFR2, CDK4, CCND1, MDM2, TERT, PD-
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L1, and MITF. Using the available experimental data and mutual exclusivity of 

certain oncogenes, The Cancer Genome Atlas (TCGA) established a framework 

for genomic classification of melanoma into four subtypes: mutant BRAF, mutant 

RAS, mutant NF1, and Triple-WT (wild-type). The mutant BRAF subgroup 

accounts for nearly half of the patients and is by far the largest subgroup. 

 

 

Figure 1.11 Melanoma has the highest mutation rate amongst cancers.   
Melanoma (red circle) has the highest mutation burden amongst 20 tumor types with an 

orange bar denoting the median burden of all samples [146]. (adapted form 
Martincorena, 2015) 

 

While functional testing is necessary to verify all the driver mutations, the large 

sequencing projects have clearly elucidated that melanoma is the result of a 

series of mutations and no single mutation is sufficient to drive tumorigenesis. 

This finding collaborates the popularly held paradigm that most cancers result 

from an accumulation of mutations over time with each successive driver 

mutation causing a wave of progressively faster growth [147-149]. Each mutation 

alone is unlikely to yield a proliferative advantage, and may actually hinder 

growth. But the clones that amass the greatest pro-growth combination will 

inevitably outcompete neighboring cells to form a tumor. Remarkably, many of 
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the mutations verified to support tumor growth can already be found in normal 

healthy skin [147].  The most common mutation in melanoma (BRAFV600E) is 

positive in roughly 80% of pre-malignant nevi [150-152], further supporting the 

notion that melanoma arises from an accumulation of mutations. 

 

Non-Coding Mutations in Melanoma 

Beyond the widespread manipulations in DNA, melanoma is also regulated by 

noncoding changes in both epigenetics and non-coding RNA. Epigenetics refers 

to reversible modifications of the genome that activate or inhibit transcription. 

Several epigenetic regulators (including IDH2, TET1/2, EZH2 and SETDB1) are 

frequently mutated in melanoma leading to widespread epigenetic changes with 

downstream roles in tumor growth [153-155]. In addition to mutations in the open 

reading frame of epigenetic regulators, oncogenes (including TERT) can be 

transcriptionally induced by mutations in the promoter region [156, 157]. As well 

as genetic mutations provoking epigenetic changes, melanoma is frequently 

characterized by aberrant promoter methylation in the absence of mutations, 

leading to transcriptional silencing of important tumor suppressors (including 

CDKN2A, PTEN, and MGMT) [158-162].  

 

To model the epigenetic changes during melanoma initiation, Fiziev compared 

two isogenic cells human foreskin melanocyte lines where one line has been 

transformed by viral induction (via BRAFV600E overexpression and knockdown of 

PTEN). The group carefully profiled the cells both transcriptionally and for over 
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35 epigenetic modifications [163]. This study found that conversion into 

tumorigenic melanocytes is coupled with loss of histone acetylation and 

H3K4me2/3 specifically on regulatory regions proximal to specific cancer 

regulatory genes but not at a global level. 

 

Only 2% of the human genome sequence is translated into proteins [164]. Initially 

the remaining 98% of the genome was thought to be “junk DNA”, but recent 

advances in sequencing technology has illustrated that up to 70% of the junk 

DNA is actually transcribed into non-coding RNA (ncRNA) transcripts [165]. 

While ncRNA is not translated into proteins, ncRNA play a vital role in protein 

coding gene expression with essential roles in development and cancer. ncRNA 

have been shown to directly impact regulation of differentiation, apoptosis, cell 

proliferation, and metastasis [166-168]. Some studies have found that melanoma 

becomes addicted to the ncRNA signature for growth. Appreciation for the impact 

of ncRNA in melanoma has led to their use as prognostic markers of melanoma. 

Epigenetics and ncRNA are likely important mediators of therapeutic response 

that are underappreciated. 

 

MAPK pathway 

Receptor tyrosine kinases (RTKs) are a class of transmembrane proteins 

(including EGFR, IGFR, FGFR, TrKA/B, PDGFR) on the outer cell surface that 

respond to mitogen from the microenvironment [169]. Mitogen binding will 

typically stabilize RTK dimerization driving subsequent trans-phosphorylation by 
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its partner receptor that leads to the initiation of an intracellular signal pathway. 

This phosphorylation enables docking proteins such as GRB2 to bind the RTK, 

which in turn binds the guanine nucleotide exchange factor Son of Sevenless 

(SOS). Binding activates SOS to remove the GDP from an inactivated member of 

the RAS family (notably H-RAS and K-RAS). RAS activates by binding GTP. 

Activated RAS activates the protein kinase activity of the RAF family (notably 

BRAF). BRAF is a serine/threonine protein kinase that activates the MAPK/ERK 

signaling pathway with an oversized role in melanoma. Activated RAF kinase 

dimerizes and phosphorylates MEK (MEK1 and MEK2). Following activation, 

MEK phosphorylates and activates mitogen-activated protein kinase (MAPK or 

ERK). ERK regulates translations by phosphorylating ribosomal protein S6 

kinase along with a whole range of survival, proliferation and transcription signals 

via binding to transcription factors C-myc, ETS, JUN, FOX, MNK, CREB [170].  

 

To avoid aberrant MAPK signaling, the pathway is kept under tight control with a 

whole series of feedback mechanisms to prevent over activation (Figure 1.12). 

The extensive negative feedback loops can act either via direct posttranslational 

modification of pathway components by downstream protein kinases or by the 

induction of de novo gene synthesis of specific pathway inhibitors. Nearly all 

components of the MAPK cascade are regulated by phosphorylation by 

downstream kinases on specific amino acid sites leading to reduced activity. 

ERK1/2 has been shown to directly phosphorylate RTKs, SOS, RAF, and MEK 

[171-175]. Furthermore, ERK mediated translations activates negative feedback 
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loops through the expression of phosphatases (including DUSP6) or adaptor 

proteins (including SPROUTY) [176, 177]. The mitogen specific activation 

coupled with the numerous feedback mechanisms combine for precise control of 

the magnitude, duration, and location of MAPK signaling under normal 

conditions. 

 

 

Figure 1.12 Negative feedback within the MAPK pathway.   
The MAPK pathway is subject to a large number of negative feedback loops including 

direct phosphorylation of inhibitory sites by ERK1/2, as well as transcriptionally induced 
feedback regulators (DUSPs and Sprouty) [178]. (adapted form Lake, 2016) 

 

The mitogen-activated protein kinase (MAPK) pathway is persistently activated in 

the majority of melanomas. About 40-50% of all melanomas have mutations in 

the BRAF gene with over 90% of those mutations encoding for a single 
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nucleotide substitution converting glutamic acid for valine (BRAFV600E: nucleotide 

1799 T > A; codon GTG > GAG). The second most common mutation is 

BRAFV600K substituting lysine for valine (GTG > AAG), which accounts for 5-6%. 

Both mutations constitutively activate BRAF independent of upstream ligand-

dependent receptor tyrosine kinase (RTK) [179]. BRAFV600E activates 

downstream signaling at a rate of 138-fold increase over wildtype BRAF [180]. 

Furthermore, both mutations are resistant to feedback mechanisms, as 

BRAFV600E and BRAFV600K no longer require upstream signaling or dimerization 

to induce downstream signaling.  

 

Targeted inhibitors 

Traditional cancer treatment relied on physically targeting the tumor with surgery 

or radiation. In the early 20th century, chemotherapy brought about a 

revolutionary way of treating cancer based on its characteristic rapid growth. 

Chemotherapy encompasses a broad category of drugs that generically inhibits 

fast dividing cells by targeting cellular division or DNA replication. While both 

methods are very effective at treating cancer both have significant drawbacks. 

Surgery is limited to physically contained tumors that are surgically accessible 

without damaging the healthy tissue. Therefore, surgery is ineffective in treating 

metastatic melanoma. The improvements in radiation therapy have broadened 

the scope of treatable tumors but the treatment is troubled by the DNA damage 

of radiation occasionally leading to future tumor growth. Chemotherapy is 
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generally effective at inhibiting tumor growth but has a very small therapeutic 

window as healthy fast growing cells (including hair, the gut) are also impacted.  

 

Defining driver mutations unique to the tumor enables researchers to design 

targeted therapies that specifically inhibit tumor growth. Leading the charge in 

melanoma treatment are Mitogen Activated Protein Kinase (MAPK) pathway 

inhibitors (mainly targeting MEK and mutant BRAF) [181, 182]. Vemurafenib 

treatment was the first targeted therapy to be approved in melanoma and targets 

mutant BrafV600E [179, 183]. Despite improved progression-free and overall 

survival, initial responders inevitably mutate to acquire resistance and 

reactivation of the mitogen-activated protein kinase (MAPK) pathway [184, 185]. 

The sustained importance of MAPK signaling was demonstrated by the treatment 

of BRAF resistant patients with MEK inhibitors [186]. Currently, the standard of 

care is combined treatment with BRAF and MEK inhibitors which delays 

progression-free survival and resistance [187, 188]. Even with the dual therapy 

treatment, patients will relapse with further mutations activating the MAPK 

pathway [189]. The reliance and perseverance of melanoma to drive the MAPK 

pathway with each relapse really emphasizes the importance of MAPK signaling 

in melanoma.  

 

Immunotherapy 

Targeted therapy has been plagued by inevitable tumor relapse, encouraging 

physicians to seek alternative methods of cancer treatment. Immunotherapy 
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treats cancer by stimulating the immune system to combat the tumor. 

Immunotherapy falls into two buckets: immune checkpoint therapy and adoptive 

cell therapy (ACT). Immune checkpoint therapies stimulate the quiescent 

immune T-cells that are frequently present within melanoma tumors by blocking 

CTLA-4 or PD-1 signals [190]. Immune checkpoint inhibitor (ICI) trials have been 

encouraging in a subset of melanoma patients showing durable responses that 

are still ongoing [191-194]. In analyzing the collection of ICI trials to date, initial 

antitumor response appears to be a binary event, with most non-responders 

progressing at a rate consistent with an innate resistance. Innate resistance is 

attributed to insufficient tumor reactive T-cell generation, inadequate anti-tumor 

T-cell effector function or impaired T-cell memory [195, 196]. In addition to the 

innately resistant patients, late relapses are now emerging with longer follow-up 

of clinical trial populations, suggesting the emergence of acquired resistance 

likely due to the same three rationales.  

 

Adoptive T-cell Therapy (ACT) is an umbrella term that accounts for various 

methods to generate a robust immune-mediated antitumor response through the 

ex-vivo manipulation of T cells. ACT can be accomplished through the ex-vivo 

selection and expansion of tumor-infiltrating lymphocytes (TILs), or through ex-

vivo gene transfer of a synthetic TCR (sTCR) or genetic engineering of chimeric 

antigen receptor (CAR) into T cells [197, 198]. ACT therapies are much more 

challenging logistically as each patient requires a tailored cell therapy, making 

progress slow and expensive. CAR T-Cell therapy has largely been pioneered in 
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B-Cell ALL with limited efforts to date in melanoma. While demonstrating initial 

success, patients that do relapse on ACT generally decline due to tumor-antigen 

escape, lack of ACT-cell persistence, and lack of ACT-cell function. Moreover, as 

these trials are all very current the enduring impact of these treatments on patient 

safety and survival will take time to fully evaluate [190, 199]. The next line of 

therapy appears to be combining immunotherapy with targeted therapy to 

enhance response rates [200]. Although these novel therapies have drastically 

improved patient prognosis, better understanding of melanoma initiation and 

progression may help uncover the mechanism behind the diverse responses 

amongst patients [201].  

 

Melanoma Transcriptional Heterogeneity 

The shift in melanoma progression from radial to vertical growth is coupled with 

an increased probability for metastasis. This shift to vertical growth is also 

connected with a presence of heterogeneity within the tumor [202]. The 

conversion in melanoma has been explained with a variety of different 

descriptors that is worth exploring further.  

 

Epithelial-to-Mesenchymal Transition (EMT) in Melanoma 

Adult melanocytes sit within the basement membrane where they are tightly 

attached to neighboring keratinocytes enabling crosstalk controlling their 

morphology, growth, adhesion, and migration [203]. During melanoma initiation 
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melanocytes must detach these strong bonds with keratinocytes, resulting in 

unrestrained proliferation and subsequent invasion. 

 

Epithelial-to-Mesenchymal Transition (EMT) is the biological conversion that 

allows a polarized epithelial cell to break its interactions with the surrounding 

basement membrane and assume a mesenchymal phenotype. Elizabeth Hay 

first described EMT when modeling the primitive streak formation in Chick [204]. 

Since then EMT has been used to describe several processes during 

development including the migration of neural crest cells. An increased migratory 

capacity, invasiveness, and production of ECM components characterize EMT. 

During development, cells undergoing EMT undertake a complete conversion 

into mesenchymal cells. Upon completion, the cell can migrate away from the 

epithelial layer from which it had previously been constrained. EMT cells are 

often molecularly characterized by changes in expression to a series of 

transcription factors (including éSNAIL, éSLUG, éTWIST), cytoskeletal 

proteins (including êcytokeratin, êE-cadherin, éN-cadherin, éVIMENTIN), and 

cell-surface proteins (êZO-1, éFibronectin) that must be altered to enable 

migration.  

 

Delamination of cells from the primary tumor to initiate metastases is analogous 

to the epithelial-to-mesenchymal transition found during development [205]. 

However, co-labeling of epithelial and mesenchymal programs within the same 

cancer cell led to the paradigm of a partial or incomplete EMT [206-208]. 
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Experimentally, EMT transcription factors (including SNAIL1, SNAIL2, TWIST1, 

and ZEB1) are sufficient to induce a partial EMT program [209-212]. EMT 

transcription factors were shown to increase migration and metastases along 

with chemoresistance [213-215].  

 

Whether EMT is required for epithelial cancer cells to break ties with the cellular 

environment and migrate has been an open debate for decades. Several key 

experiments in GEMM have argued that partial-EMT is dispensable for 

successful metastasis. Genetic deletion of SNAIL1 and TWIST1 in pancreatic 

cancer found that partial EMT cells did acquire chemoresistance but that the 

EMT transcription factors do not directly facilitate metastasis [215]. A study found 

that ZEB1 deletion impaired but did not entirely prevent metastasis [216].  By 

contrast SNAIL1 deletion was essential for breast cancer metastasis [217]. 

Interestingly, a study that looked at breast cancer metastases was able to find 

cancer cells at the metastatic site without evidence of previous mesenchymal 

expression [214]. Taken together these studies suggest a complete EMT is not 

required for metastasis but the necessity and extent of a partial EMT is still open 

for debate. The confusion may be simply dependent upon the molecular markers 

analyzed.  

 

Phenotype Switching 

The “cancer stem cell” model proposed that a subset of tumor cells possess stem 

cell-like properties including the ability to self-renew, seed/maintain tumors and 



 40 

provide a reservoir of therapeutically resistance cells [218-220]. According to the 

model, cancer stem cells are the source of metastases and relapse following 

treatment. Cancer therapy inevitably relapses because cancer stem cells are 

therapeutically resistant and eventually repopulate the entire tumor. While not 

central to the model, the cancer stem cell model does presume that the tumor 

initiating subpopulation is rare. As all tumor cells can self-renew, the early 2000s 

were populated with a rush of studies performing limiting dilution studies to 

identify and isolate the tumor-initiating cells [221-226]. Landmark work from 

Quintana et al. found that the melanoma cancer stem cell isn’t rare at all, but 

rather extremely prevalent in all cell lines and patients [227, 228]. These studies 

characterized the capacity of individual tumor cells to form tumors when 

transplanted into immunocompromised mice. However, tumor formation in a 

transplant assay does not necessarily infer the ability of primary tumor cells to 

invade surrounding tissue to form heterogeneous metastases clinically. 

 

The cellular phenotypes that promote melanoma proliferation and metastatic 

spreading are not synonymous. Melanoma initiation requires increased cellular 

proliferation and suppressed cellular senescence. Metastasis requires a more 

mesenchymal signature with enhanced migration and invasion. Tumor cells 

transcriptionally chose a “Go or Grow” signature as the cost of a migratory 

signature is decreased proliferation and vice versa [229].  
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It was originally hypothesized that metastatic properties arose from a stepwise 

accumulation of promoting mutations [230]. While some genetic mutations can 

increase metastatic potential, genetics alone cannot explain the difference 

between metastatic and primary cancer cells. The alternative explanation is that 

changing microenvironments drive phenotypic switches in cancer cells enabling 

metastasis. Phenotype switching implies that any cancer cell has the potential to 

be a “cancer stem cell” and that the microenvironment is the arbiter rather than 

supplemental genetic mutations within the cancer cells (Figure 1.13). However, 

phenotype switching is not mutually exclusive to the genetic paradigm, as certain 

genetic lesions may permit cells to respond differentially to the 

microenvironment. Furthermore, there may be a hierarchy of phenotype 

switching, with a subset of cells bearing stem cell characteristics for prolonged 

periods. 

 

 

Figure 1.13 Phenotype switching in melanoma.   
This is a schematic of transformation and phenotype switching within melanoma. 
Melanoma cells transfigure back and forth between a proliferative and invasive 

phenotype [138]. 
 

The phenotype switching leading to metastasis is dynamically regulated at the 

transcriptional level by the tumor microenvironment (TME). The specific factors 

impacting cell fate decisions are an active area of research. Wnt5a and EDN3b 
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are two examples of TME derived ligands that directly affect cell motility and 

invasion of metastatic melanoma [62, 231-234].  

 

Phenotype switching is regulated downstream of MITF in what has been coined 

the “MITF-rheostat model”.  The role of MITF in melanoma is complicated. In 

melanocytes, MITF induces a G1 cell cycle exit through up-regulation of the 

p12Cip1 and p16INK4a [235, 236]. Additionally, a low level of MITF increases 

invasiveness (via Dia1) and enhances anti-senescence signaling [237]. 

Moreover, MITF is known to be down-regulated upon BRAF expression [238].  

Paradoxically, MITF is required in melanomas with activated BRAF and is one of 

the more amplified genes in melanoma [239-242]. Carreira et al. proposed the 

“MITF rheostat” model to describe the pro and anti-proliferative impact of MITF 

[237]. The MITF rheostat model proposes that melanoma cells can be clustered 

into three distinct phenotypes: MITF positive/TYR positive; MITF positive/TYR 

negative; and MITF negative.  The biological readout of MITF expression in 

healthy melanocytes ranges from apoptosis in the absence of MITF, invasive 

properties with low MITF, excessive proliferation at intermediate levels and 

terminal differentiation with very high levels of MITF. The MITF low population 

has also been characterized as AXL or BRN2 high and therapy resistant [243, 

244]. In melanoma, the loss of tumor suppressors likely avoids the irreversible 

fates of apoptosis or terminal differentiation. 
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In melanoma, transcriptional profiling of 86 cell lines identified the presence of 

two distinct phenotypic signatures (Figure 1.14) [245]. One set of cells were 

weakly invasive, but rapidly proliferating cells that are inhibited by TGF-β. The 

second set of cells divided slowly but was highly migratory/invasive and was 

resistant to TGF-β-mediated growth inhibition. The presence of two distinct 

transcription signatures was independently validated [246]. At first glance the two 

distinct signatures in vitro implied two fixed melanoma states. However, when 

transplanted in vivo both classes of tumors generated heterogeneous tumors 

with cells of both expression profiles, highlighting the potential of melanoma cells 

to phenotype switch in vivo [247, 248]. Phenotype switching has since been 

attributed to a host of different environmental cues that drive a more or less 

differentiated phenotype [62, 249-251]. This relative plasticity within melanoma 

contributes to (and in some cases is caused by) therapeutic resistance [252]. 
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Figure 1.14 Invasive or proliferative states in melanoma.   
Supervised clustering of 35 melanoma cell lines based on the expression pattern of 

selective genes associated with MITF and its downstream signaling pathway, 
melanocyte function, melanin synthesis, noncanonical Wnt and Tgfβ pathways, and 

neuronal mediators of NCC development. Two-dimensional clustering of based on the 
expression generated by an ANOVA [246]. (adapted form Tap et al. 2010) 

 

Re-activation of Neural Crest Paradigm 

Animal model of melanoma typically rely on genetic mutations under melanocyte 

specific control creating a “cancerized field” [253]. However, the majority of 

melanocytes do not transform, inferring that genetic mutations are not sufficient 

to initiate a tumor. White et al. found that melanoma initiation is ascribed to a re-

activation of a neural crest expression profile in a subset of genetically modified 
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melanocytes (Figure 1.15) [53, 60]. The tumor initiating cells can be visualized in 

vivo with a reporter for crestin expression. Crestin is a zebrafish gene that is 

normally specific to neural crest but is re-expressed in melanoma tumors. The re-

activation of crestin is tightly correlated with a re-activation of a general neural 

crest profile including sox10. The re-activation of neural crest is an epigenetic 

mechanism for cancer initiation. This additional hurdle in transformation helps 

explain why oncogenic mutations can be so prevalent in adult tissue without a 

higher incidence of tumorigenesis [146, 147, 152]. Interestingly, de-differentiation 

in cancer initiation is not unique to melanoma [254-256].  

 

 

Figure 1.15 Re-activation of a neural crest program in melanoma.   
In situ hybridization of sagittal sections of WT and Tg(mitfa:BRAFV600E); p53-/- adults 
reveal homogeneous crestin expression (blue) only within the dorsal melanoma; it is 

absent from normal adult tissues [53]. (adapted form White, 2011) 
 

1.3. Modeling Cancer 

Cell Culture Models of Melanoma 

Melanoma has been historically modeled in vitro by surgically capturing 

melanoma samples from patients and maintaining the cells in culture. If placed 

under appropriate culture conditions, tumor cells will aggressively propagate and 

recapitulate many of the cancer phenotypes including tumor growth when 

WT	
Tg	(mi(a:BRAF(V600E));	

p53-/-	
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injected subcutaneously into immunocompromised mice. Cellular diversity can be 

generated by propagating the cells under varying bottleneck conditions or by 

introducing additional genetic mutations. Alternatively, cancer lines can be 

generated from patients with different melanoma mutations or features.  

 

Cancer cell lines grown on plastic culture dishes are known to drift genetically 

and phenotypically from their source. Patient-derived xenografts (PDX) were first 

described in 1969 as an alternative cell culturing of tumor tissue that more 

closely resembles the clinic [257, 258]. Melanoma PDX accurately model clinical 

responses and identify second line combination therapies based on genomic and 

proteomic profiling [259, 260]. Furthermore, extensive efforts have been 

undertaken to assemble a comprehensive collection of PDX tumors that 

represent the heterogeneity of melanoma [261, 262]. 

 

Cell line and PDX models have been useful models initiated from established 

tumors, but neither model offers a platform for studying melanoma initiation. To 

study melanoma initiation, researchers isolated and transformed primary human 

melanocytes in vitro using a specific set of oncogenes (SV40ER, hTERT, RAS or 

MET) [263]. The melanoma model was then subsequently improved to include 

more physiologically common mutations (N-RasG12V, CDK4R24C, p53DN, hTERT), 

but at the expense of less transformed phenotypes [264]. Interestingly, 

expression of the most common melanoma mutation BRAFV600E induces an 

oncogene-induced-senescence (OIS) in a telomere independent mechanism 



 47 

[265]. The OIS senescence is commonly found in human nevi suggesting the 

need for tumor suppressor loss for melanoma initiation as opposed to nevi 

formation. More recently, human melanocytes have been weakly transformed in 

vitro using genes frequently mutated in melanoma (BRAFV600E, sh_p53, Rb1-/-) 

[266]. These models combine to suggest that the over expression of mutant 

BRAF coupled with loss of tumor suppressors should be sufficient to transform 

human melanocytes in vitro. 

 

Animal Models of Melanoma 

Cell culture models are excellent for studying cell-intrinsic mechanisms of 

melanoma in a controlled environment. However, cancer does not develop in 

isolation, as tumors are constantly interacting with and responding to external 

signals. Animal models recapitulate cancer initiation and progression in an intact 

environment.  

 

Xenograft animal models 

A xenograft model involves injecting cancer cell lines into animal models to 

monitor tumor progression. The xenograft animal is a simple and rapid tumor 

assay that recapitulates parts of the in vivo model. Xenograft tumors generally 

enable speedy tumor formation and metastasis assays. The gold standard host 

for xenograft studies remains the immunocompromised mouse but recent 

research has illustrated the benefit of using a zebrafish host for improved in vivo 

imaging and affordable studies at larger scale [62, 267, 268]. The independent 
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culturing of cell lines and animal hosts allow the researcher to assay the tumor 

host and source independently. However, xenograft tumors do not recapitulate 

the appropriate microenvironment or tumor initiation. Additionally, the majority of 

xenograft tumors require the use of immunocompromised host for tumor 

formation. Syngeneic models are the exception to the rule and do not require 

immunocompromised hosts. 

 

UV-induced animal models 

Spontaneous animal models of malignant melanoma using UV radiation alone 

are restricted to a South American opossum (Monodelphis domestica), a hybrid 

fish (Xiphophorus), and Angora goats [269]. However, due to concerns with 

husbandry and experimental manipulations, the majority of melanoma research 

has been done in mice and zebrafish. UV radiation to generate melanoma in 

zebrafish is still in the nascent stage [270]. UV radiation in mice is insufficient to 

induce melanoma when combined with additional transgenic (tyr-SV40E, tyr-Ras, 

tyr-HGF/SF) or chemical (DMBA) insults [271-274]. UV radiation to generate 

melanoma is very physiologically relevant to the disease but inherently yields 

inconsistent sites of mutation, resulting in undefined molecular biology and 

difficulties in replicating assays. 

 

Transgenic animal models 

Transgenic animal models enable researchers to define the molecular genetics 

and tumor latency when compared to the more physiologically relevant UV-



 49 

radiation models. Akin to cellular models of melanoma, overexpression of 

BRAFV600E in melanocytes leads to OIS and nevi [275].  Transgenic melanoma 

models have been built in mice when melanocyte driven BRAFV600E or RAS is 

coupled with tumor suppressor loss of PTEN, CKDN2A, or p53 [276-278]. The 

established transgenic zebrafish model of melanoma couples melanocyte 

specific BRAFV600E with p53 mutations [279]. Transgenic models are typically 

hampered by the inability to distinguish secondary tumors from metastatic 

spreading. More elegant mouse models of transgenic melanoma have been 

advanced using inducible cre/lox or tet-inducible expression systems to more 

cleanly define primary tumor initiation and progression. Finally, some animal 

models have enabled local induction of transgenesis using lentiviruses for local 

application of cre recombinase enabling for localized and temporal control of 

expression [280]. However, these models still require cre/lox genetic 

backgrounds be established first. 

 

Electroporation  
 
Despite the documented power of transgenic tumor models for mechanism 

discovery and drug testing, their application poses several significant drawbacks: 

i) the majority of established models do not exhibit spatio-temporal control, such 

that the timing and anatomical location of tumor onset remains variable [53, 60, 

279], ii) they generally do not enable the introduction of serial somatic oncogenic 

events for modeling second and third hit mutations after onset [281, 282]; and iii) 

discerning multifocal primary tumors versus true metastatic spread of a single 
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tumor is challenging [60]. These issues pose significant limitations for 

investigating tumor progression and metastasis.  

 

Transplantation-based methods address some of these issues: tumors can be 

dissected from a transgenic tumor-bearing animal or from patient-derived 

xenografts (PDXs), and then serially transplanted into recipient animals such as 

the casper recipient strain to allow detailed in vivo imaging [267, 268, 283-286].  

Alternatively, stable cell lines can be generated from a transgenic animal, such 

as the ZMEL1 melanoma line, which can be similarly used for transplantation 

studies [268]. While these transplantation approaches allow for precise 

spatiotemporal control and are amenable to imaging of metastasis, these 

experiments often require immunosuppression of the recipients either through 

irradiation or genetic manipulation of immune cells [285], in addition to the initial 

generation of the suitable cell line. Recent work from the Langenau lab has 

shown that syngeneic fish can be used as transplant recipients, but these require 

that the tumors be developed in that particular genetic background, limiting their 

broad use across cancer [287]. Furthermore, transplantation cancer models 

implant foreign tumors into inherently artificial microenvironments. An approach 

that would enable introduction of oncogenic effects into adult somatic tissue in a 

spatio-temporally controlled way is therefore highly desirable. 

  

Electroporation applies electrical pulses to generate pores within the cell 

membrane, enabling extracellular biomolecules (including DNA) to enter the cell 
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[288, 289]. Electroporation is widely used for stable introduction of DNA elements 

into cells in tissue culture and into chick and mouse embryos. Electroporation 

has occasionally been utilized in adult zebrafish but these studies have been 

limited to cell tracking and transient morpholino knockdowns and has never been 

applied to cancer modeling [290-293]. Several studies in mice have harnessed 

electroporation to introduce transgenes into select adult tissues, including retina, 

muscle, brain, and prostate [294-297] and has been used to model tumors such 

as pancreatic cancer [294, 298, 299].  However, these approaches require 

surgery of the mice and can only be limited to a small number of animals at a 

time, limiting the number of subjects that can be reasonably studied in each 

experiment. As discussed in Chapter 5 below we have optimized electroporation 

as a method in zebrafish melanoma modeling. 

 

Human Embryonic Stem Cells 

Embryonic stem cells (ESCs) are the population of cells derived from the inner 

mass of the blastocyst.  Phenotypically ESCs are specialized in their ability to 

self-renew and for their pluripotency. Self-renewal refers to their capability to 

propagated in their undifferentiated state indefinitely. Pluripotency denotes the 

ability of ESCs to give rise to any cell within the adult body through a series of 

fate decisions at the epigenetic level known as differentiation.  

 

Developmental biology research in model organisms has strengthened our 

appreciation of the intricate balances in signaling required for human 

development. However, species-specific differences in the signaling 
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requirements for human development have necessitated the need for direct 

studying of human cells. Given the ethical and practical concerns of 

developmental assays in humans, human embryonic stem cells (hESCs) are the 

best experimental tool available for studying development in a human system. 

Fortunately, the strong background of developmental research in model 

organisms can guide the hESC studies for generating testable hypotheses and 

assays. 

 

The collections of experimental platforms through which ESCs are guided 

towards specific cellular fates are coined directed differentiations. Directed 

differentiations are designed to mimic the combinations and temporal regulation 

of exogenous signaling molecules and their agonists that precursor cells would 

experience during normal development in vivo [300]. The changing cellular fates 

can then be characterized through gene expression studies to confirm the step-

wise activation of genes that recapitulate the progression of cells through 

developmentally relevant progenitor cells before producing mature differentiated 

states [301, 302]. A demonstrative example of the faithful representation of 

progenitor cells produced in vitro is the sequential fate potential of hESC-derived 

neural progenitors to give rise to neurons before becoming gliogenic [303]. 

Importantly the purpose of this study, hES-derived melanocytes are made via the 

production of neural crest and melanoblast precursors [8, 304]. 
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The ability to derive virtually any cell in the body provides a platform for disease 

modeling and eventual cell replacement therapies. Given their replicative 

potential, hESCs are a source of virtually limitless cells for disease modeling of 

cells that are difficult to work with due to limited numbers, accessibility or 

developmental timing. hESC-derived mature cells can generate limitless supplies 

for modeling fate decisions or performing chemical and genetic screens. For 

example, the directed differentiations to derive dopamine neurons (the rare 

population of neurons lost in Parkinson’s patients) has enabled researchers to 

study an otherwise difficult to obtain tissue [305, 306]. Furthermore, the large 

quantity of dopamine neurons has enabled researchers to envision a cell 

replacement therapy for treating Parkinson’s disease [307, 308]. 

 

Embryonic stem cell research has been plagued by ethical concerns surrounding 

the derivation of embryonic stem cells from aborted fetus tissue. Accompanying 

funding restraints on federal funding has compounded these ethical issues. In a 

landmark discovery, Yamanka and colleagues found that four transcription 

factors (Oct4, Klf4, Sox2, c-Myc) were sufficient to revert fibroblasts back to an 

induced pluripotent state that exhibited ES-like morphology and pluripotency 

[309, 310]. The discovery of induced Pluripotent Stem Cells (iPSCs) has 

alleviated the ethical and practical concerns over the generation of novel lines 

while enabling researchers to generate isogenic lines from patients of interest. 

Directed differentiation using iPSCS enables researchers to assay patient 

specific diseases in genetically matched backgrounds. 
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Disease specific hESCs have been derived to study a number of diseases and 

developmental disorders. However, hESCs are a relatively untapped resource in 

the study of cancer. ESC-derived cancer studies have been limited to the study 

of familial genetics in cancer prone syndromes (Li-Fraumeni syndrome, Noonan 

syndrome, Myelodysplasia syndrome) and brain tumors (Diffuse Intrinsic Pontine 

Gliomas and Glioblastoma Multiforme) [311-320]. Improved techniques in 

generating iPSCs, directed differentiation, genetic engineering and genetic 

sequencing analysis strongly suggest the need for more hESC-derived cancer 

research. 

 

1.4. Hypothesis  

Melanoma phenotypes can be traced to the cell of origin 

The diversity in pigmentation, cell morphology, genetic expression profile, drug 

response and growth rate amongst melanoma cells has been a long-established 

yet poorly understood phenomenon [321-323]. Alan Houghton of MSKCC 

proposed this diversity may be explained by the differentiation status of the initial 

cell(s) transformed and sought to compare the surface markers present on 

melanomas to distinct stages of normal melanocyte development [324, 325]. 

Recent advances in genetic profiling and immunohistochemistry have supported 

the notion of two distinct melanoma populations, with one type representative of 

a more neuronal/invasive gene signature and the second group exhibiting a 

melanocytic/proliferative gene signature (fig. 1) [246, 247, 326, 327]. These 
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finding have produced a model that the differentiation status of the tumor is 

deterministic of the growth rate, pigmentation, transcriptome, and drug resistance 

profile.  

 

Cancer is characterized by unrestricted, self-renewing cells, eventually forming 

tumors that deprive healthy tissues of resources. Albeit in a controlled fashion, 

the ability to self-renew is shared by pluripotent stem cells and naturally present 

progenitors in the adult. This shared ability to self-propagate led to the 

hypothesis that progenitor cells may be either more apt to transformation into 

cancer or more apt to transform with distinct tumor phenotypes. Work in several 

solid tumor types (rhabdomyosacroma, clear cell sarcoma, etc.) has confirmed 

the hypothesis, while results in brain cancer contradict this idea [328-331]. 

Recent work by other labs has established the presence of multipotent 

melanocyte progenitors within the epidermis of adult humans, opening up the 

possibility for melanoma genesis from a more pluripotent and less differentiated 

cell [332, 333]. Uncovering the importance of cell of origin will test the hypothesis 

that the cell in which melanoma arises dictates its subsequent clinical behavior; 

providing insights on treating malignant melanomas based on their cell of origin 

and not just the bulk population. 

 

To address the impact of the differentiation status of the cell of origin on 

melanoma this study utilizes two complementary systems: human melanocytes 

derived from iPS cells and a transgenic zebrafish model of melanoma.  We have 
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generated a robust and repeatable protocol for the production of pigmented 

melanocytes via melanocyte progenitors from human pluripotent cells. We have 

introduced oncogenic mutations (including BRAFV600E) at defined stages of 

differentiation and characterized the tumorigenic phenotypes both in vitro and in 

vivo.  To complement the human cell culture work, we have utilized the well-

established in vivo zebrafish melanoma model to drive tumorigenesis in cells at 

each progenitor stage. By expressing BRAFV600E under promoters for lineage 

specific genes we have queried the importance of differentiation status of the cell 

of origin on melanoma phenotypes in vivo. 

 

 
 

Figure 1.16 Hypothesis: does cell of origin define melanoma?   
Chapter 2 will assay the derivation of transgenic zebrafish with melanoma initiated at the 
neural crest, melanoblast or melanocyte stage by over-expression of BRAFV600E in a p53 
deficient background. Chapter 3 will assay the induction of BRAFV600E in an isogenic hES 

line (WT or TKO background) after directed differentiation to the same three distinct 
stages. Chapter 4 is the comparison of transcriptional data between the two models and 

between the models and patient data to instruct novel clustering of patients. 

p75/HNK-1-expressing NC precursors derived from hESCs via a
rosette intermediate (Lee et al., 2007). Under those conditions,
there was a significant decrease in the percentage of putative
NC precursors following treatment with the BMP inhibitor noggin
and an increase following exposure to BMP4. These discrep-
ancies may reflect inherent differences in rosette- versus nonro-
sette-derived NC: the former reflects the stage of NC delamina-
tion, whereas the accelerated NC derivation conditions
presented here may represent an early NC induction stage prior
to the presence of a distinct neuroepithelial intermediate. Alter-
natively, as Sox10::GFP expression and p75/HNK-1 coexpres-
sion appear to identify overlapping but distinct NC populations,
it is possible that these two subtypes of NC may exhibit different
requirements for BMP signaling. It should be noted that a recent
immunohistochemical study of Carnegie stage 12–18 human
embryos found that HNK-1 labeled only a small subset of
migrating NC cells, whereas p75 expression also broadly labeled
non-NC populations (Betters et al., 2010). Future studies will be
required to dissect the exact contribution of BMP pathway ma-
nipulations during hESC differentiation to NC, and to define
whether differential requirements reflect distinct developmental
NC stages or subtypes.

The use of Chir in our protocol offers a simple and cost-effec-
tive strategy to activate WNT signaling during NC induction.
Although we were able to demonstrate robust induction of
Sox10::GFP upon exposure to high doses of WNT3a (Figure S1),
the concentrations of WNT3a required were cost prohibitive and
not practical for routine NC induction. Chir treatment triggers
rapid activation of WNT signaling pathway molecules and robust
induction of a TCF::luciferase reporter (Figure S1). The critical
role of WNT signaling in our NC-induction conditions is consis-
tentwith previous findings in avian systems,which demonstrated
that WNT signaling is necessary and sufficient for NC induction
(Garcı́a-Castro et al., 2002). Similar requirements for WNT
signaling to induce a p75, HNK-1 coexpressing human NC pop-
ulation have also been reported (Lee et al., 2007;Menendez et al.,
2011); however, our study is unique in addressing the temporal
requirements for WNT signaling during human NC specification.
The very narrow window during which WNT signaling promoted
Sox10::GFP induction was unexpected and offers a powerful
tool to mechanistically define competency factors that act
together with WNT in NC specification. One interesting hypothe-
sis is that loss of competency correlates with the time course of
Dkk1 induction and anterior CNS fate specification observed

Figure 7. Disease-Specific Melanocytes
that Faithfully Recapitulate Pigmentation
Defects Can Be Derived from hPSCs Using
a Stepwise Differentiation Paradigm
(A) Disease-specific fibroblasts from HP and CH

donors were reprogrammed to establish hPSCs.

(B) Exposure of Oct4- and Nanog-expressing

hPSCs to theWNT-activating NC protocol resulted

in the emergence of a Sox10-positive NC popu-

lation by day 6. Subsequent additional treatment

with BMP4 and EDN3 (BE) skewed the specifica-

tion along the melanocytic lineage to allow for the

establishment of a melanoblast progenitor popu-

lation expressing KIT and MITF at day 11. Further

maturation under ESC-melanocyte (ESC-mel)

conditions in the presence of WNTs, BMP4, and

cAMP supported induction of the late melanocyte

markers tyrosinase (TYR) and oculocutaneous

albinism II (OCA2). Mature melanocytes were used

to model the disease-specific pigmentation de-

fects of HP and CH.

(C) Growth conditions supporting each stage of

differentiation are summarized below.

Figure 6. iPSC-Derived Melanocytes Recapitulate Disease-Associated Pigmentation Defects
(A) HP and CH are disorders with defects in melanosome biogenesis and trafficking amenable for iPSC-based disease modeling.

(B) Melanocytes derived from patient-specific and control (C1 and C2) iPSCs express melanocyte-associated transcription factors and melanosomal proteins.

Scale bar represents 50 mm.

(C) Cell pellets of HP2-derived melanocytes exhibit a near lack of pigmentation, whereas HP1-derived melanocytes exhibit a more subtle defect.

(D) Pigmentation levels of patient-specific melanocytes are correlated to granularity (SSC) in flow-cytometric analysis.

(E) Melanin content was determined from the absorbance of cell lysates at 475 nm.

(F) HP1- and HP2-associated pigmentation defects can be observed in electron micrographs, and CH-derived melanocytes exhibit disease-typical enlarged

melanosomes. Scale bars represent 5 mm (top row) and 1 mm (bottom row).

(G–J) Stereological quantification of melanosome phenotype observed in electron micrographs.

Error bars represent the SEM from melanocytes derived from three independent iPSC lines for each disease (two lines were derived from donor C2). See also

Figure S7.
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We hypothesize that cell of origin will impact the molecular identify of the 

resultant tumor. To address this question at the transcriptional level we have first 

established gene expression data (RNA-sequencing) for tumors derived from 

each stage of differentiation in both model systems (Figure 1.16). For the hPSC-

derived tumor models we have analyzed RNA-sequencing data from in vitro 

transformed cells (n=3 biological replicates for each of the three stages).  For the 

zebrafish tumors, we have dissected whole tumors for RNA-seq analysis (n=6 

biological replicates for each of the three stages). We then first assessed 

whether hPSC-derived and zebrafish tumors independently segregate according 

to cell of origin using unsupervised clustering and principal component analysis. 

We have also assessed whether stage-specific differences show comparable 

subgrouping in the two independent model systems; forming a transcriptional 

signature for each subtype. Next we utilized the mRNA profiles of all patients 

from the TCGA dataset (>400 currently) and correlated our signatures with the 

reported transcriptional subclasses (i.e. “Mitf low”, “Keratin”, “Immune”).  

 

Melanoma modeling in adult somatic tissue 

To model how tumors natively form in somatic tissues, we developed a system 

with precise spatiotemporal control of tumor initiation in a fully immunocompetent 

adult zebrafish. Here, we report oncogenesis via Transgene Electroporation into 

Adult Zebrafish (TEAZ). We find that TEAZ allows for the development of 

complex, aggressive melanomas driven by expression of oncogenic BRAFV600E in 

concert with loss of the tumor suppressors p53 and rb1. These tumors are highly 
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invasive and eventually metastasize to distant locations, unlike previous 

transgenic zebrafish melanoma models, which do not spontaneously metastasize 

[279]. Because electrodes and DNA solutions can be placed at defined locations, 

TEAZ allows for delivery of transgenes specifically to the anatomical locations of 

interest to in less than a few minutes to produce easily scalable models. Given 

the wealth of functionally uncharted genetic lesions discovered from sequencing 

human tumors, TEAZ allows for testing of candidate mutations in a rapid, 

scalable in vivo system. 
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CHAPTER TWO: CELL OF ORIGIN STUDIES IN ZEBRAFISH 

2.1 Zebrafish 

Zebrafish are a powerful in vivo animal model for studying cancer. Zebrafish are 

small with easy and affordable husbandry enabling very large sample sizes 

(n=100s). Furthermore, zebrafish rapidly reach sexual maturity and females 

typically lay up to several hundred eggs per mating. Upon fertilization, the 

transparent zebrafish embryo develops outside the mother, making the 

observation and manipulation of the embryos quite simple. The large clutch size, 

small animal size, and external development allows for easy accessibility to drug 

and chemical screens [53]. Finally, even adult fish are relatively thin and 

transparent enabling superior in vivo visualization capabilities deep into the 

animal for monitoring in vivo primary tumor growth, metastases and survival rates 

[62, 268].  

 

Zebrafish melanoma model using transgenesis 

Zebrafish are a particularly useful model for genetic studies in vertebrate animals 

due to the ease of creating transgenic animals. Upon fertilization, the transparent 

zebrafish embryo develops outside the mother, making the manipulation of the 

embryos from the single cell stage logistically simple. To insert transgenes into 

the genome of the fish, DNA is typically injected directly into the single-cell stage 

with a needle. Originally, transgenes were introduced into the zebrafish germline 

by injecting naked DNA [334]. However, advances in Tol2 transposable elements 
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have been coupled with a series of modular vectors that allow for easy plasmid 

modification and efficient downstream insertions in the zebrafish genome (Figure 

2.1) [335, 336]. 

 

 

Figure 2.1 Schematic of zebrafish F0 transgenesis. 
F0 zebrafish transgenic melanoma fish are engineered by injecting transposase mRNA 

with TOL2 flanked plasmids encoding a promoter driving BRAF(V600E) fused to 
TdTomato into p53 deficient single-cell embryos. 

 
 

The zebrafish offers a powerful in vivo system to study the importance of the cell 

of origin in melanoma due to the well-characterized and highly penetrant 

melanoma model. The Zon lab established that expression of BRAFV600E under 

the expression of the melanoblast mitfa promoter in a p53-/- background yielded 

melanomas within approximately 4-12 months post fertilization (Figure 2.2) [53, 

279]. The fish generally develop 1-2 tumors per fish and the tumors closely 

resemble human melanoma patients at a histological and transcription level.  
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Figure 2.2. Illustration of the 100% penetrant model of zebrafish melanoma. 
Zebrafish deficient for p53 develop normally and are indistinguishable from wild-type 

siblings in terms of viability and fertility [337]. Transgenic zebrafish expressing 
BRAFV600E under the control of the melanoblast specific promoter mitfa, 
Tg(mitfa:BRAFV600E) develop pigmentation abnormalities but not cancer. 

Tg(mitfa:BRAFV600E) develop melanoma when crossed with p53 deficient fish. 
(adapted from White, et al. 2011) [53] 

 

The zebrafish melanoma model is 100% penetrant when expressing mutant 

BRAF in melanocytes of a fish that is p53 deficient. However, neither mutation 

alone is sufficient to drive tumorigenesis. Fish that are homozygous deficient in 

p53 but wildtype for braf develop with normal stripe patterns and without 

melanoma at any penetrance. The p53 deficient fish develop easily 

distinguishable malignant peripheral nerve sheath tumors (PNST) late in life with 

a low penetrance [337]. Fish that are wildtype for p53 but over express mutant 

BRAF under the mitfa promoter develop abnormal stripe patterns with 

melanocytic patches that resemble human nevi [279]. However, without p53 loss, 

the mutant BRAF fish do not progress to melanoma. The necessity of two-hits to 

drive melanoma formation can be reliably exploited to initiate melanoma in 

distinct cells of origin. 
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2.2 Results 

Tumor penetrance in transgenic zebrafish initiating melanoma at the neural 

crest, melanoblast, or melanocyte stage 

Utilizing the ease of high-throughput transgenesis in zebrafish, we have driven 

BRAFV600E expression at various stages of melanocyte development using 

lineage and stage specific promoters that correspond to the neural crest (sox10, 

ednrb1a), melanoblast (mitfa, dct) and melanocyte (tyrp1, pmela) stages of 

melanocyte differentiation [60, 279, 338, 339]. Creating stable transgenic tumor 

lines proved challenging as the oncogenic BRAF was consistently silenced in 

second generations. Therefore, we moved to a F0 screen using a limited pool of 

promoters for quantitative studies (sox10, mitfa, tyrp1). For each transgenic 

animal we tracked overall survival and tumor free survival.  The mutant BRAF 

was fused to tdTomato in the transgenic fish so tumors could be easily tracked 

and excised for histology and expression profiling downstream. The fluorescence 

also allowed us to censure BRAF independent Peripheral Nerve Sheath Tumors 

(PNSTs) from our tumor curves. 

 

When mutant BRAFV600E expression was driven by the melanoblast promoter 

mitfa in p53 null fish (n=94 biological replicates), melanomas form with a median 

survival of 53 weeks (Figure 2.3), reaching 100% penetrance after approximately 

71 weeks (data not shown). When mutant BRAFV600E expression is driven by 

neural crest promoter sox10 in p53 null fish (n=92 biological replicates), 

melanomas form with median survival of 21 weeks (Fig. 2.3), reaching 100% 
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penetrance after approximately 60 weeks (data not shown). Interestingly, when 

mutant BRAFV600E expression is driven by melanocyte tyrp1 in p53 null fish (n=49 

biological replicates), tumors do not form within the 70 weeks of tracking (Fig. 

2.3). The uninjected negative control fish (n= 86 biological replicates) did not 

develop tumors (excluding BRAF independent PNST) during the tracking. 

 

 

Figure 2.3 Kaplan-Meier curves for F0 transgenic zebrafish survival. 
Kaplan-Meier curve of F0 p53-/- transgenic zebrafish injected with plasmids driving 
BRAFV600E fused to TdTomato under either a neural crest promoter (sox10, n=92 
biological replicates), melanoblast promoter (mitfa, n=94 biological replicates), or 

melanocyte promoter (tyrp1, n=49 biological replicates) or uninfected control (n=86 
biological replicates). p < 0.0001 comparing sox10 and tyrp1 curves, p < 0.0001 

comparing sox10 and mitfa curves, p < 0.0001 comparing mitfa and tyrp1 curves, log-
rank (Mantel-Cox) test. 

 

Characterize zebrafish melanomas generated at melanoblast stages of 

differentiation:  

When the MB mitfa promoter drives mutant BRAFV600E expression in p53 null 

fish, melanomas develop with 100% penetrance. The transgenic tumors primarily 
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initiated on the surface of the fish within the dorsal melanocytic stripe near the 

head or near the tail. Additionally, these fish had very disrupted melanocytic 

stripe patterns along the body of the fish. Importantly, the tumors consistently 

appeared of melanocytic origin by location and pigmentation (Figure 2.4). This 

nicely recapitulated what had been seen in previously published studies [53, 60, 

279, 340].  

 

 

Figure 2.4 Melanoblast tumor 
Representative tumor developed from the mitfa:BRAFV600E ;p53-/- transgenic fish.  

 

Anecdotally, this finding was re-capitulated when BRAFV600E was expressed 

using the melanoblast dct promoter in the p53-/- background. Survival statistics 

and transcriptional profiles for the dct promoter were not collected. However, dct-

Melanoblast
p.mitf:BRAFV600E-Tomato
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driven tumors strongly suggested a melanoma diagnosis both in both 

morphology and histology. 

 

Transgenic zebrafish initiating BRAFV600E in a p53 deficient background at the 

neural crest stage using the previously published sox10 promoter (n=92) 

developed tumors faster than the tumors driven at the melanoblast stage [338]. 

Transgenic zebrafish sox10 driven tumors developed either in the head or in the 

body of the fish but deep within the skin; which is not typical for melanoma 

(Figure 2.5). Additionally, the sox10 tumors never developed pigmentation 

suggesting that these tumors were very undifferentiated and perhaps not even 

melanoma. Finally, the sox10:BRAFV600E fish surprisingly did not develop any 

pigment defects.  These finding were supported by identical observations in 

transgenic fish where the transgene was expressed with the previously published 

crestin promoter or a cloned fragment capturing the ednrb1a promoter [60]. 

Again, survival statistics and transcriptional profiles were not collected for crestin 

or ednrb1a. 
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Figure 2.5 Neural Crest tumor. 
Representative tumor developed from the sox10:BRAFV600E ;p53-/- transgenic fish. 

 

Finally, transgenic fish expressing BRAFV600E at the fully differentiated 

melanocytic stage using the previously published tyrp1 promoter (n=49) in a p53 

deficient background did not develop tumors [339]. The transgenic fish did 

occasionally develop pigmentation defects that resemble nevi (Figure 2.6) but the 

fish generally did not develop any pigmentation defects. While not quantified, 

expression of tyrp1:gfp in embryos demonstrated that the promoter was 

sufficiently strong and specific to drive expression in melanocytes (Figure 2.7). 

This was a surprising finding and was phenocopied using a cloned fragment 

containing the pmela promoter in (p53-/-; pmela:BRAFV600E) transgenic fish. The 

lack of tumorigenesis with the tyrp1 promoter suggests that melanoma 

Neural Crest
p.sox10:BRAFV600E-Tomato
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tumorigenesis would require additional mutations to originate in a fully 

differentiated melanocyte. 

 

 

Figure 2.6 Melanocyte nevi 
Representative fish with a nevi from the tyrp1:BRAFV600E ;p53-/- transgenic fish. 

 
 

 

Figure 2.7 Specific tyrp1:GFP expression in melanocytes 
Representative fish at 48 hpf expressing tyrp1:GFP and treated with 

phenylthiocarbamide (PTU) to block melanin synthesis. Image is adapted from Dr. 
Chuck Kaufman (unpublished). 

Melanocyte
p.tyrp1:BRAFV600E-Tomato

48 hrs, TYRP1::EFGP + PTU 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Immunohistochemistry of transgenic zebrafish tumors 

To establish the differentiation status of the tumor cells and morphological 

characteristics, we performed histology post-mortem on several tumor samples 

from each genotype. The histology slides were graded by pathologists in a 

blinded manner and compared to human melanomas of diverse origins. 

Immunohistochemistry was performed for melanoma related antigens to confirm 

the diagnosis. Immunohistochemistry studies were complicated by the limited 

availability of specific antibodies for zebrafish antigens. 

 

Histology sections from mitfa:BRAFV600E ;p53-/- transgenic tumors stained 

diffusely positively for BRAFV600E and phospho-ERK confirming the expression of 

the transgene and subsequent activation of the MAPK pathway in the tumors 

(Figure 2.8) (n = 2 biological replicates). Pigmentation was visible (albeit sparse) 

within the sections suggesting a melanoma diagnosis. The tumors also stained 

diffusely positive for SOX10 expression, which confirms the strong re-activation 

of the neural crest lineage in melanoma genesis in the zebrafish melanoma 

model [53, 60]. The mitfa-driven tumors did not stain for any of the 

neuroblastoma antigens used (NCAM, HuC/HuD), confirming the melanoma 

diagnosis. Finally, the Hematoxylin and eosin (H&E) stain of the mitfa-driven 

tumors closely resembled human melanoma patients, validating the 

mitfa:BRAFV600E ;p53-/- transgenic zebrafish as a relevant model for studying 

human melanoma. 
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Figure 2.8 Immunohistochemistry of melanoblast-driven tumor from 
mitfa:BRAFV600E;p53-/- transgenic zebrafish 

Representative tumor was stained for H&E, BRAFV600E, mCherry, sox10, melanA, or 
huc/hud. Melanin within the tumor is highlighted with the red arrows. Imaged at 4x or 40x 

with scale bars of 500 µm or 50 µm respectively. n=2 biological replicates. (Pathology 
visualized in collaboration with Dr. Travis Hollmann and Dr, Satish Tickoo of the MSKCC 

Pathology Core) 
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Histology sections from sox10:BRAFV600E ;p53-/- transgenic tumors stained 

diffusely positively for BRAFV600E and phospho-erk confirming the expression of 

the transgene and subsequent activation of the MAPK pathway in the tumors 

(Figure 2.9) (n = 5 biological replicates). The tumors stained diffusely positive for 

sox10 expression, which validates the strong expression of the sox10 promoter 

and the appropriate expression of the transgene. The sox10-driven tumors did 

stain sparsely positive for the neuroblastoma antigens used (NCAM, HuC/HuD), 

suggesting that the tumor was less differentiated than the melanoblast driven 

tumors. Interestingly, pigmentation was visible (albeit very sparse) within the 

sections suggesting that the tumors are at least partially of the melanocyte/neural 

crest lineage. The Hematoxylin and eosin (H&E) stain of the sox10-driven tumor 

suggested a very undifferentiated tumor type with bi-directional hints of 

melanoma (including some pigment) as well as hints of neuroblastoma.  
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Figure 2.9 Immunohistochemistry of neural crest-driven tumors from 
sox10:BRAFV600E;p53-/- transgenic zebrafish 

Representative tumor was stained for H&E, BRAFV600E, sox10, ncam, or huc/hud. 
Imaged at 4x or 40x with scale bars of 500 µm or 50 µm respectively. n=5 biological 

replicates. (Pathology visualized in collaboration with Dr. Travis Hollmann and Dr, Satish 
Tickoo of the MSKCC Pathology Core) 
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Transgenic fish from the genetic background typr1:BRAFV600E ;p53-/- did not 

develop tumors, Several representative fish were sacrificed and fixed for 

immunohistochemistry (n = 2 biological replicates). The melanocytes within the 

skin of the fish stained positively for BRAFV600E and phospho-erk confirming the 

expression of the transgene and subsequent activation of the MAPK pathway in 

the skin (Figure 2.10). The skin contained a high proportion of sox10 positive 

cells. The lack of large tumor sections made it difficult for further characterization 

studies. 

 

 

Figure 2.10 Immunohistochemistry of epidermal layer from 
tyrp1:BRAFV600E;p53-/- transgenic zebrafish 

Representative epidermal layer was stained for H&E, sox10 and BRAFV600E. Mutant 
BRAF staining within the skin is highlighted with the red arrows. Imaged at 40x with 

scale bars of 50 µm. n=2 biological replicates. (Pathology visualized in collaboration with 
Dr. Travis Hollmann and Dr, Satish Tickoo of the MSKCC Pathology Core) 
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Transcriptional Data 

To transcriptionally profile the transgenic tumors we dissected out the tumors and 

submitted for RNA-sequencing with polyA selection using an Illumina HiSeq 

2x150bp configuration. The fish were easily dissected with scalpels using the 

immunoflourescent scopes to identify the fused transgene. We collected, isolated 

and submitted RNA from 19 fish tumors (7 sox10 driven body tumors, 5 sox10 

driven head tumors, 6 mitfa driven tumors) for RNA-sequencing. RNA-seq 

analysis performed in collaboration with Nathaniel R. Campbell from the White 

Lab at Memorial Sloan Kettering. The sox10-driven tumors are transcriptionally 

distinct from the mitfa-driven tumors and cluster independently when using 

unbiased methods for whole genome clustering (Figure 2.11). The two 

subgroups starkly separated in PCA space along PC1, which accounts for 54% 

of the variance. Interestingly, the clustering does not segregate based on 

anatomical location.  
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Figure 2.11 Principal component analysis (PCA) of transgenic zebrafish 
tumors 

PCA of 5 mitfa tumors (m, red) and 12 sox10 tumors (S, teal) for whole genome  
RNA-seq yields a clear separation. (RNA-seq analysis performed in collaboration with 

Nathaniel R. Campbell from the White Lab at Memorial Sloan Kettering) 
 

To uncover the differentially regulated processes between the mitfa-derived and 

the sox10-derived tumors we compared the top differentially expressed genes 

between the two sets of tumors. Interestingly, the top 10 genes over expressed in 

mitfa-derived tumors when compared to expression in sox10-derived tumors 

were all related to the differentiation and pigmentation of melanocytes (Figure 

2.12). This corroborates the histology finding that mitfa-derived tumors are more 

differentiated. Conversely, the top 10 over-expressed genes in the sox10-derived 
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tumors are neuronal genes. Interestingly, the lineage specific genes that are 

responsible for neural crest, melanoblast and melanocyte specification fall in a 

row with late differentiation-linked genes being slightly (but not exclusively) over 

represented in the mitfa-derived tumors (DCT, MITF, KIT) and precursor-linked 

genes being slightly (but not exclusively) over expressed in the sox10-derived 

tumors (SOX9, SOX10, PAX3). 

 

 

Figure 2.12 Differentially expressed genes between melanoblast and neural 
crest derived tumors 

Differentially expressed genes between the melanoblast and neural crest derived tumors 
as identified by RNA-sequencing. The top 10 most differentially expressed genes in 

either direction are presented along with important neural crest/melanoblast specification 
genes. Figure represents the ratio of the mean expression between the sox10-derived  

(n = 12 biological replciates) and mitfa-derived (n = 6 biological replciates) tumors (RNA-
seq analysis performed in collaboration with Nathaniel R. Campbell from the White Lab 

at Memorial Sloan Kettering) 
 

Ideally we would compare the expression levels between the tumors and the 

non-tumor generating tyrp1:BRAF melanocytes, but we do not have RNA-seq 
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expression data for the non-transformed melanocytes. To interpret the 

downstream pathways that are differentially regulated between the mitfa-driven 

and the sox10-driven tumors we performed Gene Set Association Analysis 

(GSEA) and pathway analyses. One of the top gene sets up regulated in the 

sox10-driven tumors over the mitfa-driven tumors is a gene set associated with 

poor survival statistics in neuroblastoma (Figure 2.13) [341]. The gene set was 

enriched with an association score of 0.517741 and a normalized association 

score of 1.7042046. The normalized enrichment score evaluates how well 

ordered expression gene set resembles the provided dataset when compared to 

all the possible permutations of the same gene set. 

 

 

Figure 2.13 sox10-derived fish neuroblastoma 
Gene set association analysis (GSAA) shows that sox10-derived zebrafish tumors 
closely resemble poor prognosis neuroblastoma. (RNA-seq analysis performed in 
collaboration with Nathaniel R. Campbell from the White Lab at Memorial Sloan 

Kettering) 
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2.3 Discussion 

There is a very clear delineation of phenotypes depending on the promoter 

driving BRAFV600E when coupled with p53 deficiency. The mitfa:BRAFV600E 

transgenic fish recapitulated the previously published findings and developed 

melanoma at a very high penetrance. Interestingly, sox10:BRAFV600E transgenic 

fish developed tumors with a shorter latency, but the tumors did not represent 

typical melanoma at the morphological, histological or transcription level. The 

tyrp1:BRAFV600E transgenic fish are surprisingly resistant to cancer inferring that 

the activation of mutant BRAF in a fully differentiated, p53-/- melanocyte is not 

sufficiently oncogenic.  

 

Previously published work clearly argues for the necessity of sox10 up regulation 

in melanocytes for melanoma expressed with the mitfa promoter [53, 60]. This 

corroborates with the paradigm that both SOX10 and MITF are highly expressed 

in melanoma and both are required for melanoma growth. However, driving the 

oncogene off the sox10 promoter does not produce stereotypical melanoma. 

These two data points are not contradictory, but rather argue for a very narrow 

developmental window for melanoma formation in the fish. For melanoma to 

progress melanocytes must re-activate sox10 and a neural crest program but 

only after mitfa and a melanoblast commitment program have been activated in 

the cell first. If the oncogenic program is turned on prior to melanoblast formation 

the resulting tumors contain some aspects of melanoma (i.e. pigmentation) but 

will mostly resemble a very undifferentiated neuroblastoma. Furthermore, the 
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same oncogenic program is no longer sufficient to yield a tumor if the cell has 

already activated a differentiated melanocyte program (tyrp1 promoter). These 

findings do not dictate that melanoma can never originate in the more 

differentiated cell type, but rather that these cells are more resistant given the 

same oncogenic exposure and may require additional mutations or epigenetic 

changes. Together these fish tell a very nuanced story, arguing that the MITF+ 

melanoblast is the most susceptible cell type capable of giving rise to melanoma 

in the fish using this oncogenic combination. 
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CHAPTER THREE: CELL OF ORIGIN STUDIES IN HUMAN EMBRYONIC 

STEM CELLS 

3.1 hES-derived melanocytes 

The Studer lab recently established a protocol for the rapid and highly efficient 

derivation of mature and functional melanocytes from human pluripotent stem 

cells (hPSCs) of both human ESC and iPSC origin in a feeder-free, in vitro 

system (Fig. 3.1) [8, 304]. The protocol mimics normal melanocyte development 

by first proceeding through a neural crest progenitor (sox10+, p75+) and 

melanoblast (sox10+, c-kit+, mitf+, dct+) stage before reaching a mature pigment-

producing melanocyte (tyr+, oca2+, pmel+). Importantly, our differentiation 

conditions enable us to isolate and maintain highly scalable populations of pure 

melanocytes as well as defined human neural crest intermediates, and 

melanocyte progenitor populations (bipotent glial-melanocyte stem cell and 

melanoblasts) in culture. The resulting hPSC-derived melanocytes appear 

indistinguishable from primary melanocytes with comparable transcriptional 

profiles and functional hallmarks as demonstrated by electron microscopy, skin 

reconstruction and in vivo transplantation assays 24. Using this unique platform 

we studied the importance of cell of origin on melanoma development. The 

protocol allowed us to induce oncogenesis in defined populations of cells 

representative of each state along the melanocytic lineages in a manner that 

could not be done previously (Figure 3.1). Past studies aimed at transforming 

primary human cells were limited to the use of differentiated melanocytes and 
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lacked a scalable source of stage-specific human neural crest or melanocyte 

progenitors.  

 

  

Figure 3.1 Schematic of hES-based melanoma cell of origin modeling 
Human embryonic stem cells are differentiated into neural crest, melanoblast or 

melanocyte cells before inducing oncogenic BRAFV600E. The protocol will be done in WT 
hES and TKO hES (p53-/- ; p16-/- ; rb1-/-) [8]. (figure adapted from Mica et al, 2013) 

 

3.2 Results 

Generation of transgenic hES lines 

Engineering of inducible BRAFV600E hESCs 

In order to reliably induce expression of the mutant BRAFV600E at the distinct 

stages of differentiation we engineered the hES parent line for inducible 

expression. The Huangfu lab at MSKCC recently introduced an inducible 

CRISPR-cas9 into the “safe harbor” AAVS1 (also known as PPP1R12C) locus 

0 2 4 6 8 11 18 25

Neural Crest
NC

Melanoblast
MB

Melanocyte
MEL

Undifferentiated
human embryonic
stem cells (hESCs)

FACS

DAYS:

iBRAF
or 

iBRAF; TKO +/- BRAF +/- BRAF +/- BRAF



 81 

[342, 343]. The locus had been previously shown to support robust and 

sustained transgene expression in a manner similar to that of the Rosa26 locus 

in mice [344]. To introduce the inducible system, hESCs were electroporated with 

two TALENS directed at the locus and two donor vectors for homologous 

recombination. One donor plasmid contained a doxycycline-inducible Cas9 

expression cassette (Puro-Cas9 donor), and the other carried a constitutive 

reverse tetracycline transactivator (M2rtTA) expression cassette (Neo-M2rtTA 

donor). For our studies, we sub-cloned mutant BRAFV600E to replace the Cas9 

expression cassette (see Figure 3.2). 

 

 

Figure 3.2 Schematic of AAVS1 targeting of inducible mutant BRAF 
Double strand breaks are introduced by a pair of TALENs enabling simultaneous 

homology-directed repair (HDR) of both Puro-BRAFV600E and Neo-M2rtTA cassettes into 
the AAVS1 alleles in trans. BRAFV600E expression is then induced through doxycycline 

treatment in clonal iBRAF lines. (adapted from Zhu et al. 2013) [343] 
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Adapting the Huangfu iCRISPR technology for iBRAF enabled us to efficiently 

induce BRAFV600E expression in hESC or any hES-derived cells. To test 

expression levels we introduced doxycycline (DOX) into the hESC media and 

analyzed transcript expression by qPCR and protein levels by western blot (see 

Figure 3.3). Importantly, the mutant BRAF expression is very tightly regulated by 

DOX exposure and does not leak any expression in the absence of DOX. The 

mutant BRAF expression is tunable depending on DOX levels. Interestingly, the 

phospho-ERK levels do not increase following mutant BRAF expression, which 

suggests that the MAPK pathway is already over saturated in hESC. 

 

 

Figure 3.3 iBRAF expression in hESCs 
Inducible mutant BRAF is reliably expressed following DOX exposure at both the mRNA 
transcript level (A) and the protein level (B) in hESC of iBRAF. Samples were collected 
following 48 hours of exposure to DOX in hESC media. qPCR is represents 2 biological 
replicates with 2 technical replicates (p-value = 0.009). WB is representative example of 

2 biological replicates of 1 technical replicate each. 
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Engineering loss of tumor suppressors 

The animal models and human cell line transformation studies suggest that 

melanoma transformation will require loss of tumor suppressors in addition to the 

expression of oncogenic BRAF [263, 264, 266, 275-277, 279]. To choose the 

combinations of second hit mutations to transform the cells we looked to human 

cell lines studies, animal studies, and next generation sequencing of patient data. 

The most physiologically relevant in vitro transformation implicated RB1 and 

TP53 [266]. The animal studies require loss of TP53, CDKN2A, or PTEN [276, 

277, 279]. A meta-analysis of somatic mutations in melanomas revealed that the 

top two most frequently mutated genes in mutant BRAF tumors are TTN and 

TP53 [345]. The authors reasoned that the TTN mutations are likely passenger 

mutations due to gene length bias, given that TTN is the longest gene in the 

human genome [346]. The second most frequently mutated gene was TP53, 

found in 21.5% of BRAF-mutated tumors (p-value = 0.011). We hypothesized 

that oncogenic BRAF will transform when combined with loss of TP53, CDKN2A, 

RB1 and/or PTEN. 

 

To generate knock out hESCs we employed the CRISPR cas9 system to 

introduce double strands breaks in gRNA target sites of interest [347, 348]. The 

gRNA were synthesized in gBLOCKS and were co-electroporated into hESC with 

constitutively active Cas9-fused to GFP [349, 350]. Clones were then sorted for 

GFP (which implied Cas9 expression) and then grown up as single cell clones. 

Clones were then screened via sequencing for knockouts in the tumor 



 84 

suppressor genes of interest. We selected for clones with knockouts all the 

permutations of TP53, CDKN2A, RB1 and/or PTEN. For downstream studies we 

focused primarily on the iBRAF; TKO line which has a DOX-inducible BRAFV600E 

in the AAVS1 locus and homozygous inactivating mutations in TP53, P16, and 

RB1 (Figure 3.4). 

 

Figure 3.4 Genetic knockout of tumor suppressors. 
Western blot analysis shows the genetic knockout of TP53, P16, and RB1 in TKO line. 

RB1 is blotted in iBRAF;TKO hESC-derived MEL while tp53 and p16 are blotted in 
iBRAF;TKO hESC-derived MB. The stages of differentiation are selected for increased 
expression of the tumor suppressor for simplicity of visualization. Representative of 4 

biological replicates. 
 

hESC directed differentiation into neural crest, melanoblast, and 
melanocytes 
 

We next wanted to use these models to assess how the oncogenic mutations act 

in the Neural Crest, Melanoblast and Melanocyte, analogous to what we did in 

the fish. The Studer lab recently published a protocol for directed differentiation 

of pluripotent stem cells into the various ectoderm lineages (including neural 
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crest cells) using the chemically defined E8/E6 culture platform [300, 351].  In 

unpublished data, we have converted the Mica et al. hES-derived melanocyte 

protocol for a KSR based system into a chemically simplified and defined E8/E6 

protocol [8, 304]. The new E8-based melanocyte directed differentiation protocol 

combines the first 6 days of the Tchieu et al. NC protocol with the addition of 

EDN3 and BMP4 for the remaining 4 days of specification to drive a melanoblast 

fate (Figure 3.5) [300]. The day-11 cells are then re-plated in droplets onto 

PO/LAM/FN plates into a melanocytic differentiation media and differentiated 

identically to the Mica et al day-11 melanocyte protocol [8, 304]. As the 

melanocyte media selectively kills off contaminants and the melanocytes 

continually expand it is difficult to quantify an efficiency or yield but the protocol is 

very robust and repeatable for melanocyte production.  
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Figure 3.5 Differentiation scheme to generate NC, MB, or MEL from hESC. 
Schematic for the directed differentiation of hESCs into NC, MB, or MEL using the 

chemically-defined E8/E6 media system. At day 11 of the differentiation cells can be 
FACS sorted for SOX10 and cKIT expression to isolate NC or MB. Alternative day 11 

cell can be re-plated in droplets with or without sorting and differentiated into MEL. 
(adapted from Mica et al. 2012) [8] 

 

The differentiation can be halted at day-11 to sort out and maintain isogenic 

neural crest cells or melanoblasts. These subpopulations are sorted out using 

fluorescence-activated cell sorting (FACS) for the germline SOX10:GFP 

transgene coupled with the presence or absence of cKIT expression. Neural 

crest cells will sort out as SOX10+cKIT- whereas melanoblast cells are 

SOX10+cKIT+ (Figure 3.6). The SOX10- cKIT- cells are differentiations 

E8

ROCKi

SB 10 μM
CHIR 1,500 nM

EDN3 100 nM

Media

Growth
Factors &

Small
Molecules

Day:

Melanocyte Media
Neurobasal media

SCF 50ng/ml
cAMP 500 μM

Ascorbic Acid 100μM
FGF2 10ng/ml

CHIR 3 μM
B27 supplement
N2 supplement
BMP4 25ng/ml
EDN3 100nM

Passage onto
Matrigel

Passage onto
PO/LAM/FN

Pigment

E6

BMP4
(1ng/ml)

CHIR
600 nM

BMP4 5ng/ml

18 25

FACS sort for sox10+ckit+ cells
Passage into

Adhesion-free plates

11

Maintenance Media
Neurobasal media

FGF2 10ng/ml
CHIR 3 μM
L-glutamine

Non-Essential AA
B27 supplement
N2 supplement

18 2511

18 2511-1 0 2 4 6 8

Maintenance Media
Neurobasal media

FGF2 10ng/ml
CHIR 3 μM
L-glutamine

Non-Essential AA
B27 supplement
N2 supplement

Neural Crest

Melanoblast

Melanocyte

FACS sort for sox10+ckit- cells
Passage into

Adhesion-free plates



 87 

contaminants that did not differentiate. It is unclear what SOX10- cKIT+ cells 

represent, but it is possible that SOX10- cKIT+ cells have already passed 

through a NC stage have turned down SOX10 and are now representative of a 

MSC fate. Both NC and MB cells can be maintained as clusters in low-adhesion 

plates.  
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C.        

 

Figure 3.6 FACS Sorting neural crest and melanoblasts. 
(A) FACS sorting the SOX10+cKIT- or SOX10+cKIT+ fractions respectively at day 11 of 
the differentiation can isolate NC and MB cells. Representative plot from n=10 biological 
replicates. (B) The transcript expression levels for neural crest and melanoblast cells are 

analyzed by qPCR following sorting [8]. n = 3 biological replicates. (qPCR results 
performed by Dr. Yvonne Mica and published in Mica et al. 2013)  

(C) Immunofluorescence for expression of sox10:GFP and MITF confirms the NC and 
MB identity. Representative images from n = 3 biological replicates. 
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Figure 4.4 BE treatment enhances induction of a melanoblast marker 
expression. (A) Expression of early and late melanocyte markers in BE-derived 
melanocyte progenitors was confirmed by qRT-PCR. Error bars represent the s.e.m 
of three independent experiments. (B) BE-derived melanocyte progenitors express 
significantly higher levels of MITF and DCT than NC-derived cells by qRT-PCR (n=3, 
p=0.03(MITF), p=0.05(DCT)). (C) BE treatment increases the yield of Sox10::GFP, c-
kit double positive melanocyte progenitors at the expense of Sox10::GFP single 
positive NC cells. All error bars represent the s.e.m of at least three independent 
experiments. * p<0.05. 
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Alternatively, the directed differentiation can be continued past day-11 towards 

the melanocytic fate. The directed differentiation utilizes a selective melanocytic 

media that was designed by Mica et al, which negates the need for sorting and 

still yields a 100% pure melanocytic population. The culture will begin to pigment 

around day-25 with completely black medias around day-40 (Figure 3.7). hES-

derived mature melanocytes express the typical differentiation genes including 

TYRP1 and HMB45. The melanocytes continue to proliferate, making 

quantification difficult. If the culture is maintained at a high density the culture will 

thicken to the point of blocking all light and preventing the cells from being 

visualized under bright-field.  
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Figure 3.7 hES-derived melanocyte characterization. 
(A) The pigmented cells stain for the melanocyte markers TYRP1. (B) The pigmented 
Day 25 cells (right) can be easily visualized and distinguished from Day 11 cells (left) 
when pelleted. (C-F) Only melanocytes will persist in the Melanocyte Differentiation 

media. By day 40 every cell stains positively for the melanocyte marker HMB45. 
Representative images from n = 3 biological replicates. 
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Validating iBRAF following directed differentiation 

Next we tested that the inducible mutant BRAF is still active and tunable after 

differentiating to the melanocyte stage (see Figure 3.8a). Importantly, we 

confirmed that iBRAF induces to equivalent levels independent of tumor 

suppressor loss (see Figure 3.8b). 

 

  

Figure 3.8 iBRAF in melanocytes. 
(left) iBRAF remains inducible and tunable in hES-derived WT iBRAF melanocytes.  

(right) iBRAF induce the MAPK pathway to comparable levels independent of genetic 
background. TKO = TP53-/-;CDKN2A-/-;RB1-/-. QKO = TP53-/-;CDKN2A-/-;RB1-/- PTEN-/-.  

(Figure 3.8B produced in collaboration with Dr. Arianna Baggiolini from the Studer Lab at 
Memorial Sloan Kettering) 

 

For inter-stage comparison it is important to insure that MAPK pathway is 

inducible to comparable levels following DOX induction of iBRAF independent of 

differentiation state.  To compare levels isogenic cells were differentiated to NC, 

MB, MEL levels and MAPK levels were assayed in the presence or absence of 

iBRAF induction. Interestingly, the BRAFV600E protein levels are not comparable 

across the differentiation states with melanocytes exhibiting significantly 

diminished levels (see Figure 3.9). This is despite the strong induction levels 
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exhibited in melanocytes in Figure 3.8. However, the downstream MAPK marker 

pERK is activated all conditions following doxycycline treatment independent of 

differentiation state, which is important for downstream comparisons of 

transformation and transcription changes.  

 

 

Figure 3.9 iBRAF across differentiation states. 
Mutant BRAF is inducible in iBRAF at the NC, MB, and MEL stage in both the WT and 

TKO genetic background. The mutant BRAF levels are disparate between the 
developmental stages but the MAPK pathway activation (visualized through pERK 

levels) is independent of stage of differentiation. Representative blot from n = 3 
biological replicates. 

 

Tumor modeling 

Tumor modeling in vitro 

To assess if differentiation state (NC, MB, or MEL) of the cell of origin is 

deterministic of the tumorigenic state in vitro we quantified the number of cells in 
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active DNA synthesis. The NC and MB stages were maintained in adhesion-free 

plates with maintenance media while the MEL stage was maintained on adhesion 

plates with melanocyte differentiation media so comparisons cannot be directly 

made between the melanocyte stage and early stages. 

 

Mutant BRAF did not impact the proliferation rate of WT cells at any of the three-

differentiation states (NC, MB, or MEL) in a statistically significant manner 

(Figure 3.10). The WT melanocytes slow their proliferation rate when exposed to 

mutant BRAF, but again not in a statistically significant manner. This contradicts 

the previously published result that BRAFV600E induces melanocyte senesce. The 

lack of senescence is likely a result of the pro-growth differentiation media in 

which we grow the cells. 

 

 

Figure 3.10 EdU labeling in WT iBRAF hES-derived cells. 
The numbers of WT iBRAF hES-derived cells in S-phase were quantified in the 

presence or absence of mutant BRAF at the NC, MB, and MEL stages. The cells were 
exposed to DOX for 48 hours prior to quantification. While there are small changes in 

numbers of dividing cells the differences were not statistically significant. n = 3 
independent experiments. (EdU experiments performed in collaboration with Dr. Arianna 

Baggiolini from the Studer Lab at Memorial Sloan Kettering) 
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Mutant BRAF increases the proliferation of TKO melanoblasts in a statistically 

significant way (Figure 3.11). Interestingly, mutant BRAF does not impact the 

proliferation rate of NC or MEL TKO cells. This stage specific impact of mutant 

BRAF on proliferation rate has not been previously reported and strongly 

suggests that the differentiation stage of the cell of origin in melanoma is 

important, with melanoblasts being the most sensitive.  

 

 

Figure 3.11 EdU labeling in TKO;iBRAF hES-derived cells. 
The numbers of TKO;iBRAF hES-derived cells in S-phase were quantified in the 

presence or absence of mutant BRAF at the NC, MB, and MEL stages. The cells were 
exposed to DOX for 48 hours prior to quantification. Mutant BRAF leads to increased 

proliferation in TKO cells at the MB stage in a statistically significant way. Mutant BRAF 
does not alter proliferation at the NC or MEL stage in TKO cells in a statistically 
significant way. n = 3 independent experiments. (EdU experiments performed in 
collaboration with Dr. Arianna Baggiolini from the Studer Lab at Memorial Sloan 

Kettering) 
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Tumor modeling in vivo 

The gold standard assay for cellular transformation is tumor growth when 

xenografted into immunocompromised mice. To assess if differentiation state 

(NC, MB, or MEL) of the cell of origin is deterministic of the tumorigenic state or 

tumor phenotype in vivo we injected cells into the flanks of non-obese diabetic-

severe combined immune-deficiency (NOD-SCID) mice (3 mice or 6 injections 

per a group). For controls we injected cells in the presence or absence of iBRAF 

as well as in WT and TKO cells. For a positive control we injected A375 

melanoma cells, which grew rapidly. For each injection we started with 500,000 

cells embedded in matrigel and charted the growth as a single tumor curve. 

Tumor volume was monitored closely for 1 year, at which time the animals were 

sacrificed, tumors were excised, and tissue was preserved for analysis.  

 

Neural Crest cells are slightly transformed when genetic loss of TP53, RB1, and 

CDKN2A is coupled with BRAFV600E over-expression (Figure 3.12). Tumors grew 

with a very long latency with only four of the six tumors hitting a true exponential 

phase by the close of the study at 307 days. By contrast, the TKO NC cells 

without mutant BRAF expression did not grow tumors. The TKO NC cells with 

DOX are statistically larger than the TKO NC cells without DOX (p-value = 

0.033). Similarly to the TKO NC cells without DOX, the WT neural crest cells did 

not exhibit exponential tumor growth with only slight expansion in a few animals 

after extreme latency. These results indicate that TKO NC cells with BRAFV600E 
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over-expression are tumorigenic in vivo, but the tumorigenecity is weak and there 

is no suggestion that these cells are capable of metastasis. 

 

 

Figure 3.12 Mouse xenograft of hES-derived neural crest cells. 
TKO;iBRAF neural crest cells are weakly transformed when mutant BRAFV600E is 
induced by DOX. By comparisons, TKO NC cells do not grow without BRAFV600E 

induction and WT NC cells do not grow with or without BRAFV600E. TKO.NC+DOX vs. 
TKO.NC is statistically different with a p-value=0.033. Each line represents an 

independent cell injection. n = 6 independent tumors per group. (xenograft experiments 
performed in collaboration with the Antitumor Assessment Core at MSKCC) 

 

In contrast, melanoblast cells are readily transformed when genetic loss of TP53, 

RB1, and CDKN2A is coupled with BRAFV600E over-expression (Figure 3.13). 

Tumors grew with a long latency with four of the six tumors exhibiting exponential 

by 307 days. By contrast, the TKO MB cells without mutant BRAF expression 

grow tumors (6 of 6 tumors) that persistently expand but never exhibit 
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exponential growth. The WT melanoblast do not expand at all in vivo and do not 

present palpable tumors for measurement at the close of the study. The TKO MB 

cells with DOX are statistically larger than the WT MB cells without DOX (p-value 

= 0.011). These results indicate that TKO MB cells with BRAFV600E over-

expression are strongly tumorigenic in vivo, but there is no suggestion that these 

cells are metastatic in this model. 

 

 

Figure 3.13 Mouse xenograft of hES-derived melanoblasts. 
TKO melanoblasts are transformed when mutant BRAFV600E is induced by DOX. By 
comparisons, TKO MB cells without BRAFV600E induction grow slowly throughout the 

protocol. WT MB cells do not grow with or without BRAFV600E. TKO.MB+DOX vs. WT.MB 
is statistically different with a p-value of 0.011. Each line represents an independent cell 

injection. n = 6 independent tumors per group. (xenograft experiments performed in 
collaboration with the Antitumor Assessment Core at MSKCC). 
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In contrast to the hES-derived NC and MB, hES-derived Melanocytes are not 

transformed when genetic loss of TP53, RB1, and CDKN2A is coupled with 

BRAFV600E over-expression (Figure 3.14). There is one outlier tumor that grew in 

the TKO.MEL+DOX condition. However, no other hES-derived melanocyte (WT 

or TKO with or without DOX) had palpable tumor growth.  The TKO MEL cells 

with DOX are not statistically larger than the WT MEL cells without DOX (p-value 

= 0.996). The mice euthanized at the close of the study do not have any palpable 

tumor growth, but upon dissection, pigmented melanocytes were present at the 

site of injection. The injected MEL are not killed or cleared during the study, 

suggesting that the cells may be senescent, akin to human nevi. Future studies 

are underway to query if the cells are senescent. These results indicate that TKO 

MEL cells with BRAFV600E over-expression are not tumorigenic in vivo. 
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Figure 3.14 Mouse xenograft of hES-derived melanocytes 
hES-derived melanocytes (WT or TKO) are not tumorigenic in vivo with or without 

mutant BRAF. One outlier tumor from the TKO.MEL+DOX did grow. TKO.MEL+DOX vs. 
WT.MEL is not statistically different with a p-value of 0.996. Each line represents an 

independent cell injection. n = 6 independent tumors per group. (xenograft experiments 
performed in collaboration with the Antitumor Assessment Core at MSKCC). 

 

Histopathology of hES-derived tumors 

To establish the differentiation status and morphological characteristics of the 

tumors, we performed histology post-mortem on several representative hES-

derived tumor samples. The histology slides were graded by pathologists in a 

blinded manner and compared to human melanomas of diverse origins. The 

single melanocyte-derived tumor was characterized as a spindle cell tumor 

(possibly melanoma) with very little differentiation with some focal coarse 

pigment but lacks the typical prominent nucleoli of melanoma (see Fig. 3.15a,d). 
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The melanoblast-derived tumors were generally similar with overwhelmingly 

spindle cell morphology but less elongated and less cytoplasmic leading to a 

more epithelioid quality with nesting (see Fig. 3.15b,e). Finally, the neural crest-

derived tumor had a very high mitotic index with striated atypical mitosis and 

some large pleomorphic nuclei (see Fig. 3.15c,f). Taken together the tumors 

were described as very proliferative, spindle cell tumors with relatively little 

differentiation making diagnosis difficult without further staining. 

 

Immunohistochemistry was performed to determine the oncogenic phenotypes of 

the tumors (Figure 3.15). First, all the tumors were stained with a mutant 

BRAFV600E specific antibody to insure DOX induced transgene expression (see 

Fig. 3.15g-l). Importantly, both mutant BRAF and the downstream MAPK 

pathway (pERK) are diffusely positive in all the tumors (see Fig. 3.15g-r). 

Furthermore, the tumors have a high fraction of Ki67-positive nuclei corroborating 

the exponential growth visualized in the tumor curves (see Fig. 3.15s-x). 
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Figure 3.15 Pathology of hES-derived tumors. 
 The hES-derived tumors that grew in vivo are poorly differentiated, spindled cell tumors. 

The tumors are all diffusely positive for mutant BRAF and pERK indicating proper 
expression and activation of the transgene. The tumors are very proliferative and all 

have a very high fraction of Ki67 positive nuclei. All images are taken at  
4X (a-c, g-i, m-o, s-u) or 40X (d-f, j-l, p-r, v-x) scale bars 50µm and 500µm respectively. 
NC, n=2. MB, n=2. MEL, n = 1. (Pathology done in collaboration with Dr. Satish Tickoo 

and Dr. Travis Hollmann from the MSKCC Pathology Department) 
 

Immunohistochemistry was then performed to determine the developmental 

lineage and differentiation phenotypes (Figure 3.16). In diagnosing malignant 

melanoma, S-100 protein is the most sensitive but least specific marker [352, 

353]. Similarly, SOX10 is typically positive in malignant melanoma with few 

exceptions [354]. MITF is more specific to melanoma, but is absent in some 

melanomas [355]. Notably desmoplastic melanoma typically do not express 

SOX10 or MITF. cKIT expression is less frequently used to distinguish tumor 

types but is highly expressed in our system [356]. The MEL and MB derived 

tumors stain diffusely positive for S-100, SOX10, and cKIT suggesting a 

malignant melanoma (see Fig. 3.16i-n, q-v). The MITF is cytoplasmic and not 

nuclear and therefore interpreted as negative (see Fig. 3.16o-p, w-x). By 

contrast, the NC-derived tumor is only patchy positive for S-100 and negative for 

SOX10 suggesting a genuinely heterogeneous and undifferentiated tumor of less 

clear origin/diagnosis. The NC-derived tumor is similarly negative for MITF and 

only dimly positive for cKIT. Together these stains suggest that MB and MEL 

tumors are definitively melanomas (perhaps desmoplastic melanoma) while the 

NC tumors are very poorly differentiated tumors with some characteristics of 

desmoplastic melanoma. 
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Figure 3.16 Differentiation markers of hES-derived tumors. 
The hES-derived tumors that grew in vivo were stained for S100, SOX10, cKIT, and 

MITF. All images are taken at 4X (a,c,e,g,I,k,m,o,q,s,u,w) or 40X (b,d,f,h,j,l,n,p,r,t,v,x) 
with scale bars at 50µm and 500µm respectively. NC, n=2. MB, n=2. MEL, n = 1. 

(Pathology done in collaboration with Dr. Satish Tickoo and Dr. Travis Hollmann from the 
MSKCC Pathology Department) 
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The neural crest-derived tumors are poorly differentiated as they do not express 

melanocytic markers. We next tested for the presence of neuroblastoma and 

more general neural crest markers, akin to the sox10-transgenic fish tumors  

(Figure 3.17). MelanA is a routine marker for melanocyte differentiation but is 

frequently down-regulated in melanoma, particularly in spindle-cell melanoma 

[357]. Close examination of the MelanA staining suggested that all the tumor 

cells in the three conditions are negative. The positive MelanA staining is 

exclusively restricted to the small-nuclei, infiltrating neutrophils confirming that 

the hES-derived tumors are not highly differentiated melanomas. NCAM 

expression is frequently used to distinguish differentiation states within 

neuroblastoma, but can also be used to identify more metastatic melanoma or 

less differentiated desmoplastic melanoma [358-360]. The MB and MEL tumors 

stain positively for NCAM but the NC tumor is predominantly negative. Finally, 

HuC/D expression is strongly tied to neuroblastoma; HuD vaccinations have 

been used to treat animal models of neuroblastoma [361]. The neural 

crest/neuronal HuC/D marker stained diffusely positively in the sox10-fish 

neuroblastoma-like tumors [362]. All three tumors stain weakly positive for HuC 

implicating intra-tumor pockets of poorly differentiated or potentially metastatic 

prone cells. The HuC staining is more diffuse in the NC-derived tumors unveiling 

a less-differentiated tumor. The IHC staining further confirms a desmoplastic 

melanoma diagnosis for the MB and MEL derived tumors and a very poorly 

differentiated tumor (with some melanoma characteristics) in the NC derived 

tumors. 
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Figure 3.17 Immunohistochemistry of hES-derived tumors. 
The hES-derived tumors that grew in vivo were stained for MelanA, NCAM, and 

HuC/HuD. All images are taken at 4X (a,c,e,g,I,k,m,o,q,s,u,w) or 40X 
(b,d,f,h,j,l,n,p,r,t,v,x) with scale bars at 50µm and 500µm respectively. NC, n=2. MB, 

n=2. MEL, n = 1. (Pathology done in collaboration with Dr. Satish Tickoo and Dr. Travis 
Hollmann from the MSKCC Pathology Department) 
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Transcriptional Data 

To characterize the hES-derived cells in vitro we performed transcriptional 

profiling via RNA-sequencing with polyA selection using an Illumina HiSeq 

2x150bp configuration. Transcriptional profiling was performed in triplicate on 

either WT or TKO hESC that have been differentiated into NC, MB and MEL. The 

differentiated cells were then maintained in the presence or absence of DOX 

(inducing BRAFV600E) for two weeks before collecting total RNA. The 

transcriptional data allows us to first validate the three differentiation states. The 

sampling also allows us to compare the impact of mutant BRAFV600E at each 

stage of differentiation in the presence or absence of tumor suppressors. 

 

To validate the differentiation states of NC, MB and MEL at each stage we 

compared the normalized RNA-seq counts for several important lineage genes 

during melanocyte differentiation  (Figure 3.18). The melanocyte lineage genes 

are known to upregulate during differentiation from NC to MB and finally MEL. 

The upregulation of cKIT from NC to MB confirms that our FACS was successful. 

Furthermore, the correlated upregulation of MITF, DCT, PMEL, TYR, and TYRP1 

validates our differentiation and isolation protocols. Finally, the lineage genes 

validate that our protocols work in both WT and TKO hESCs. 
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Figure 3.18 Validation of hES-derived neural crest and melanoblast by 
RNA-seq 

The normalized RNA counts (means with standard deviation error bars) for lineage 
specific genes in hES-derived NC, MB and MEL from either the WT or TKO cell lines. 

(RNA-seq analysis was performed in collaboration with the Dr. Tuan Trieu from the 
Khurana lab at Weill Cornell) 

 

Upon validating the differentiation status of the samples we queried the impact of 

the transgene BRAFV600E within each context. To analyze the number of genes 

impacted on a global level we performed differential expression analysis between 

the matched +/-DOX samples for each stage and for each genetic background. 

The resulting differentially expressed genes were then plotted with the mean 
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normalized count on the x-axis for each gene and the log fold change upon DOX 

for that same gene on the y-axis. Interestingly, the number of transcriptional 

changes upon mutant BRAF expression is very dependent upon the stage of 

differentiation, with BRAFV600E having a large effect on Neural Crest and 

Melanoblast cells, and minimal effect on Melanocyte cells.  This stage specificity 

is true whether the tumor suppressors are knocked out or not (Figure 3.19). 

Mutant BRAF expression statistically changes (p-value < 0.05) a significant 

number of genes (WT: 760é, 778ê; TKO 789é, 1051ê) when activated at the 

neural crest stage (see Figure 3.18a,b). Similarly, mutant BRAF expression 

statistically changes (p-value < 0.05) a significant number of genes (WT: 737é, 

1022ê; TKO 737é, 624ê) when activated at the melanoblast stage  (see Figure 

3.18c,d). In contrast, mutant BRAF expression does changes very few genes in 

the melanocyte stage (WT: 24é, 384ê; TKO 23é, 114ê) when activated in 

melanocytes (see Figure 3.18e,f). Therefore, mutant BRAF has a large impact on 

transcription at the NC and MB stage but a relatively minimal impact on 

transcription at the melanocyte stage. The context dependent impact of mutant 

BRAF despite the comparable pERK levels, indicates that melanocytes are either 

missing necessary co-factors or the epigenetic state is refractory to MAPK-

pathway transcription changes. 
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Figure 3.19 The transcriptional impact of mutant BRAF is context dependent. 
The impact of mutant BRAF on transcription is plotted for WT (a-c) or TKO (d-f) cells in NC (a,d), MB (b,e) or MEL (c,f) cells. The 

mean of normalized counts of each gene is plotted against the log fold change following BRAFV600E within that condition. Adjusted p-
value cut-off of 0.05 was used for significantly differentially expressed genes (red points). (RNA-seq analysis was performed in 

collaboration with the Dr. Tuan Trieu from the Khurana lab at Weill Cornell)
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The relative transcriptional state of NC, MB, and MEL, as well as the global 

changes upon mutant BRAF activation can be visualized together using a 

principal component analysis (PCA). PCA uses an orthogonal transformation to 

convert global RNA-seq expression values into a set of principal components of 

diminishing importance. As a result the differences between transcriptional states 

can be roughly visualized in two-dimensions. The NC, MB, and MEL in the 

absence of DOX are segregated into three nearly distinct populations in PC1 vs. 

PC2 space (Figure 3.20). The TKO and WT cells for each differentiation state are 

mostly overlapping. Upon the introduction of DOX, the NC and MB cells 

dramatically move past the melanocytes in PCA space indicating a very large 

transcriptional change. Interestingly, upon the introduction of BRAF the 

melanocytes barely move in PCA space. They do move in the same direction as 

the NC and MB cells, but only a fraction as far. This visualizes the relatively small 

change in transcription of melanocytes upon the introduction of BRAFV600E in 

agreement with the plots in Figure 3.19. Finally, the TKO;NC + DOX and 

TKO;MB + DOX cluster together and separately from the WT;NC+DOX and 

WT;MB+DOX implying that the loss of tumor suppressors does change the final 

transcriptional state of the cells following BRAFV600E expression.   
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Figure 3.20 PCA analysis of the impact of mutant BRAF. 
Principal component analysis of the RNA-seq data generated from all the samples. Samples exposed to DOX for two weeks are 

triangles and samples withheld from DOX are circles. NC = blue, MB = red, MEL = green. TKO =KO and WT = WT. 
 (RNA-seq analysis was performed in collaboration with the Dr. Tuan Trieu from the Khurana lab at Weill Cornell) 
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The previous two figures clearly demonstrate that the extent of transcriptional 

change induced by BRAFV600E is very context dependent. To assess the overlap 

in transcriptional targets between conditions we created a six-part Venn Diagram 

(Figure 3.21). To simplify the presentation, the overlaps were collapsed onto two 

UpSeTR plots (one for genes that have increased expression in response to 

BRAF and one for decreased expression) [363]. UpSetR plots visualize the 

intersections of sets as a matrix in which the rows across the base represent the 

complete set and the columns represent the intersections. The total size of each 

set is shown in a bar chart to the left of the matrix. Connecting the sets with a 

darkened line shows the intersection of sets and the size of the intersection are 

shown in a bar chart in the Y-axis. For Figure 3.20, the x-axis is the six pairwise 

comparisons encompassing the total number of genes changed upon BRAF 

expression for each condition (2 genetic backgrounds and 3 differentiation 

states). The number of genes in common that are altered between conditions are 

illustrated through the bar graph. Interestingly, there is little overlap in 

transcriptional response to mutant BRAF expression. Figure 3.21a illustrates that 

the intersection of commonly up-regulated genes in response to BRAFV600E that 

are shared in all six conditions is only four genes (MMP1, LAMC2, ACTN1, and 

CDCP1). Furthermore, there aren’t any down-regulated genes in common 

between all six conditions (Figure 3.21a). Together, these plots demonstrate that 

not only is the extent of transcriptional change to BRAFV600E context dependent 

but the transcriptional targets are context dependent as well.  



 113 

 

Figure 3.21 The transcriptional targets of BRAFV600E are context dependent. 
UpSetR plot for the (a) up-regulated genes (fold change>0) or (b) down-regulated genes 
(fold change<0) upon BRAFV600E expression for the NC, MB, or MEL stage in WT or TKO 

cells. P-values < 0.05 are shown in red. (RNA-seq analysis performed in collaboration 
with the Dr. Tuan Trieu from the Khurana lab at Weill Cornell) 
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3.3 Discussion 

Our study has established a readily scalable, defined protocol that generates 

pure populations of mature melanocyte with great efficiency using completely 

chemically defined media. Furthermore, our study has developed a DOX-

inducible hESC for the temporally controlled expression of BRAFV600E, enabling 

cancer and signaling modeling. Finally, our study has developed a series of 

hESC with every permutation loss of TP53, CDKN2A, RB1, and PTEN. The 

combinations of tumor suppressor losses will enable the careful systematic 

testing of each tumor suppressor as well as each combination. The various 

mutations will also aid us in understanding if the order of tumor suppressor loss 

or oncogene expression is important for tumor formation. 

 

There is a very clear delineation of phenotypes depending on the genetic 

background and differentiation state of the cell of origin driving BRAFV600E 

transgene expression. Melanocytes are resistant to transcriptional control by 

BRAFV600E expression, independent of tumor suppressors. The loss of tumor 

suppressors does limit the number of down-regulated genes following BRAFV600E 

but does not rescue the global effects seen at the NC and MB stages. Similarly, 

melanocytes are resistant to transformation as quantified in vitro (EdU staining) 

or in vivo (xenograft assay). Conversely, BRAFV600E expression greatly distorts 

the transcriptional program of NC and MB in both WT and TKO genetic 

backgrounds. The transcriptional effect is mirrored in the in vivo transformation 
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assay where both NC and to a greater extent MB tumors grew in the TKO 

background.  

 

The simplistic four-gene BRAF-induced transcriptional signature that is 

repeatedly up regulated in all conditions has seemingly diverse and random 

functions and does not seem to relate to a specific cellular role. The lack of a 

distinct functional uniform BRAFV600E signal across the different conditions is very 

intriguing and adds further evidence that the cell of origin will be indicative of 

eventual tumor formation. Future studies are being undertaken to understand the 

mechanism for transcriptional specificity between the cell phenotypes. Specific 

focus is being paid to genes that are commonly regulated in NC and MB but not 

in MEL. The most compelling hypothesis to data is that the BRAF signal is 

modulated by the different epigenetic states. 

 

Tumor growth in the xenograft assay remains the gold standard transformation 

assay. The long latencies displayed by our hES-derived tumors are perplexing. 

We speculated that the latency is due to either the necessity for (1) additional 

genetic mutations to accumulate, (2), outgrowth of a tiny subpopulation (3) 

improper growth conditions, or (4) epigenetic changes. We have performed 

IMPACT DNA-sequencing on the outlier MEL tumor and a representative MB 

tumor pre- and post-injection of the mouse xenograft studies. The MB tumor did 

not accrue any additional mutations in vivo, suggesting that the sudden tumor 

growth following a long latency cannot be explained by additional mutations. The 
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MEL outlier tumor did accrue a mutation in DNMT3B while in vivo. DNMT3B is an 

established oncogene in melanoma and the mutation may explain why only a 

single MEL tumor grew out [364]. However, this is still preliminary and will require 

functional studies to test if the mutation is activating or inhibiting and the impact 

downstream. To test whether the latency results from the outgrowth of a 

subpopulation, dilution xenograft studies should be performed. To test for the 

necessity of re-shaping a poor microenvironment, the tumor could be re-

transplanted. If the required changes were cell autonomous the secondary 

tumors should grow rapidly. If the required changes were related to the 

microenvironment the secondary tumors will retain long latency periods. Finally, 

to test if the long latencies result from an epigenetic change the epigenetic state 

and transcriptome of the cells should be assayed pre- and post- transplant. 

Additionally, the epigenetic state can be exogenously modified with drugs or 

over-expression studies. 
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CHAPTER FOUR: COMPARING MODELS SYSTEMS AND PATIENT DATA 

4.1 Introduction 

Genomic classifications of cutaneous melanomas are employed to guide clinical 

decisions. We hypothesize that cell of origin will impact the molecular identify of 

the resultant tumor, and that subgroups of melanoma patient samples will 

independently cluster with model tumors. To address this question at the 

transcriptional level we have collected gene expression data (RNA-sequencing) 

for tumors derived from each stage of differentiation in both model systems. For 

the hPSC-derived tumor models we have analyzed RNA-sequencing data from in 

vitro transformed cells (n=36; triplicate of 2 genotypes at 3 stages with or without 

DOX).  For the zebrafish tumors, we have dissected whole tumors for RNA-seq 

analysis (n=12 for the neural crest or n=6 for melanoblast derived tumors). When 

analyzed independently, both hPSC-derived and zebrafish tumors segregate 

according to cell of origin using unsupervised clustering and principal component 

analysis. 

4.2 Results 

Comparison between transgenic fish tumors and hES-derived tumors 

The zebrafish and human embryonic stem cell models performed similarly when 

challenged with oncogenic insults at the NC, MB, and MEL stage.  In both 

scenarios MEL are resistant to transformation while the earlier stages formed 

tumors. MB-derived tumors most resemble melanoma at the morphological and 
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histological level in both models. NC-derived tumors resemble very poorly 

differentiated heterogeneous tumors with aspects of poorly differentiated 

melanoma. To compare the fish to human models, we used Gene set enrichment 

analysis (GSEA) to compare the transcriptome of the transgenic zebrafish tumors 

and the hES-derived cells. We first generated an ordered list of the differentially 

expressed genes between the sox10:BRAF tumors and the mitfa:BRAF zebrafish 

tumors. The differentially expressed genes were then used to query which hES-

derived expression dataset most closely resembles the mitfa or sox10 derived 

tumors using GSEA. GSEA takes the ordered list of differentially expressed 

genes of the fish tumors and any pair of hES samples and queries which ordered 

dataset is the most similar. Of all the patient samples, the zebrafish sox10-

derived tumors most strongly resemble the hES-derived NC cells, and the 

zebrafish mitfa-derived tumors most strongly resemble the hES-derived MB cells 

(Figure 4.1). This suggests that there is a core transcriptional commonality 

between the two model systems. The zebrafish mitfa-derived tumors resemble 

the WT hES-derived MB cells (NES = 1.71 and FDR q-value=0.0) even more 

than the WT hES-derived MEL cells (NES = N/A and FDR q-value=1.0). The 

zebrafish MB tumor is largely absent of pigmentation, which explains why 

transcriptionally clusters closer to hES MB rather than hES MEL.  
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Figure 4.1 Zebrafish and hES model are transcriptionally similar. 
Gene set enrichment analysis (GSEA) shows that sox10-derived zebrafish tumors most 

closely resemble WT hES-derived neural crest cells (left) and mitfa-derived zebrafish 
tumors most closely resemble WT hES-derived melanoblasts (right). 

 

Comparison of human data to TCGA patients 

To address the clinical relevance of our models we also compared our 

transcriptional data to the 331 primary and/or metastatic melanomas sequenced 

for the TCGA melanoma publication [141]. The TCGA samples consisted of 67 

(20%) primary cutaneous melanomas (all originating from non-glabrous skin) and 

266 (80%) metastases. The TCGA dataset is a very complete profiling with 

solution-based hybrid-capture whole-exome sequencing, DNA copy-number 

profiling by Affymetrix SNP 6.0 arrays, mRNA sequencing, microRNA 

sequencing, DNA methylation profiling, and reverse-phase protein array (RPPA) 

expression profiling. Based on the most prevalently mutated genes, the patients 

were clustered into one of four groups: mutant BRAF, mutant RAS, mutant NF1, 

and Triple-WT (wild-type). 
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A principal component analysis integrating whole transcriptome data from both 

our hES-derived cells and the TCGA patients clearly illustrates that the hES-

derived cells resemble melanoma patients (Figure 4.2). Interestingly, the hES-

derived models divide into two clusters that bookend the melanoma patients in 

PCA space. The MEL samples (largely encompassed within the red circle) 

represent one extreme of patients and the NC/MB samples (largely 

encompassed within the blue circle) represent the opposite extreme. The outlier 

TKO hES-derived MEL samples fall within the patch of patient samples. Whether 

these patients in the TCGA represent more or less differentiated tumors awaits 

further analysis. 
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Figure 4.2 The hES-derived model clusters with TCGA melanoma patients. 
Principal component analysis of whole transcriptome sequencing including the hES-

derived cells and the TCGA patient data (RNA-seq analysis was performed in 
collaboration with the Dr. Tuan Trieu from the Khurana lab at Weill Cornell) 

 

4.3 Discussion/Future Directions 

The diversity between melanoma patients has been a long-appreciated but 

relatively poorly understood phenomenon. In the current study we present the 

first study hoping to model the differentiation status of melanoma based on the 

cell of origin using both hES-derived cells and transgenic zebrafish. In each 
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model system, we looked to drive oncogenesis in NC, MB or MEL cells and study 

the resulting tumor.  

 

The two independent model systems behaved similarly when queried for the 

importance of cell of origin in melanoma formation. In both models, the 

melanocytes proved relatively resistant to transformation. Similarly, both models 

yielded tumors when NC and MB were transformed. Both tumors expressed 

BRAFV600E, phosphorylated ERK, and SOX10 at very high levels. Interestingly 

the models diverged when comparing the relative levels of HuC/HuD and NCAM. 

The Melanoblast tumors more closely resemble typical melanoma, whereas the 

Neural Crest tumors resemble either a poorly differentiated melanoma or 

neuroblastoma. 

 

To gain a deeper understanding of the similarities between models we compared 

the tumors transcriptionally. The comparison is not ideal as the hES-derived cells 

were profiled prior to transplantation and tumor outgrowth while the zebrafish 

transgenic cells were excised and profiled after large tumor outgrowth.  

Nonetheless, GSEA confirms a significant enrichment between the zebrafish NC 

and MB tumors and the hES-derived NC and MB respectively.  

 

We utilized transcriptional profiling to inform the applicability of our model 

systems for modeling the broad spectrum of melanoma patients. To represent 

the diversity of melanoma patients we utilized the RNA-sequencing data from the 
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TCGA project. The PCA plot strongly supports the paradigm that melanoma 

patients represent a spectrum of differentiation states between NC/MB and MEL. 

Interestingly, the hES-derived cells represent the extremes of transcriptional 

states in PCA space amongst the broad range of melanoma patients.  The hES-

derived cells bookend the patient profiles. This plot powerfully endorses the 

importance of differentiation in defining diversity between patients and validates 

the hES and zebrafish melanoma models described in this thesis for representing 

the equivalent human disease. 

 
  



 124 

CHAPTER FIVE: TRANSGENE ELECTROPORATION IN ADULT ZEBRAFISH 

(TEAZ) 

5.1 Introduction 

This Chapter describes work that was published in Disease Mechanisms and 

Modeling on the 27th of Septermber 2018 [365]. doi: 10.1242/dmm.034561. 

 

The zebrafish has become an increasingly applied model in cancer biology at the 

interface of basic discovery and preclinical animal experimentation. The high 

fecundity and relatively simple husbandry enable large experimental series in 

vivo. Early cancer models in zebrafish were largely developed using mutagens 

such as MNNG or DMBA, which were later supplanted by transgenic 

technologies[366-368]. The initial transgenic cancer models were developed by 

injecting 1-cell zebrafish embryos with DNA constructs containing a promoter and 

oncogene. For example, T-cell ALL was modeled by transgene driven expression 

of the MYC oncogene using the rag2 promoter, and melanomas generated by 

expressing BRAFV600E under the mitfa promoter in a tp53-/- germline mutant 

background [279, 337, 369]. 

 

Despite the documented power of transgenic tumor models for mechanism 

discovery and drug testing, current models have several significant drawbacks: i) 

the majority of established models do not exhibit spatio-temporal control, such 

that the timing and anatomical location of tumor onset remains variable [53, 60, 

279], ii) they generally do not enable the introduction of serial somatic oncogenic 
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events for modeling second and third hit mutations after onset[281, 282]; and iii) 

discerning multifocal primary tumors versus true metastatic spread of a single 

tumor is challenging [60]. These issues all impose significant limitations for 

investigating tumor progression and metastasis.  

 

Transplantation-based methods address some of these issues: tumors can be 

dissected off from a transgenic tumor-bearing animal or from patient-derived 

xenografts (PDXs), and then serially transplanted into recipient animals such as 

the casper recipient strain to allow detailed in vivo imaging [267, 268, 283-286]. 

Alternatively, stable cell lines can be generated from a transgenic animal, such 

as the ZMEL1 melanoma line, which can be similarly used for transplantation 

studies [268]. While these transplantation approaches allow for precise 

spatiotemporal control and are amenable to imaging of metastasis, these 

experiments often require immunosuppression of the recipients either through 

irradiation or genetic manipulation of immune cells [285], in addition to the initial 

generation of the suitable cell line. Recent work from the Langenau lab has 

shown that syngeneic fish can be used as transplant recipients, but these require 

that the tumors be developed in that particular genetic background, somewhat 

limiting their broad use across cancer [287]. Furthermore, transplantation cancer 

models implant foreign tumors into inherently artificial microenvironments.  

 

A variety of Cre/Lox based approaches have been used in the zebrafish to 

control the cells that undergo initiation, including T-cell leukemia that can be 
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controlled by mRNA injection [369]. A further modification uses CreERT2 drivers, 

such that both the cell type and timing of gene expression can be controlled 

[370], and inducible expression has also been achieved with heat shock Cre 

constructs [371]. Despite these advances, there is still a paucity of verified 

Cre/Lox-based approaches to cancer in the zebrafish, as the transgenic animals 

have proven time-consuming to create, and require complex breeding schemes 

to generate the final required genotypes. 

 

Based on this, we wished to develop an approach that would enable introduction 

of oncogenic elements directly into adult somatic tissue in a spatio-temporally 

controlled manner. In this manuscript, we report oncogenesis via Transgene 

Electroporation into Adult Zebrafish (TEAZ), which models how tumors natively 

form in somatic tissues in a fully immunocompetent adult zebrafish. 

Electroporation applies electrical pulses to generate pores within the cell 

membrane, enabling extracellular biomolecules (including DNA) to enter the cell 

[288, 289]. Electroporation is widely used for stable introduction of DNA elements 

into cells in tissue culture and into chick and mouse embryos. Electroporation 

has occasionally been utilized in adult zebrafish but these studies have been 

limited to cell tracking and transient morpholino knockdowns and have never 

been applied to cancer modeling [290-293, 372]. Several studies in mice have 

harnessed electroporation to introduce transgenes into select adult tissues, 

including retina, muscle, brain, and prostate [294-296] and has been used to 

model tumors such as pancreatic cancer [294, 298, 299].  However, these 
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approaches require surgery of the mice and can only be limited to a small 

number of animals at a time, limiting the number of subjects that can be 

reasonably studied in each experiment. Based on these prior observations and 

the very large cohorts we can generate, we reasoned that direct electroporation 

of oncogenic transgenic constructs into the zebrafish would be a straightforward, 

highly scalable approach to model tumor formation in cells of interest.  Because 

electrodes and DNA solutions can be placed at defined locations, TEAZ allows 

for delivery of multiple transgenes specifically to the anatomical locations of 

interest. We find that TEAZ allows for the development of complex, aggressive 

melanomas driven by expression of oncogenic BRAFV600E in concert with loss of 

the tumor suppressors p53 and rb1. These tumors are highly invasive and 

eventually metastasize to distant locations, unlike previous transgenic zebrafish 

melanoma models, which do not generally metastasize [279]. Given the wealth of 

functionally uncharted genetic lesions discovered from sequencing human 

tumors, TEAZ allows for testing of candidate mutations in a rapid, scalable in vivo 

system. More broadly, TEAZ can also be used to study somatic alteration of 

gene function in any adult tissue, which will have applications for diseases 

outside of cancer as well. 

 

5.2 Results 

Introduction of genetic elements into adult zebrafish via electroporation 

The TEAZ method is designed to introduce genetic elements into specific 

locations within the adult zebrafish (Figure 5.1). The method has been optimized 
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for the use of plasmids generated in E. coli and purified using standard plasmid 

purification protocols (midi preps).  To test this protocol, we anesthetized adult 

zebrafish, and then injected 1.0 µl purified plasmid DNA (1000ng/µl) directly 

under the dorsal fin. The injected zebrafish was then quickly placed into an 

agarose mold to position the animal upright. Using paddle-shaped electrodes, we 

directed electrical pulses across the injected region (electroporator set to LV 

mode, 45V, 5 pulses, 60ms pulse length, 1s pulse interval). To maximize 

expression in the skin as opposed to deeper tissues, the cathode paddle can be 

placed just above the surface where the DNA was injected as this will pull the 

negatively charged DNA towards the surface adjacent to the injection site. After 

electroporation, we placed the anesthetized zebrafish into fresh water for 

recovery and maintenance through standard husbandry. Including 

anesthetization, DNA injection, and electroporation, the entire protocol takes 

approximately 45-60 seconds per animal.  

 

 

Figure 5.1 Transgene Electroporation into Adult Zebrafish (TEAZ).   
Schematic representation of the method, applied for the introduction of ubb:tdTomato 

directly under the dorsal fin of adult zebrafish. The purified plasmid DNA (1µl of a 1000 
ng/µl solution of ubb:dTomato) was injected into anesthetized zebrafish using a pulled 
glass micropipette. Electrical pulses are directed across the injected region (settings = 

LV mode, 45V, 5 pulses, 60ms pulse length, and 1s pulse interval). Reporter expression 
can be visualized by fluorescent microscopy (n=2/2). 

 

ubb:tdTomato plasmid

Microinjection of DNA Electroporation Imaging
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To establish TEAZ, we injected wild-type zebrafish (AB strain) with a plasmid in 

which the zebrafish ubiquitinB promoter (ubb) [373] drives tdTomato expression 

(ubb:tdTomato). This vector was created using the Tol2 transposon system that 

is commonly deployed in the zebrafish [335, 336, 374-376]. In our studies, we did 

not use transposase mRNA because in preliminary tests we were unable to drive 

fluorescence from mRNA (either GFP or tdTomato) following electroporation 

(data not shown).  After TEAZ, we imaged the electroporated zebrafish starting at 

1 day post electroporation (1 dpe) and over the course of several months. Figure 

5.2 shows an example animal, in which stable expression of tdTomato (under the 

CMV promoter) was detectable for up to 8 months (see Figure 5.2). Similarly, the 

stable expression of ubb:GFP-p2a-tdTomato was also detectable after 8 months 

post electroporation (n = 4/4).  

 

 

Figure 5.2 TEAZ signal is maintained long term.   
(Electroporation of a CMV:tdTomato plasmid was performed and the animal followed for a 
period of 8 months (n=2/2). The fluorescent signal can be visualized as early as 1 day post-
electroporation (dpe), with intensity peaking around one week and maintaining for at least 8 

months. 
 

We also tested whether the same ubb promoter and TEAZ would express in 

other parts of the animal by injecting it directly into the head. We observed robust 

expression of ubb:GFP in the head in 4 of the 5 animals electroporated (Figure 

5.3). indicating TEAZ-mediated transgene activity is not restricted to a particular 

7 days post 
electroporation

5 months post 
electroporation

8 months post 
electroporation

CMV:tdTomato
1 day post electroporation
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location on the adult zebrafish body. At the site of electroporation there is initially 

a small area of tissue damage, that is rapidly healed within a week. We have 

never seen ectopic expression of the transgene away from the site of 

electroporation, nor have we observed any systemic toxicity or obvious 

procedure-caused death in several hundred similarly electroporated animals. In 

addition, to ensure lack of germline transmission, we electroporated several 

different constructs (Table 5.1), waited for adult expression, and then bred those 

animals to WT adults. We then screened the resultant embryos at both 1dpf and 

4dpf and saw no animals with fluorescence (n=947 embryos). This indicates that 

the TEAZ method allows for highly focal, somatic transgenesis at the site of 

electroporation. 

 

 

Figure 5.3 TEAZ can be used to introduce transgenes in the adult brain. 
TEAZ can be used to introduce transgenes in the adult brain. (a) Purified plasmid encoding 

ubb:GFP (1μl of a 1000 ng/μl solution) was injected through the skull of an anesthetized casper 
zebrafish directly into the brain cavity using a pulled glass micropipette. The injected zebrafish is 
then electroporated across the dorsal-ventral axis of the head with the cathode positioned below 

the jaw and imaged for GFP fluorescence (n=4/5). (b) Pathology of the same electroporated 
casper zebrafish with hematoxylin and eosin or immunochemistry against GFP to demonstrate 
reporter expression. GFP expression highlighted with red arrows. Images are visualized at 4x 

and 20x where scale bars represent 500 μm and 100 μm respectively.  
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Table 5.1 TEAZ does not transmit via the germline. 
To ensure the absence of germline transmission following TEAZ, we electroporated 

several different constructs, waited for adult expression, and then bred those animals to 
WT adults. We screened the resultant embryos at both 1dpf and 4dpf and we did not see 

any fluorescent offspring (n=947 embryos).  

 

TEAZ allows for simultaneous expression of multiple plasmids 

Electroporation of multiple plasmids into cultured cells in vitro generally leads to 

joint uptake of the plasmids by cells and subsequent co-expression of the 

transgenes. To test this in the zebrafish, we performed TEAZ with two plasmids 

in a single injection. We co-injected the ubb:tdTomato plasmid along with a 

ubb:GFP plasmid (each at 0.5 µl of 1000ng/µl plasmid stock) and then monitored 

fluorescence. High magnification views demonstrated that 100% of the transgene 

expressing cells were double positive for both GFP and tdTomato (n=3/3 fish) 

(Figure 5.4). Consequently, TEAZ can be expanded to express and combine 

multiple transgenes in the adult zebrafish skin. 

  

 

Absence	of	Germline	Transmission	with	TEAZ	
	
DNA	Construct	 Site	of	TEAZ	 Days	post	TEAZ	 Embryos	1DPF		

(fluorescent/total)	
Embryos	4DPF		
(fluorescent/total)	

p.mitf-TdTomato-sv40	 Heart	 70	 0/18	 0/18	
p.ubi-TdTomato-sv40	 Flank	 140	 0/521	 0/521	
p.ubi-GFP-sv40	 Brain	 182	 0/195	 0/195	
p.sox10-GFP-sv40	 Brain	 189	 0/213	 0/213	
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Figure 5.4 Multiple plasmids co-integrate using TEAZ. 
Multiple plasmids will co-integrate in TEAZ. casper zebrafish were electroporated 
with a total volume of 1.0 µl (0.5 µl of 1000ng/µl ubb:GFP and 0.5 µl of 1000 ng/µl 
ubb:tdTomato) and imaged using BF, GFP, and tdTomato (n=3/3), revealing co-

expression of the plasmids.  
 

Maintenance of promoter specificity following electroporation 

We next sought to determine whether TEAZ enables cell type-specific transgene 

expression. We co-electroporated mitfa:tdTomato [76] (which drives in 

melanocytes) and  ubb:GFP (which drives ubiquitously) plasmids and then 

imaged the zebrafish using both tdTomato and GFP channels. A representative 

animal is shown in Figure 1d (n=9/9). As anticipated, we detected broad and 

strong expression of GFP from the ubb promoter [373]. In contrast, we found 

highly limited expression of the mitfa:tdTomato plasmid. High resolution imaging 

of the tdTomato-positive cells revealed a dendritic appearance that is consistent 

with the appearance of mature melanocytes (Figure 5.5).  

 

ubb:GFP mergebrightfield ubb:tdTomato
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Figure 5.5 Promoter specificity is maintained using TEAZ. 
Promoter specificity is maintained following TEAZ. AB fish were electroporated 
with 1.0 µl total volume (0.5 µl of 1000 ng/µl ubb:GFP and 0.5µl of 1000 ng/µl 

mitfa:tdTomato) and displayed highly restricted expression of the mitfa reporter 
plasmid, but widespread expression of the ubb plasmid (n=9/9). High-resolution 
imaging of the tdTomato-positive cells reveals a dendritic phenotype consistent 

with the melanocytic lineage. 
 

We next tested expression in the heart using the cardiomyocyte-specific myl7 

promoter driving GFP (myl7:GFP, formerly referred to as cmlc:GFP) [377]. We 

injected and electroporated myl7:GFP plasmid directly into the beating heart 

muscle of an anesthetized adult zebrafish. We found strong and specific 

expression of GFP in the beating heart (n = 2/4) (Figure 5.6). Importantly, when 

myl7:GFP was electroporated below the dorsal fin (n=5) and mitfa:tdTomato was 

electroporated into the heart (n=5) fluorescence was not detected showing that 

expression is highly cell type specific and driven by promoter specificity. We 

conclude that TEAZ-mediated vector delivery maintains promoter specificity 

following electroporation, enabling us to target specific somatic cell types within 

specified regions of adult zebrafish. 

 

ubb:GFP mitfa:tdTomato mergebrightfield
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Figure 5.6 TEAZ can be used to introduce transgenes in the adult heart. 
TEAZ can be extended to expression within the heart of adult zebrafish. Casper fish were injected 

into the heart through the gills with 1 μl of 1000ng/μl of a plasmid carrying the myl7:GFP 
transgene (along with a ubb:Cre cassette that is unrelated for the purposes of this study) (n=2/4). 

Heart is highlighted with white arrow. 
 

Melanoma initiation requires multiple transgenes 

We next sought to apply TEAZ to directly model melanoma formation in adult 

zebrafish, circumventing embryonic manipulations. We and others have 

previously used a traditional germline melanoma transgenic in which the mitfa 

promoter drives oncogenic BRAFV600E [279, 282]. In a p53-/- deficient 

background, these transgenic animals develop a 100% penetrant melanoma at 

4-12 months of age without any additional transgenes [53, 279]. This original 

transgenic was further extended using the MiniCoopR system [154], in which the 

mitfa gene itself is knocked out, creating a strain with the genotype 

mitfa:BRAFV600E;p53-/-;mitfa-/- (heretofore referred to as the “triple” strain). When 

this triple strain is injected at the 1-cell embryo stage with a “rescue” plasmid 

containing an mitfa:mitfa and mitfa:GFP cassette in cis, the resultant animals 

have rescued GFP+ melanocytes that all go on to develop GFP+ melanomas as 

adults [154]. 

 

c)
Uninjected Control myl7:GFP
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To test whether TEAZ is adaptable to this approach and could enable 

circumvention of initiating transgene expression at embryonic stages, we 

electroporated the MiniCoopR:GFP rescue cassette under the dorsal fin of triple 

strain adult zebrafish (Figure 5.7). We found that 8/10 injected animals 

developed GFP fluorescence at the site of injection, and remarkably, 1 of the 

animals developed rescued melanocytes. This indicates that it is possible to 

“rescue” melanophore development in a germline genetic defect (i.e. mitfa-/-) by 

directly electroporating a minigene cassette into adult somatic tissues. However, 

none of these animals went on to develop melanoma over a period of 4 months, 

a duration that leads to melanoma in embryo injection-based experiments. This 

observation suggests that in TEAZ, additional genetic hits are necessary above 

and beyond BRAF and p53-/-.  
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Figure 5.7 Generation of a novel melanoma model with TEAZ. 
(a) mitfa:BRAFV600E;p53-/-;mitfa-/- zebrafish (triple strain) were electroporated with the 
miniCoopR:GFP plasmid that both rescues melanocytes and expresses GFP under the mitfa 
promoter, with (n=10) or without (n=9) two additional plasmids to genetically knockout rb1 

(ubb:Cas9 and zfU6:sgRNA against rb1). The electroporated zebrafish were then imaged over 
time by both fluorescence and brightfield to monitor tumor development. Overall, 17/20 

electroporated zebrafish had GFP+ cells. Tumor development in a representative zebrafish from 
the melanoma model including rb1 knockout is shown. (b) Higher-magnification view of the 
tumor-bearing animal shown in (a) at 16 weeks post-electroporation. (c) At 9 weeks post-

electroporation, 4/8 zebrafish had evidence of GFP+ distant micrometastases in the head.  (d) 
The loss of rb1 is essential for tumor initiation as visualized by the Kaplan-Meier curve 

comparing zebrafish electroporated with miniCoopR:GFP +/- rb1 gRNA. Log-rank (Mantel-Cox) 
test p < 0.0001. 
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TEAZ-mediated CRISPR of Rb1 stimulates melanoma in adults 

In the mitfa-/- mutant background, there are no mature melanocytes [67] since 

mitfa is required for expression of melanocytic genes such as pmel and tyr. We 

suspected that there might be melanocytic-precursor cells in the mitfa-

BRAFV600E;p53-/-;mitfa-/- background that are largely quiescent and not actively 

cycling. We therefore aimed to knock out the function of the tumor suppressor 

Rb1 using CRISPR-Cas9, since p53 and Rb1 mutations have a tendency to be 

concurrent in human melanoma patients as seen in the cBIO Portal (p=0.017) 

[145, 378-382]. Rb1 normally acts to keep cells arrested in G1, and we therefore 

reasoned that loss of its function might provoke the cells to proceed through the 

cell cycle and be more amenable to full malignant transformation [266]. To test 

this hypothesis, we employed the triple strain, and electroporated three plasmids: 

1) miniCoopR:GFP, 2) ubb:Cas9, and 3) zU6:sgRNA against rb1 (see Methods 

for details). We found that of the 9 electroporated animals, 8/9 developed 

rescued melanocytes and went on to establish aggressively growing GFP+ 

lesions with the phenotypic appearance of frank melanomas (see Fig. 5.7a-c). 

The tumors appeared within 3-7 weeks, in striking contrast to the 3-6 months 

typically required for standard embryo-injection transgenics (see Figure 5.7d). To 

confirm the effect was due to introduced rb1 mutations, we dissected the dorsal 

fin (tumor) and tail fin (control normal tissue) from the same adult zebrafish for 

sequence analysis. Deep sequencing of the two fins and CrispRVariants-based 

allele analysis validated that the tumor contained two independent frameshift 
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mutations in rb1 at the PAM site that are characteristic of CRISPR mutations and 

that were not present in the control tail fin (Figure 5.8) [383, 384]. Although the 

percent of mutant reads was low in this analysis it is likely because we 

sequenced surrounding normal tissue was well as tumor. We previously 

performed whole-genome and exome sequencing on a series (n=53) of 

embryonic-transgenic zebrafish tumors and did not see any Rb1 mutations [385, 

386].  

 

 

Figure 5.8 Genetic editing with TEAZ. 
(a) A melanoma was induced as described in Main Figure 2, using miniCoopR and sgRNA 

against rb1. At 10 weeks post-electroporation, the melanoma was excised (n=1), along with 
control tissue from the tailfin of the same fish that was not electroporated. The tissues were 

digested for genomic DNA and the rb1 locus was sequenced using multiplexed MiSEQ. In the 
tumor sample, we found a significant enrichment for two independent Cas9 induced mutations in 

rb1 close to the PAM site (3:4D and -2:7D) at an allele fraction over 2% each. A small number of 
these reads (0.04%) were found in the control tissue likely due to barcode contamination during 
sequencing multiplexing(Ballenghien et al., 2017). Yellow circle represents an inserted cytosine 
in -1:1l,-3:9D. (MiSEQ analysis performed in collaboration with the Dr. Helen Lindsay from the 

Mosimann lab at the University of Zurich) 
 

Consistent with the loss of Rb1 in TEAZ tumors, when we stained for phospho-

Rb1 in both a TEAZ tumor and standard embryo injection F0 tumor (i.e. 

mitfa:BRAF injected into a p53-/- background without any cas9/gRNA) we found 

that most of the cells in the TEAZ tumor are phospho-Rb1 negative, whereas 
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most of the embryo injection tumor cells are rb1 positive (Figure 5.9). This IHC 

stains for phospho-Rb1 and not total Rb1 protein, as we do not have an antibody 

that effectively stains for this in our studies. These results reveal that TEAZ-

mediated transformation of adult tissue can result in rapid melanoma onset using 

tumor-relevant genetic lesions. 

 

 

 
 

Figure 5.9 Genetic knockout of Rb1 using TEAZ. 
Comparison of Rb1 expression in the F0 embryo injection melanoma (n=1) versus the TEAZ 

melanoma (n=1). On the left is a melanoma created by injection of an mitfa:BRAF-
tdTomato(fusion) transgene into a p53-/- background. On the right is a TEAZ based melanoma 
created by electroporation of miniCoopR-GFP plus ubb:Cas9 plus zfU6:sgRNA against Rb1. 

Whereas most of the tumor in the traditional BRAF injected tumor is positive for Rb1 (red 
staining), the majority of the cells in the TEAZ tumor stain negatively. 

 

To confirm that these lesions were truly tumorigenic, we followed a cohort of 

these TEAZ-treated zebrafish for a period of 4 months. By 5 weeks, primary 

melanomas could be visualized by both fluorescence and brightfield imaging. By 

9 weeks, 4/8 remaining zebrafish had tumors that had rapidly progressed, and 

traversed the midline to the opposite side of the body. In 4/8 zebrafish, we noted 

evidence of GFP+ distant micrometastases in the head (Figure 5.7c).  
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To investigate further, we sacrificed 2 tumor-bearing animals along with 2 control 

animals and performed routine histology and anti-GFP staining. The first fish had 

a large protruding primary tumor with uniform GFP expression by fluorescence 

imaging. Histology of this tumor confirmed this with uniform anti-GFP staining, 

and H&E staining showed cells highly consistent with high-grade melanoma as 

determined by pathologist assessment (i.e. nuclear atypia and presence of 

melanin) (Figure 5.10a). We noted extensive invasion into the muscle (Figure 

5.10b), which had not been previously seen in transgenic zebrafish melanoma 

modeling using BRAFV600E with p53-/-. Along with this invasion phenotype, we 

identified micrometastases within the kidney (Figure 5.10c) and attached to blood 

vessels (Figure 5.10d).  
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Figure 5.10 Melanoma model using TEAZ show evidence of rapid 
progression. 

(a) Pathology of tumor-bearing zebrafish (n=1) (along with control zebrafish n=2) at 16 weeks 
post-electroporation stained with hematoxylin/eosin or anti-GFP immunohistochemistry 

demonstrates a large primary tumor that is uniformly GFP-positive. (b) Histology reveals 
evidence of extensive invasion into the muscle (see arrow) along with micrometastatic sites within 
the (c) kidney or along (d) blood vessels (see arrows). Images are visualized at 4x and 40x where 
scale bars represent 500 μm and 50 μm respectively. Boxes represent the area enlarged at 40x. 
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The second fish had an atypical tumor with variable GFP expression by 

fluorescence imaging, and histology showed a tumor of mixed histology in the 

vicinity of the injection needle: surface GFP-positive tumor cells consistent with a 

low grade melanoma, and a deeper tumor in the muscle that was GFP-negative 

consistent with a sarcoma (Figure 5.11a,b). This second non-melanoma tumor is 

likely due to inactivation of both rb1 and p53 in the muscle, as we used 

ubiquitous:Cas9 in our studies and this combination is commonly found in 

sarcomas [378, 381, 387-389]. We did not find any GFP staining or abnormal H&E 

in either of the control animals (Figure 5.10 and Figure 5.11).  Taken together, 

our findings demonstrate that the TEAZ method can rapidly and robustly give rise 

to tumors in a highly defined spatiotemporal manner.  
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Figure 5.11 Evidence of tumor of mixed origin. 
Cancer model using TEAZ shows evidence of one tumor of mixed origin (n=1). (a) Fluorescent 
and brightfield imaging demonstrated a large primary tumor at the site of electroporation at 12 

weeks post-electroporation with patchy GFP expression. (b) Imaging the zebrafish dorsally 
illustrates the large raised tumor from the contour of the animal. (c) Pathology of the tumor by 
hematoxylin and eosin or immunochemistry against GFP revealed that part of the deep tumor 
was GFP-negative and did not resemble a melanoma, but instead appeared consistent with a 
sarcoma. Images are visualized at 4x and 40x where scale bars represent 1 mm and 50 μm 

respectively. The blue boxes represent the area of sarcoma enlarged at 40x and the red boxes 
represent the area of melanoma enlarged at 40x. 
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We previously showed that most melanomas, of both fish and human origin, 

overexpress a neural crest transcriptional program typified by crestin and sox10, 

making the latter gene particularly relevant for human melanoma. To compare 

our TEAZ based tumors to the more traditional embryo injection models, we 

performed immunohistochemistry of the melanomas using antibodies against 

SOX10, BRAFV600E and phospho-ERK (Figure 5.12). In agreement with previous 

models, we find that both the TEAZ melanomas and embryo injection transgenics 

have high levels of SOX10 protein expression. Additionally, both tumor types 

ubiquitously express both BRAFV600E and phospho-ERK, albeit to a lesser degree 

in the TEAZ tumor. This data suggests that the TEAZ melanomas are functionally 

similar to the embryo injection transgenics. One key difference is that we also 

document evidence of progression and distant metastasis using TEAZ. 
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Figure 5.12 Histological comparison of transgenic melanoma to TEAZ 
melanoma. 

(a) On the left is a melanoma created by injection of an mitfa:BRAF-tdTomato(fusion) transgene 
into a p53-/- background (n=1). On the right is a TEAZ based melanoma created by 

electroporation of miniCoopR-GFP plus ubb:Cas9 plus zfU6:sgRNA against Rb1 (n=1). (b) H&E 
staining of both tumors shows similar histology, although with increased melanin pigmentation in 
the TEAZ tumor. (c, d) Antibody staining against BRAFV600E  shows that both tumors are widely 
positive, which correlates with high level of phospho-ERK staining. (e) Reflecting the neural crest 

origin of melanocytes, both tumors show strong nuclear expression of SOX10. 
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Somatic tumors are amenable to sequential transgenic manipulation 

One of the major limitations of available genetic models is the inability to modify 

genes in a sequential order, mimicking in vivo tumor progression from malignant 

clones [390]. This limitation precludes the investigation into whether  certain 

oncogenic events are driving initiation (which occur early) versus metastasis 

(when they may occur later). We therefore sought to determine if we could 

sequentially perform TEAZ to introduce new DNA elements into an already 

existing tumor. We selected a TEAZ-melanoma from the cohort above (4 months 

post-initial electroporation), and electroporated an mitfa:tdTomato plasmid 

directly into the tumor (Figure 5.13). Within 1 week after this second 

electroporation, we identified tdTomato-positive cells within the TEAZ-treated 

tumor (n=2/2). The tdTomato-cells have a dendritic appearance typical of a 

melanocytic cell.  
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Figure 5.13 Cancer modeling with TEAZ enables sequential electroporation 
of transgenes. 

A tumor bearing fish (created with rb1 sgRNA as in Figure 2) was imaged using GFP and 
tdTomato. As expected, only GFP+ tumor cells were seen with no expression in the tdTomato 
channel. This tumor was then electroporated with an mitfa:tdTomato plasmid and re-imaged 5 

days later, showing areas that are now both GFP-positive and tdTomato-positive (n=2). 
 

We also tested whether this sequential transgene electroporation into an existing 

tumor was of different efficiency that de novo electroporation into unperturbed 

tissue. To do this, we compared electroporation of mitf-tdTomato into an existing 

TEAZ tumor versus electroporation of mitfa:tdTomato plus ubb:GFP into an AB 

fish (the GFP was added here to control for the fact that TEAZ tumors are GFP 

positive). We then counted the number of tdTomato positive cells in both 

situations, and noted a greater number of positive cells when electroporating into 

the AB fish compared to the established tumor (Figure 5.14). However, while it 
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does appear that sequential electroporation into tumors may be slightly less 

efficient than de novo electroporation, it is still efficient enough for routine use in 

existing tumors and will allow for sequential modeling of genetic lesions. 

 

 

Figure 5.14 Efficiency of sequential TEAZ. 
Evaluation of electroporation efficiency of mitfa:TdTomato into TEAZ tumors for sequential 

transgene electroporation vs. de novo electroporation into unperturbed tissue. We compared the 
number of red cells 4 days post electroporation of either mitfa:tdTomato into an existing TEAZ 

tumor (n=2) or electroporation of mitfa:tdTomato plus ubb:GFP into an AB fish (n=3) (the GFP 
was added here to control for the fact that TEAZ tumors are GFP positive).. 

 

5.3 Discussion 

We have developed TEAZ, an electroporation-based approach for expressing 

transgenes and creating mutations in somatic cell types of interest within a region 

of interest in the adult zebrafish. We successfully applied TEAZ to the generation 

of malignant melanoma, and our results show TEAZ can be used for sequential 

electroporation, which could be used to make increasingly complex tumor 

models. This model is amenable to initiating a tumor at a defined time and place, 

and will allow for a detailed analysis of tumor progression and metastasis in a 

fully immunocompetent zebrafish. 
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One major limitation of current transgenic cancer modeling in the zebrafish is the 

challenge of controlling both the timing and location of tumor initiation. Although 

both transplantation and Cre/Lox approaches can address some of these issues, 

neither fully solves the problem. Transplantation generally requires immune 

modulation of the recipient, and introduces relatively high cell burdens into tissue 

contexts that would not occur during natural tumor formation. Cre/Lox is 

extremely powerful but require multiple genetic crosses, and there are very few 

verified lines that exist for cancer modeling in the fish. In contrast, TEAZ rapidly 

allows for introduction of the required genetic elements in a multiplexed, complex 

manner. 

 

Electroporation has been used as a mechanism for tumor initiation in mouse 

models of cancer. Both glioblastoma and oligoastrocytomas [391] have been 

induced into the developing fetus using in utero electroporation and the 

piggyBAC transposon system. In these studies, the transposase was included on 

the plasmid as a helper, although in our study we did not find Tol2 transposase to 

be necessary for highly stable transgene expression. Recent work [294, 298, 

299] showed that plasmid delivery and electroporation could be used to initiate 

KRAS-driven pancreatic cancer in the adult mouse, and similar to our findings, 

can be complemented with CRISPR-Cas9-mediated genome editing. One 

exciting area that we believe TEAZ will open up is the possibility of new epithelial 

cancer models in the zebrafish, since that has not been developed on a very 

large scale. 



 150 

 

One of the major advantages of our TEAZ system is the high efficiency we have 

observed. Once trained, we find that the rate of success of transgene expression 

approaches 100% of injected animals with 100% survival when done in the 

dorsal skin. Injections into other adult tissues such as the heart or head are more 

technically challenging and require more practice, and also results in higher 

death as expected (75% survival for heart, 62.5% survival for head). In our study 

of the melanomas, we found that overall, 88% of the fish developed GFP+ cells 

by 3 weeks, and all of those fish subsequently went on to develop tumors by 7 

weeks. This timing is an advance over the previous standard transgenic 

melanoma models, even with the more rapid MiniCoopR mosaic approaches that 

speed up tumors with the addition of oncogenes such as SETDB1 [154]. In 

addition, embryo injection remains a relatively laborious process, whereas we 

find that the adult electroporation is simple and fast and can be easily taught to 

inexperienced users.  

 

One possibility that our TEAZ system opens up in the future is the ability to 

initiate adult-stage tumors in virtually any genetic background (i.e. the casper 

strain) or other existing transgenic line. In our studies using the miniCoopR 

background, we needed at least 3 genes to get efficient tumors: BRAFV600E, p53-/- 

and rb1-/-. This may or may not be related to the specifics of the miniCoopR 

system as the melanocyte progenitors likely have to re-enter the cell cycle. We 

also noted that our tumors formed faster than typical miniCoopR tumors, even 
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with the addition of genes such as SETDB1. This could relate to the specifics of 

the TEAZ approach or could simply be due to the accelerating effect of rb1 loss. 

It was surprising that the allelic fraction of rb1 mutations was low in our MiSeq 

analysis, but this may be because in isolating genomic DNA for sequencing we 

included large margins of surrounding normal tissue along with the tumor. Our 

staining for phospho-RB1 is suggestive that the majority of the tumor cells are 

deficient for this tumor suppressor. The extent of rb1 loss required for TEAZ 

tumors will need further analysis. 

 

Metastasis and tumor progression have remained challenging to study using the 

zebrafish model; our results presented here suggest that TEAZ-mediated tumor 

modeling is amenable to studying metastasis in a high-throughput, 

immunocompetent model. Although transplantation-based approaches are 

powerful, they require immune system manipulation, such as irradiation or 

transplantation in genetically immuno-compromised zebrafish to counteract 

rejection [267, 268, 282, 285]. In contrast, TEAZ allows for tumor formation in 

fully immunocompetent animals. These features render the TEAZ model well-

positioned to: (1) screen metastatic modulators to test rate, propensity, and 

latency; (2) selectively alter genes within specific cell types within the tumor 

microenvironment; (3) image the interplay between tumor cells and specific 

microenvironmental cell-types using widely available transgenic lines, and (4) 

introduce serial mutations to study order of progression or induce competition 

studies within a tumor.  
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CHAPTER SIX: CONCLUSIONS/FUTURE DIRECTIONS 

 

Melanoma is a very heterogeneous disease genetically, transcriptionally, and 

clinically. Recent sequencing studies have identified mutational patterns leading 

to insights into the biological heterogeneity of melanoma with the hopes of 

enlightening better prognosis and therapy. However, genetic mutations alone are 

insufficient to explain the diverse spectrum of melanoma tumors in the clinic.   

 

The purpose of this dissertation was to discern if the cell-of-origin of melanoma 

could partially explain the clinical and phenotypic diversity observed. The work 

was completed using zebrafish and human embryonic stem cell-derived 

melanocytes. Our initial, perhaps overly simple hypothesis, was not entirely 

correct. In both the fish and human models assayed, the melanoblast is uniquely 

capable of giving rise to bona fide melanoma. Initiating cancer in neural crest 

cells gave rise to very undifferentiated tumors that have elements of melanoma 

but are equal parts neuroblastoma or “neural crestoma”. Mature melanocytes 

proved resistant to cancer under the same conditions suggesting that the barrier 

for originating melanoma is higher in differentiated melanocytes. Taken together, 

these studies suggest that the differentiation state of the cell of origin is not 

responsible for the diversity observed in the clinic. Rather, the differentiation 

state capable of giving rise to melanoma under the experimental conditions is 

very narrow. 
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Perhaps one of the most surprising findings in our study came from the 

transcriptional profiling before or after BRAFV600E at the NC, MB or MEL stage in 

WT cells or in the absence of tumor suppressors (TP53, CDKN2A, and RB1). 

The transcriptional effect of BRAFV600E is very dependent on the stage of 

differentiation.  Surprisingly, oncogenic BRAF has a very limited impact at the 

melanocyte stage when compared to isogenic cells at the NC or MB stage. 

Consistent with this, melanocytes were resistant to transformation when exposed 

to the identical genetic insults that transformed both NC and MB cells. 

 

To assay the importance of the differentiation stage of the cell of origin in 

melanoma in vivo we studied transgenic zebrafish. Researchers had previously 

established that mutant BRAF induction at the MB stage in a p53 null fish is 

sufficient to drive melanoma with one hundred percent penetrance. Similarly to 

the findings in vitro, mutant BRAF induction at the NC stage drove tumorigenesis 

at a very high penetrance but the resultant tumors more closely resembled 

neuroblastoma or neural crestoma. Additionally, oncogenic BRAF induction at 

the MEL stage did not yield any tumors. Thus, the three stages of differentiation 

yielded the same phenotypes both in vitro and in vivo.  

 

The small window of differentiation most apt to lead to melanoma formation 

suggests that melanoma is less likely to originate in fully differentiated 

melanocytes. As cells that are transcriptionally and phenotypically similar to 

either MB or NCC reside within the adult epidermis, where melanoma initiates, 
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these precursors are a potential source of melanoma. This is not meant to imply 

that melanoma cannot in any circumstance initiate in fully differentiated 

melanocytes as likely any cell in the body is capable of forming a tumor if insulted 

with enough genetic mutations. However, our body of work does suggest that 

melanocytes require more genetic mutations or changes in epigenetic state to 

transform than the precursor MB or NC cells.  

 

6.1 Driving melanoma from melanocytes 

The refractory nature of melanocytes offers a novel platform for studying 

transformation in cells that are primed but resistant to melanoma. The same 

genetic mutations that drive melanoma in melanoblasts are insufficient to drive 

tumor formation when introduced into differentiated melanocytes. Uncovering the 

proteins/pathways responsible for halting melanoma formation in melanocytes 

might offer a therapeutic strategy for halting tumorigenesis in established 

melanoma. 

 

What is required for transformation of a melanocyte? In ongoing work, the White 

and Studer labs are now screening for factors that allow these melanocytes to 

become fully transformed, as this will tell us the minimal requirements that 

separate the melanoblasts from the melanocytes during oncogenesis. This can 

be done using either a candidate gene approach or unbiased approach. 
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Candidate gene approach: epigenetic modifiers 

Studying the baseline transcriptional differences between melanoblasts and 

melanocytes offers one approach to pinpointing the mechanism(s) enabling a 

BRAF response in MB and not in MEL. A GSEA analysis comparing WT 

melanoblasts and WT melanocytes revealed that chromatin modifiers are 

amongst the most differentially expressed genes between these two cell types 

(Figure 6.1a). Employing the RNA-seq data, we find that the general class of 

chromatin modifying enzymes is vastly overexpressed in melanoblasts compared 

to melanocytes (Figure 6.1b). Furthermore, the chromatin modifiers that are most 

highly expressed in MB vs. MEL are similarly over-expressed or amplified in a 

high percentage of melanoma patients (Figure 6.1c). The impact of epigenetic 

regulators in melanoma has been previously shown to be important in 

oncogenesis [153, 155, 392, 393]. We hypothesize that the enriched expression 

of chromatin modifiers in melanoblasts makes the cell more transcriptionally 

plastic and responsive to mutant BRAF expression. A candidate-based approach 

is underway to over-express several key chromatin modifiers (CHD7, EZH2, 

CHD1l, ATAD2, BPTF, TNRC18) in an effort to transform TKO;iBRAF 

melanocytes.  The candidates are being evaluated for their impact on 

proliferation and migration. Additionally, a qPCR panel has been assembled of 

representative genes that are dramatically dysregulated by mutant BRAF in 

MB/NC and not in MEL. Finally, the most important read out will be in vivo 

xenograft growth.  
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Figure 6.1 Melanoblasts are enriched in chromatin modifiers. 
(a) Gene set enrichment analysis comparing WT melanoblast to WT melanocytes identified 

chromatin modifiers as the pathway most enriched in MB. (b) Epigenetic regulators are globally 
over-expressed in WT MB relative to WT MEL. The gene names (across the x-axis are 

intentionally not included as they would illegibly small. (c) The chromatin modifiers over 
represented in MB are similarly over-expressed in melanoma patients (adapted from 

cbioportal.com) [381].  
 

Unbiased screen approach: cDNA/CRISPR pools 

An unbiased screening approach can be enlisted to identify the 

proteins/pathways capable of transforming the TKO;iBRAF melanocytes after 

doxycycline induction. The melanocytes can be exposed to either cDNA or 

CRISPR libraries and screened for proliferative advantage either in vitro or in 

vivo xenograft growth. Towards that end, we are currently utilizing the Elledge lab 

cDNA whole-genome pool [394] to identify which genes, when overexpressed, 

can now allow for transformation of the melanocytes. A similar approach could be 

used via a pooled CRISPR/Cas9 library.  

 

Further studies using transgenic zebrafish 

Concomitant with the hES work, candidate genes are being tested to drive 

melanoma in tyrp1:BRAFV600E;p53-/- fish. The ease of transgenic zebrafish offers 
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a high throughput vertebrate model for testing candidate genes with large sample 

sizes. The cell-of-origin zebrafish future directions are focused on partial de-

differentiation in pigmented melanocytes to release the brake on tumorigenesis. 

For example, p53-/- fish are being tracked with co-injections of tyrp1:BRAFV600E 

with tryp1:sox10 and/or tryp1:mitfa. 

 

Additionally, we are interested if the NC and MB driven tumors driven in Chapter 

2 can be inter-converted by the overexpression of key transcription factors in the 

melanocyte pathway. Previous studies have demonstrated that over-expression 

of sox10 in the melanocytes of mitfa:BRAFV600E;p53-/- transgenic fish accelerates 

melanoma onset as compared with controls [60]. Would over-expression of mitfa 

in the neural crest progenitors of sox10:BRAFV600E;p53-/- transgenic fish convert 

the tumors into melanomas? Would over expression of sox10 in the differentiated 

melanocytes of tryp1:BRAFV600E;p53-/- transgenic fish convert the nevi into 

melanoma? The zebrafish offers a high-throughput vertebrate model for testing 

the importance of candidate genes in determining the state of the resultant 

tumor. 

 

6.2 Clinical Implications 

Differentiation status is correlated with melanoma prognosis and is an active area 

of research. Generally, more differentiated tumors with higher levels of MITF are 

more proliferative. Conversely, undifferentiated tumors with a neural crest gene 

expression signature are more invasive and metastatic. Given that metastatic 
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melanoma is harder to treat and more lethal than proliferative melanoma, 

extensive clinical efforts were put into “differentiation therapy”. Differentiation 

therapy posited that by inducing differentiation in tumors the cancer cells would 

become less metastatic and ideally terminally differentiate and exit the cell cycle. 

Unfortunately, differentiation therapy was unsuccessful possibly due to the 

unintended consequence of creating partially differentiated cells that are both 

proliferative and migratory [324, 395-398]. Furthermore, changing the 

differentiation state of the tumor also impacts sensitivity to targeted therapy [246, 

399, 400]. Surprisingly, the cell of origin does dictate the tumor type, but the cell 

of origin does not dictate the differentiation status within and between melanoma 

patients.  

 

The melanocytes that do not form melanoma represent a poised pre-tumorigenic 

state. Further studies are being undertaken to appreciate why the MB are 

transformed and the MEL are not. Perhaps the implicated mechanisms will 

inform researchers how to treat MB-derived melanomas to act more like the non-

cycling MEL cells. Alternatively those same pathways can be identified as 

avenues to clinically prevent poised-MEL from transforming akin to the MB.  

 

6.3 Future Directions of TEAZ 

TEAZ is a novel approach for introducing somatic mutations (rather than 

germline mutations) into select cells within the adult zebrafish. We have utilized 

TEAZ to generate a novel melanoma model. We have performed proof of 
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principle studies demonstrating that TEAZ can be used to introduce transgenes 

into the head, heart or pancreas. TEAZ is a rapid and easily transferrable 

approach for modeling normal development or diseases from cancer to 

cardiovascular diseases or neuronal defects.  

 

Metastasis 

Early detection and surgical resection of early-stage primary cutaneous 

melanoma is often curative, but the prognosis plunges precipitously for patients 

with metastases. Metastasis and tumor progression have remained challenging 

to study using the zebrafish model. TEAZ-mediated tumor modeling is amenable 

to studying metastasis in a high-throughput, immunocompetent model that is 

amenable to high-quality in vivo imaging. In contrast to transgenic fish, the local 

introduction of transgenes allows researchers to easily discern tumor 

spreading/metastasis from independent tumorigenesis. These features render 

the TEAZ model well positioned to screen metastatic modulators of metastasis 

rate, propensity, and latency.  

 

The lab is pursuing a series of experiments with TEAZ at two adjascent sites 

within the same fish with distinct colors and genetics to test candidate genetics 

within the same organism. Electroporating two sites will allow for the perfect 

internal control as well as visualization of the interplay between cell types (Figure 

6.2).  
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Figure 6.2 Two color TEAZ. 
Proof of principle of electroporation of two distinct genetics with colors in different sites enables 

researchers to study candidate genes with the perfect internal control. This image is TEAZ of 
500ng of ubb:GFP or ubb:TdTomato imaged 3-4 days post electroporation. (TEAZ and image 

produced by Dr. Thomas Beckham from the White Lab at MSKCC).  
 

Serial mutations with TEAZ 

TEAZ allows for the introduction of serial mutations within a tumor in vivo to 

introduce second, third, or even fourth transgenes/mutations for the first time. We 

have previously shown a proof of concept with the introduction of TdTomato into 

a select population of cells within an established melanoma (Figure 5.13). In the 

future, the second color expression can be tied to a transgene overexpression or 

gRNA driven mutation and comparative growth tracked over time. Serial 

mutations with TEAZ will be used to model the order of mutagenic events in 

melanoma progression. Alternatively, serial mutations are an alternative 

approach for inducing competition studies within a tumor. 

 

Alter the tumor microenvironment using TEAZ 

Significant attention has been paid to studying the “microenvironment” 

surrounding the tumor cells. However, the majority of work has been unable to 

dissect the impact of the local microenvironment from the greater systemic 



 161 

macro-environment. By swapping the promoter driving transgene expression, 

TEAZ can be applied to alter genes within specific cell types within the immediate 

tumor microenvironment. Previous studies in the lab have demonstrated that the 

transgenic zebrafish melanoma model relies on external signaling produced in 

adipocytes or keratinocytes [62, 401]. However, these studies have been unable 

to distinguish if the signaling is derived from the immediate microenvironment or 

a largely systemic source. The signal source may direct the therapeutic 

implications of such discoveries.  

 

Coupling TEAZ with established transgenic lines 

Previously, creating transgenic tumors in a zebrafish strain of interest required 

time-consuming breeding and genotyping to obtain the final genotype of interest. 

In contrast, with TEAZ, one can electroporate a combination of oncogenes and 

gRNAs against tumor suppressors into any given genetic background directly, 

saving months of breeding and unused animals. To ensure specificity of the 

tumor types, it will be important to use tissue specific promoters to drive Cas9, to 

avoid mixed-histology tumors induced by ubiquitous Cas9 expression. The 

existing lines will allow for enhanced imaging of the interplay between tumor cells 

and specific microenvironmental cell-types such as T-cells [402], macrophages 

[403] or endothelial cells [404].  

 

  



 162 

CHAPTER SEVEN: MATERIALS AND METHODS  

7.1 Experimental models  

Pluripotent Stem Cell Culture 

Undifferentiated hESCs (H9/WA-09) and the derived Sox10:GFP, iBRAF, 

TKO;iBRAF stem cell lines were cultured in Essential 8TM ES cell media on 

Vitronectin coated tissue culture treated dishes.  Cell culture was performed at 

37°C in a humidified atmosphere containing 5% CO2. 

 

Passaging hES cells 

Cells were maintained as previously described [300]. To passage hESC for 

maintenance cells were lightly dissociated in EDTA for 2.5 minutes before 

removing EDTA buffer. hESC clusters were lightly dissociated using E8 PBS.  

hESC were pelleted in the centrifuge (200 x g for 5 min). hESCs were washed 

gently with PBS and lightly triturated before pelleting again. hESCs were then 

passaged at 1:7. Cells were passaged for differentiation as previously described 

[300]. Before passaging hES cells for culture maintenance or differentiation, the 

hESC culture should be 70%–80% confluent. Cells were detached with EDTA 

dissociation buffer (5 min at RT). The EDTA was removed and the cells were 

vigorously dissociated in PBS to obtain single cells. The cells were passed 

through a 45-micron cell strainer and pelleted in the centrifuge (200 x g for 5 

min). hESCs were washed gently with PBS and pelleted again. hESCs were then 
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plated at 200,000 cells per cm2 in E8 medium with 10mM ROCKi and then 

incubated overnight in the 37°C incubator. 

 

Neural Crest and Melanoblast Differentiation 

Neural induction using the dual SMAD inhibition protocol was performed as 

previously described (Chambers et al., 2009; Chambers et al., 2011; Lee et al., 

2010). Prior to differentiation hPSCs should be appear as a high density 

monolayer. The starting density depends on the genetic background as hES with 

tumor suppressors knocked out grow substantially faster and should be plated at 

a lower density. Wash cells with PBS or E6 media before starting the 

differentiation. 

Day 0-2: Change media every day with E6 media containing 1ng/ml BMP4 + 

10mM SB + 600nM CHIR.  

Day 2-4: Change media with E6 media containing 10mM SB + 1.5mM CHIR. 

Day 4-6: Change media with E6 media containing 1.5mM CHIR. 

Day 6-11: Change media every day with E6 media containing 1.5mM CHIR + 

5ng/ml BMP4 100nM EDN3 to cells 

To prepare for FACS sort at day11, the cells were treated with Accutase and 

washed vigorously with PBS to get single cells. Cells were incubated with the 

cKIT antibody for >45 min on ice prior to filtering cells and sorting based on 

proper fluorescent negative controls. 

NC cells: SOX10+cKIT-   MB cells: SOX10+ cKIT+ 
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Neural Crest and melanoblast maintenance 

Cell suspension is maintained in ultra low attachment plates for suspension 

culture to form NC spheres.  

Neural Crest/Melanoblast Maintenance media: 

Neurobasal media supplemented with L-glutamine, non-essential amino acids, 

N2 supplement, B27 supplement, 10ng/ml FGF2 and 3mM CHIR99021. 

 

Melanocyte differentiation 

Follow the first 11 days of differentiation of hESC to NC/MB the follow the 

melanocyte specification previously described [8, 304]. There is no need to 

FACS sort for the melanocyte differentiation as the melanocyte media is 

selective.  Wash day 11 cells with PBS and detach using Accutase. Suspend cells 

in Neurobasal media by manually pipetting up and down. Pellet the cells with a 

centrifuge for 5 min at 200 x g. Suspend the cells at 2,000,000 cells per ml in 

Melanocyte medium. Plate 10 µl droplets onto the dried PO/Lam/FN. Slowly add 

Melanocyte medium without disturbing the droplets. Continue feeding with Melanocyte 

medium every 2 to 3 days. Passage cells once a week at a ratio of ~1:6  

Melanocyte media:  

Neurobasal media + SCF 50ng/ml + cAMP 500 µM + Ascorbic Acid 100µM + 

FGF2 10ng/ml + CHIR 3 µM + B27 supplement + N2 supplement + BMP4 

25ng/ml + EDN3 100nM. 
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hES AAVS1 Knock-In Strategy 

Knock in strategy is derived from Zhu et al.[342, 343] In 100uL of cold 

nucleofection solution add TALEN plasmids and Donor plasmids and mix well. 

  TALEN-L: 1 µg (2.28uL of 437ng/uL) 

  TALEN-R:  1 µg (2.02uL of 494ng/uL) 

  Puro-Donor: 5 µg (24.2uL of 207ng/uL) 

  Neo-M2rtTA: 5 µg (9.24uL of 541ng/uL) 

Treat cells with 0.05% Trypsin for ~ 1 min. Stop trypsin with 10%DMEM. Break 

cell colonies into single cell suspension. Spin down cells at 200g X 5min. 

Suspend 5 million cells in the nucleofector solution. Electroporate hES using 

LONGZA B16 Program in AMAXA machine. Gently plate cells at 1:2 ratio over 

MEFs with ROCKi. 3-4 days after electroporation, add puromycin (1:2000) only 

for 3-4 days. One day later add geneticin (1:1000) for 4 days  

 

hES knock-out strategy  

Design gRNA. Order gBLOCK including a U6 promoter, gRNA target and gRNA 

scaffold. Clone the synthesized gBlock into an empty backbone vector such as 

pCR-Blunt II-TOPO. Electroporate hESC with cas9-gfp fusion protein and gRNA 

DNA. Sort for GFP one day post and then grow up colonies. Select for KO by 

sequencing 
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Zebrafish 

Zebrafish Husbandry 

Zebrafish were bred and maintained in the Zuckerman fish facility, in temperature 

(28°C), pH (7.4), and salinity-controlled conditions. All fish were maintained on a 

14 hr on/10 hr off light cycle. The animal protocols described in this manuscript 

are approved from The MSKCC Institutional Animal Care and Use Committee 

(12-05-008). 

  

Transgenic Lines 

Transgenic lines used in these studies included wild-type (AB), casper [267, 

405], and the triple line [154] (mitfa:BRAFV600E;p53-/-;mitfa-/-) (provided by the 

Houvras lab at Weill Cornell). TEAZ was equally successful in both male and 

female zebrafish. TEAZ was performed on zebrafish ranging from 4-12 months 

post fertilization. 

 

Generating F0 Transgenic Lines 

One-cell-stage p53-/- embryos were injected with the construct 

Tg(promoter:BRAFV600E-TdTomato fusion;cmlc2:eGFP) at 25 ng/µl with Tol2 

mRNA at 20 ng/µl. Embryos were screened at 48 hpf for the presence of GFP in 

the heart as well as TdTomato in the rest of the body. Flourescent-positive 
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embryos were grown to adulthood and studied as F0 transgenics or outcrossed 

to identify founders that gave germline transmission of the transgene.  

 

Electroporation of adult Zebrafish 

At the time of electroporation, recipient adult zebrafish were anesthetized in 0.2% 

Tricaine. The plasmid of interest was resuspended at 1000ng/µl in ddH2O, and 

1.0 µl was injected into the dorsal skin, head or heart (using a pulled glass 

micropipette). No transposase mRNA was used in these studies. We have 

successfully tested a range of concentrations from 400-2000 ng/µl and from 0.5-

2.0µl. Following injection, the zebrafish were immediately placed upright in an 

agarose mold for ease of handling and electrodes were placed on either side of 

the fish surrounding the injection site. The cathode paddle was generally placed 

on the same side as the injection to promote the DNA entering cells closer to the 

surface of the fish but the cathode and anode can be swapped to promote 

integration into cells deeper within the animal. We used the ECM 830 Electro 

Square Porator from BTX Harvard Apparatus and the Genepaddles, 3 x 5 mm. 

For all experiments described, the LV mode was used with a voltage of 45V, 5 

pulses, 60ms pulse length, and 1s pulse interval. The electroporated zebrafish 

were immediately returned to flowing fresh water after electroporation. 

Electroporated zebrafish were imaged within 4 dpe to ensure successful TEAZ, 

and then serially imaged for up to 8 months using brightfield and fluorescence 

imaging.  For electroporation of deeper tissues such as heart or brain, the same 

glass electrode was used to inject the DNA but penetrated more deeply directly 
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into those tissues. The electroporation paddles were positioned around those 

organs, but still kept on the surface of the animal with the same electrical 

settings. 

 

Zebrafish imaging and image processing 

Adult zebrafish were imaged using an upright Zeiss Discovery V16 equipped with 

a motorized stage, brightfield, and GFP and tdTomato filter sets. To acquire 

images, zebrafish were lightly anaesthetized with 0.2% Tricaine. Images were 

acquired with the Zeiss Zen software v1, and the post image processing was 

done using Fiji [406]. 

 

Tumorigenesis assay  

Transgenic zebrafish were generated via injection into melanoma-prone (p53-/-) 

one-cell embryos, and stable lines were selected for using fluorescence. Fish 

were checked weekly for tumors from 4 weeks post fertilization (wpf) to 50 wpf. 

Fish with tumors were removed from the study. A Kaplan-Meier survival curve 

was generated using GraphPad Prism 7.  
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Mouse 

Xenograft studies were performed by injecting 500,000 cells subcutaneously into 

the flanks of non-obese diabetic-severe combined immune-deficiency (NOD-

SCID) mice (3 mice or 6 injections per a group). 

 

7.2 Molecular Biology 

Purified plasmids were generated using the Gateway system and isolated from 

E.coli using the Qiagen HiSpeed Plasmid Maxi Kit. The MiniCoopR vector was 

provided by the Houvras lab. The zebrafish U6 promoter was cloned out of 

genomic DNA as previously described [268]. The sgRNA against rb1 was 

designed using the CHOPCHOP software and has the 20 basepair sequence: 

GGCTCAGTGAGTTTGAACGG [407, 408]. The ubb promoter was as described 

previously [373], and the Cas9-mCherry fusion plasmid was subcloned from 

Addgene number 78313 [383]. All final plasmids were constructed using 

Gateway technology and the Tol2kit as previously described [335, 336]. 

List of all plasmids used: ubb:GFP [373] and ubb:tdTomato (both in Tol2kit 

plasmid backbone #394), zfU6:Rb1gRNA [268], mitfa:tdTomato [67], myl7:GFP 

[377], MiniCoopR [154], ubb:Cas9-mCherry fusion [383] (all in Tol2kit plasmid 

backbone #395). For the Rb1 miniCoopR experiments, the following 

concentrations of plasmids were used: MiniCoopRgfp (370ng), ubb:Cas9 

(205ng), zfU6:sgRNA against rb1 (285ng) 
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7.3 Methods  

Total RNA extraction, cDNA isolation, and qRT-PCR analysis  

Lyse cells in 1ml Trizol. Use Phase Lock Gel-Heavy tubes and chloroform to 

extract the RNA. Elute out the RNA with isopropanol. Wash with 75% EtOH. 

Pellet the RNA. Dissolve pellet in water. cDNA was generated using the BioRad 

iScript cDNA Synthesis Kit. Primers for real-time quantitative PCR (qRT-PCR) 

were obtained from Applied Biosystems with BioRad SsoFast Evagreen 

Supermix. 

 

Western blot analysis  

Wash and trypsinize cells as usual. Add lysis buffer (RIPA buffer + HALT 

Protease) to cells. Sonicate for 3x1min with 5 minutes on ice between pulses. 

Pellet cell waste and proceed with cell lysate supernatant. Quantify supernatant 

by Precision Red (BioRad). Prepare lysates with Laemmli buffer. Load NuPAGE 

4-12% Bis-TRIS Invitrogen gels with MES SDS Running Buffer. Run at 100-120V 

for 2 hours. Proteins were transferred onto nitrocellulose membranes and 

immunoblotted using ECL Prime for a developing reagent. 

Immunofluorescence  

Adherent cells were fixed with 4% paraformaldehyde for 15 minutes, washed with 

PBS and permeabilized using 0.3% Triton X in PBS for 5 minutes before blocking 

with 5% fetal bovine serum in PBS. Primary antibodies used for microscopy 
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included GFP (Abcam), Sox10 (Santa Cruz), HMB45 (Dako), MITF (Abcam), 

TYRP1 (Santa Cruz).  

 

Flow cytometry 

For flow cytometry, cells were dissociated with accutase and blocked with 2% 

FBS in PBS before staining. EdU and c-kit (eBioscience) was the only antibody 

used for flow cytometry. 

 

EdU Analysis 

The cells were pulsed with 10 µM EdU for 30 minutes at 37°C. EdU detection 

was performed following manufacturer’s instructions (Click-iTTM Plus EdU Flow 

Cytometry Assay Kits, Cat. no. C10634). Briefly, the cells were fixed for 15 min at 

RT using 100ul of Click-iT fixative per pellet and then washed with 3 mL of 1% 

BSA in PBS. The cells were then incubated for 30 minutes at RT in the dark. For 

500ul of total reaction volume, we used 438 µl D-PBS, 10 µl Copper protectant, 

2.5 µl Alexa Fluor 647 picolyl azide and 50 µl Reaction Buffer Additive. The cells 

were then washed with 3ml of 1x Click-iT saponin-based permeabilization and 

wash reagent, stained for DNA content (Hoechst) and analyzed by flow 

cytometer. 
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Histology  

Selected zebrafish were fixed in 4% PFA for 48 hours at 4°C and then paraffin 

embedded. Fish were sectioned at 5 uM and placed on Apex Adhesive slides, 

baked at 60C, and then stained with H&E or antibodies against GFP (Abcam, 

ab183734. 1:100), BRAFV600E (Abcam, ab228461, 1:400), phospho-RB1 (Cell 

Signalling, 8516s. 1:400), phospho-ERK (Cell Signalling, 4370,1:100), or SOX10 

(Cell Marque, 383A-76, 1:50). All histology was performed by Histowiz 

(http://www.histowiz.com) and the staining was performed by either Histowiz or 

the Hollmann Laboratory and reviewed by a pathologist (T.H.). 

 

Quantification and statistical analysis  

All animals were tracked for tumor free survival and measured using the Kaplan–

Meier method. The differences between groups were analyzed using the log-rank 

statistics. Where indicated levels of significance were marked by asterisk as 

follows (*) p ≤ 0.05; (**) p ≤ 0.01; (***) p ≤ 0.001. Throughout this study, averages 

across independent experiments were reported as means +/- standard error of 

the mean unless otherwise indicated. For all two-way comparisons, unpaired t-

tests were considered statistically significant if p ≤ 0.05. 

 

RNA-sequencing 

RNA-seq was done by Genewiz. RNA library preparation with polyA selection. 

Illumina HiSeq, 2x150bp configuration. Data analysis was conducted using the 

Limma package, the DESeq2 package UpSETR. 
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MiSEQ analysis 

Reads were mapped to the zebrafish genome version GRCHz10 using bwa 

version 0.7.13-r1126. Mutation quantification was performed using 

CrispRVariants version 1.7.4 [384]. MiSEQ reads can be accessed through the 

NIH Sequence Read Archive (SRA) (accession code SRP147816). 
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