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ARTICLE INFO ABSTRACT

Keywords: NRAS mutations are frequently found in many deadly malignancies and are the second most common oncogene
Neural crest driving malignant melanoma. Here, we generate a rapid transient transgenic zebrafish model of NRAS?®'R-
Melanoma mutant melanoma. These fish develop extensive melanocytic proliferation in approximately 4 weeks. The
;:S::;r majority of these lesions do not engraft upon transplantation and lack overt histologic features of malignancy.

Our previous work demonstrated that activation of a neural crest cell transcriptional program is a key initiating
event in zebrafish BRAF/p53-driven melanomas using the fluorescent reporter crestin: EGFP. By 8—12 weeks of
age, some lesions progress to malignant melanoma and have cytologic atypia, destructive tissue invasion, and
express neural crest progenitor markers, including crestin:EGFP. Our studies demonstrate that NRAS?®'®
induces extensive melanocyte expansion, which arise during zebrafish development and lack a transformed
phenotype. These early lesions are highly predisposed to reactivate a neural crest progenitor fate and form

malignant melanomas.

1. Introduction

Although melanoma only accounts for about 1% of skin cancers in
the United States, it is responsible for 60—80% of skin cancer related
deaths (Siegel et al., 2016). Mutations in the NRAS oncogene occur in
about 30% of patients with melanoma and, of these, 40% have a Q61R
hot-spot mutation (Akbani et al., 2015). Furthermore, patients with
NRAS or BRAF mutations have significantly shorter survival compared
to patients without these mutations and are more likely to have central
nervous system involvement compared to NRAS/BRAF wild type
patients (Jakob et al., 2012). Recently, a phase 3 clinical trial was
completed showing that the MEK inhibitor binimetinib improved
progression-free, but not overall, survival in patients with NRAS-
mutated melanoma (Dummer et al., 2017). In general, immunothera-
pies and MEK pathway inhibitors have improved overall patient
survival (Johnson and Puzanov, 2015); however, careful characteriza-
tion of tumor initiation and progression is needed to develop novel
therapeutic targets, particularly for NRAS-mutant melanoma.

Melanoma arises due to a malignant transformation of melanocytes,

which are embryonically derived from the neural crest. Our lab has
previously generated two zebrafish models of melanoma that display
histological and molecular characteristics of human melanomas:
mitfa:BRAF°F;p537/~  and mitfa:EGFP:NRAS®®X;p537~  (Dovey
et al, 2009; Patton et al., 2005). mitfa:BRAF"%°F;p537/" zebrafish
melanomas were shown to activate a neural crest progenitor gene
signature, which was also expressed in human melanomas (Kaufman
et al., 2016; Rambow et al., 2015; White et al., 2011). One gene, crestin,
is expressed in neural crest progenitor cells, which turns off after 3 days,
and then turns on again specifically in melanomas. By using the crestin
promoter/enhancer to drive EGFP, neural crest progenitor state reacti-
vation and tumor initiation could be visualized in mutant BRAF
zebrafish (Kaufman et al., 2016). However, the reemergence of neural
crest progenitor state in other genotypes, such as NRAS-mutant
melanoma, has not been explored.

In this study, we generated a rapid transient transgenic zebrafish
model of melanoma by overexpressing NRAS?®'R in melanocytes
(abbreviated mcr:NRAS). We found that the mcr:NRAS fish develop
large melanocyte proliferations around 4 weeks post fertilization. These
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Fig. 1. Zebrafish model of NRAS-driven melanoma. (A) Schematic of the MiniCoopR vector containing the NRAS?¢'® gene driven by the mitfa promoter (Pmitfa) in cis with the mitfa
gene. (B) Kaplan-Meier curve showing the percent of casper;mer:NRAS zebrafish without grossly apparently tumors compared to casper;mer: Empty fish. ****p < 0.0001 calculated
using the log rank Mantel-Cox test. (C) Images of casper;mcr:NRAS and casper mer: Empty fish taken at 2, 4, 9, and 15 weeks post fertilization. In contrast to the tumor formation seen
in the casper;mcr:NRAS fish, normal melanocyte patterning is observed in casper;mer:Empty controls. Scale bars represent 500 um for 2 week images and 1000 um for 4-15 week

images.

masses progress to malignant melanoma at 8—12 weeks post fertiliza-
tion. Unlike the malignant melanoma seen in older mecr:NRAS fish,
most 4 week tumors lack overt histologic features of malignancy and do
not form tumors upon transplantation. Markers of neural crest
progenitor cells are not expressed in the early tumors, but are
expressed by the malignant melanomas. These results demonstrate a
biphasic role for NRAS in melanocyte expansion and melanoma
formation.

2. Results
2.1. A rapid zebrafish model of NRAS-driven melanoma

In order to rapidly model human melanoma in the zebrafish, we
overexpressed NRAS?'R using the MiniCoopR vector (mcr:NRAS). In
this transposon-based transgenic system, mitfa, an essential gene in
melanocytes, is linked in cis to NRAS?®!R, also driven by the mitfa
promoter (Fig. 1A) (Ceol et al., 2011; Kwan et al., 2007). When injected
into casper (mitfa”",roy””) embryos, the mcr:NRAS vector not only
rescues melanocytes, but also drives expression of NRAS?®!R in the
rescued melanocytes. We assessed tumor formation in these fish
compared to controls injected with an empty MiniCoopR vector
(mer:Empty) (White et al., 2008). We found that the
casper;mer:NRAS fish develop large hyperpigmented patches of
melanocytes at around 2 weeks of age (Fig. 1C; Supp. Fig. 1A). By 4
weeks post fertilization, about 20% of these patches form masses that
protrude above the body plane (Fig. 1B and C; Supp. Fig. 1B). After 8
weeks of age, rapid tumor onset occurs from within these patches
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(Fig. 1B and C; Supp. Fig. 1C and D). This tumor onset is greatly
accelerated compared to the previously published stable
mitfa:BRAF"%°°F;p537~ and mitfa:EGFP:NRAS®®'X;p537~ zebrafish,
which occurs between 4 and 6 months of age (Dovey et al., 2009;
Patton et al., 2005). Together, these data show that our zebrafish NRAS
model induces rapid tumor development, without the assistance of a
tumor suppressor.

2.2. Histologic characterization of mcr:NRAS melanoma

To characterize the nature of the melanocytic lesions developed in
mer:NRAS fish, representative tumors were evaluated by histology at 4,
8, and 20 weeks (Table 1). Among 16 fish with grossly apparent masses
at 4 weeks, 10 had lesions similar to the F-nevi generated in
mitfa:BRAF9%F fish (Patton et al., 2005) and 3 had indeterminate

Table 1

Histologic scoring of casper;mer:NRAS zebrafish. Table displaying the fraction of
samples from 4, 8, and 20 week old casper;mcr:NRAS zebrafish that fall into the
following categories: indeterminate, nevus, melanocytic tumors of indeterminate poten-
tial (MTIP), or malignant melanoma.

Week Tumor Type
Indeterminate Nevus MTIP Melanoma
4 3/16 10/16 2/16 1/16
8 1/9 3/9 0/9 5/9
20 0/12 0/12 0/12 12/12
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Fig. 2. Histologic analysis of casper;mer:NRAS zebrafish. (A-D) H & E of casper;mcr:NRAS fish. (A and C) Melanocytic tumor of indeterminate potential (MTIP) at 4 weeks of age
(original magnification 200 x). High magnification image in C shows an epithelioid morphology with minimal cytologic atypia (original magnification 1000 x). (B and D) Malignant
melanoma collected at 8 weeks of age, showing infiltrative growth through underlying skeletal muscle (original magnification 200 x). A high magnification image shows cytologically
malignant cells with significant anisonucleosis and prominent nucleoli (original magnification 1000 x). Arrowhead shows enlarged nuclei with prominent nucleoli and arrows show
melanin pigment. Scale bars represent 50 pm for (A) and (B) and 20 um for (C) and (D). (E) Tumors collected at 4, 8, and 20 weeks were scored as either indeterminate, nevus (F-nevi),
MTIP, or malignant melanoma based on histological assessment. n = 9—16 (F) No significant difference in the depth of invasion from the basement membrane between 4, 8, and 20 week

MTIP and melanomas (one-way ANOVA). n=3-7.

lesions. Two of the 4 week old fish had large melanocytic tumors
characterized by a pushing border that invaded underlying anatomic
structures including skeletal muscle and the central nervous system of
the fish (Fig. 2A; Supp. Fig. 2A). In contrast to tumors at later
developmental ages, these two tumors lacked significant cytologic
atypia, did not have an infiltrative growth pattern, and were thought
to be morphologically distinct from both the F-nevi and malignant
melanomas generated in mitfa:BRAF"°%F fish. Cells in these 4 week
masses had an epithelioid morphology, with minimal cytologic atypia
(Fig. 2C; Supp. Fig. 2C). Given the distinct cytologic and architectural
growth pattern of these tumors, they were thought to be best classified
as melanocytic tumors of indeterminate potential (MTIP). Additionally,
one fish at 4 weeks had a superficially invasive malignant melanoma
(Fig. 2E). The three tumors categorized as MTIP or malignant
melanoma at 4 weeks had no significant difference in the depth of
invasion compared to the malignant melanomas seen at 8 and 20 weeks
(Fig. 2F). In contrast, tumors that arose at later time points (8 and 20
weeks) routinely showed overt histologic features of malignancy.
Among the 9 fish evaluated at 8 weeks, 5 had malignant melanomas,
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including 1 fish with 3 distinct melanomas, and 3 had F-nevi. At 20
weeks, all 9 fish evaluated by histology had malignant melanoma, 3 of
which had multiple melanomas (Fig. 2E). In contrast to tumors at 4
weeks, tumors at 8 and 20 weeks had an infiltrative growth pattern into
the underlying tissue and significant cytologic atypia including marked
nuclear enlargement and the presence of prominent nucleoli (Fig. 2B,
and D; Supp. Fig. 2B and C). Activated MAPK signaling is typical in
human nevi and melanomas (Uribe et al., 2006). Using immunohis-
tochemistry, phospho-ERK expression was studied in 4, 8, and 20
mcer:NRAS tumors. We found that all tumors at 4, 8, and 20 weeks
showed phospho-ERK staining, which indicates activated MAPK
signaling (Supp. Fig. 3).

2.3. mer:NRAS malignant melanoma engrafts upon transplantation

The ability for a cell to initiate tumors upon transplantation is a
classic assay to test transformation. Therefore, we sought to determine
if the early mcr: NRAS tumors can engraft and grow when transplanted.
Tumors from 4 and 20 week old mcr:NRAS fish were homogenized,
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Fig. 3. 20 week casper;mcr:NRAS melanomas engraft upon transplantation. (A) Images of tumors in recipient fish at 14 and 21 days post-transplant. (B) 20 week casper;mcr:NRAS
melanomas engraft significantly better upon transplantation than 4 week donors. *p = 0.0141 calculated by a two-way ANOVA. n = 3 and 11 for 20- and 4-week old donors respectively.

resuspended in PBS, and 100k tumor cells were injected into the dorsal
cavity of age-matched, irradiated recipients. At both 14 and 21 days
post-transplant, cells from the 20 week old donor engrafted and grew
significantly more than the 4 week old donor (Fig. 3A and B; Supp.
Fig. 4A). Only two of the eleven 4 week old mcr:NRAS donors were
able to engraft, as compared to 100% of the three 20 week old donors
(Supp. Fig. 4B), indicating that the majority of lesions present at 4
weeks are not capable of engraftment upon transplantation.

2.4. Neural crest progenitor signature in NRAS-driven melanoma

Given that the neural crest gene, crestin, is expressed in 100% of
zebrafish mitfa:BRAF"%%°F;p537/- melanomas (Kaufman et al., 2016),
we investigated whether the NRAS-driven melanomas also had a
reactivated neural crest progenitor state. To do this, we injected
the mecr:NRAS vector into the embryos of a stable line of
casper;crestin: EGFP zebrafish and imaged at various ages to deter-
mine crestin onset. The crestin:EGFP transgene was off in all of
the 4 week old masses evaluated (n=30), but turned on between
9 and 12 weeks of age, occurring in the same time frame as histologic
evidence of malignancy (Fig. 4). By 20 weeks of age, 100% of
tumors present in mer:NRAS fish were crestin:EGFP positive
(Supp. Fig. 5). We verified this using flow cytometry by analyzing
casper;crestin: EGFP;mcr:NRAS; mitf:mCherry fish at 4 and
20 weeks. None of the nine 4 week old fish analyzed had
mitf:mCherry/crestin: EGFP positive melanocytes, as compared to
100% of the nine 20 week old fish (Supp. Fig. 6). Furthermore, we
verified neural crest progenitor gene expression using qRT-PCR. RNA
was collected from casper;mcr:NRAS tumors at 4, 8, and 20 weeks of
age and from mitfa:BRAFV°°°E;p537" :nacre;mer: Empty at 20 weeks
of age (Supp. Fig. 7). RNA from normal skin of wildtype zebrafish was
used as a control for normalization. crestin expression was signifi-
cantly higher in the 8 and 20 week mcr:NRAS melanomas relative to
the 4 week tumors (Fig. 5A). Interestingly, 2 of the 8 fish evaluated at
4 weeks had similar crestin expression levels as the 8 and 20 week
melanomas (average of 2.4 dCt at 4 weeks and 2.9 dCt at 8 and 20
weeks). Additionally, neural crest genes sox10 and dIx2a were also
increased in the 8 and 20 week tumors (Fig. 5B and C). The neural
crest progenitor signature found in the 8 and 20 week melanomas was
similar to the mitfa:BRAFV%°E; 537/~ :nacre;mer: Empty melanomas,
with crestin being more highly expressed in the BRAF-mutant
melanomas (Fig. 5A-C). Previous studies show that both low and
high levels of mitfa have been observed in human and zebrafish
melanomas (Flaherty et al., 2012; Lister et al., 2013). We found that
both NRAS- and BRAF-mutant melanomas highly express mitfa in
our zebrafish model system (Fig. 5D). Together these data indicate
that zebrafish NRAS-driven melanomas have reactivated the neural
crest progenitor state.
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3. Discussion

Here we describe a zebrafish system that models NRAS-driven
melanoma. Expression of NRAS?R in melanocytes induces the
formation of large hyperpigmented tumors in developing zebrafish
beginning at 4 weeks of age. At around 9-12 weeks of age, the tumors
appear to undergo oncogenic transformation and give rise to malig-
nant melanoma. These results demonstrate that NRAS has a biphasic
role in melanocyte proliferation and tumor formation. In humans,
NRAS-mutant melanomas have been shown to present with thicker
tumors, higher rates of proliferation rates, and worse overall survival
after the diagnosis of stage IV disease compared to BRAF-mutant
melanoma (Devitt et al., 2011; Heppt et al., 2017; Jakob et al., 2012).
Due to the rapid tumor development and similarities to human
melanoma, the mcr:NRAS model described here can be used to
investigate novel diagnostic and therapeutic targets for NRAS-driven
melanoma.

Although the recent development of immunomodulatory therapies
have shown promise in NRAS-mutant melanomas (Johnson et al.,
2015), very few therapies have been developed that specifically target
these patients. A recent phase 3 clinical trial for patients with NRAS-
mutant melanoma showed that, although treatment with a MEK
inhibitor significantly improved progression-free survival compared
to chemotherapy, the overall survival remained unchanged (Dummer
et al., 2017). Therefore, there is still a great need to develop novel
therapies for NRAS-driven melanoma. The anti-arthritis drug
Leflunomide was shown to inhibit neural crest development and, in
combination with a BRAFV?°E inhibitor, suppressed melanoma growth
both in vitro and in mouse xenograft models (White et al., 2011). Given
our finding that neural crest progenitor state reactivation occurs in
NRAS-driven melanoma, combinatorial inhibition of MEK and the
neural crest progenitor state may help improve patient survival.

Previous studies have demonstrated that both human and
mitfa:BRAF"%%F; 537~ zebrafish melanoma express a neural crest
gene signature (Kaufman et al., 2016; Rambow et al., 2015; White
et al., 2011). Here we show that the neural crest genes crestin, sox10,
dlx2a, and mitfa are also upregulated in a zebrafish model of NRAS-
driven malignant melanoma. The reemergence of a neural crest
progenitor state seems to occur in conjunction with malignant pro-
gression. We found that 4 week old mcr:NRAS fish had about 18%
engraftment upon transplantation (2/11), histologically, about 19% of
these fish had melanoma-like lesions (3/16), and 25% of these tumors
had crestin expression detectible by qRT-PCR (2/8). These data
suggest that crestin is active in the early stages of NRAS-mutated
melanoma. Together, this provides further evidence that the neural
crest progenitor state reemergence is a key event in melanoma
formation.

The mitfa:BRAFV*%%F;p537~ and mitfa:EGFP:NRAS?'K;p537/
zebrafish models were previously shown to generate tumors that
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Fig. 4. crestin: EGFP turns on at 9—12 weeks of age. Two examples of casper;mcr:NRAS; crestin: EGFP zebrafish at 4—16 weeks post-fertilization. The crestin: EGFP transgene appears
to be activated at between 9 and 12 weeks of age. Scale bars represent 1000 um for all images.

pathologically resembled human melanoma (Dovey et al., 2009; Patton
et al., 2005). In these stable lines, neither the mitfa:BRAFV5°°F nor
mitfa:EGFP:NRAS?!X alone were sufficient to generate melanomas.
In our rapid transgenic model, we overexpress NRAS?®® in the
rescued melanocytes of casper zebrafish. Despite wildtype levels of
p53, malignant melanoma onset occurs at 9-12 weeks, which is
substantially faster than the stable BRAF and NRAS p53-deficient
lines (Dovey et al., 2009; Patton et al., 2005). The greatly accelerated
tumor onset in the mcr:NRAS fish suggests that other aspects of the
model, such as transient injection and melanocyte rescue, may account
for this difference. Interestingly, the two previously generated
mitfa:EGFP:NRAS?®'X stable lines had widely varying copy numbers
of the NRAS transgene, with one having significantly higher levels of
the NRAS®®'¥ transcript than the other (Dovey et al., 2009). Despite
these differences, neither line developed tumors with wildtype levels of
p53 and had similar rates of onset when p53 was lost, suggesting that
the levels of NRAS might not play a major role in oncogenesis (Dovey
et al., 2009). The formation of melanoma using only one oncogenic
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driver has been demonstrated previously in kita-GFP-HRAS zebrafish
(Santoriello et al., 2010). The rapid onset time and high frequency of
tumorigenesis suggests that NRAS is the sole driver of tumorigenesis in
our model.

In our model system, the tumors that arise prior to malignant
melanoma initiation do not express crestin, do not form tumors upon
transplantation, and lack definitive cytomorphologic evidence of ma-
lignancy. These early tumors are reminiscent of giant Congenital
Melanocytic Nevi (CMN), a benign melanocytic tumor that may cover
a large area of the body. Although small and medium congenital nevi
harbor both NRAS and BRAF mutations, 94.7% of giant CMNs contain
a mutation in NRAS, with exome sequencing verifying that it is the sole
recurrent somatic event driving CMN (Charbel et al., 2013). Patients
with CMN have a significantly increased risk of developing melanoma
proportional to the lesion size, reaching up to a 10% risk for lesions >
40 cm in diameter (Krengel et al., 2006). In our model, we see nearly
100% transformation of these lesions to melanomas. This suggests that
the mcr:NRAS fish may represent a model to study the subset of
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Fig. 5. NRAS-driven melanomas express a neural crest progenitor gene signature. (A-D) qRT-PCR results showing the neural crest genes crestin, sox10, dlx2a, and mitfa. ns=not
significant; *p < 0.05; * ***p < 0.0001 calculated using a two-way ANOVA with a Tukey's multiple comparisons test. n = 3-8 fish per condition.

patients with CMN that develop malignant melanomas from a pre-
existing nevus.

These studies describe the evolution of NRAS-mutant melanoma in
a novel zebrafish model system. Our data suggest that melanocytes in
mer:NRAS fish undergo a massive expansion beginning at around 2
weeks of age. This hyperproliferation results in the formation of a
hyperpigmented benign nevus harboring the same mutation as the
majority of CMN. We believe that some cells within the nevus then
undergo oncogenic transformation, leading to the formation of malig-
nant melanoma. The increase in neural crest progenitor genes coin-
cides with transformation, indicating that reprogramming to a neural
crest progenitor state plays a role in NRAS-driven melanoma initiation.
Further studies are required to determine the precise molecular
mechanisms driving this transformation event; however, we speculate
that NRAS?®'R induces melanocytes to hyperproliferate and that
neural crest progenitor reprogramming could enable them to overcome
oncogenic senescence and undergo transformation. In conclusion, the
mer:NRAS model system reported here provides a rapid tool with
which to study the role of neural crest reprogramming in melanoma
initiation and identify novel therapies for NRAS-mutant malignant
melanoma.
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4. Materials and methods
4.1. Generation of mcr:NRAS zebrafish

The NRAS ORF was PCR-amplified from ¢cDNA of SK-MEL-2 cells
and topo-cloned into the pEntrD vector. A clone containing the Q61R
mutation was identified by sequencing and used to generate the
mer:NRAS plasmid by Gateway reaction. mer:NRAS was injected into
either casper, nacre, or casper;crestin: EGFP zebrafish along with Tol2
mRNA at a concentration of 25 ng/uL. This study was performed in
strict accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health.
The animal research protocol was approved by the Institutional Animal
Care and Use Committee of Boston Children's Hospital. All zebrafish
used in this study were maintained and euthanized under the guide-
lines of the Institutional Animal Care and Use Committee of Boston
Children's Hospital.

4.2. Histology

Fish were euthanized and fixed in 4% paraformaldehyde overnight
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at 4 °C. Paraffin embedding, sectioning, Hematoxylin and Eosin (H &
E) staining were performed according to standard techniques by the
Brigham & Women's Hospital Pathology Core. Histologic sections were
reviewed by a pathologist (JKM) and classified as F-nevi when the
tumors were composed of well differentiated pigmented melanocytes
without overt cytologic atypia or evidence of local tissue invasion.
Tumors were classified as MTIP lesions when they showed a pushing
invasive front into underlying tissue with minimal cytologic atypia. In
contrast, malignant melanomas were composed of well-to-poorly
differentiated melanocytic tumors that showed variable amounts of
pigmentation with an infiltrative/invasive growth pattern into adjacent
tissues that often showed marked cytologic atypia characterized by
cytomegaly, sometimes profound nuclear enlargement, and prominent
nucleoli. Immunohistochemistry was performed with 5 um thick for-
malin-fixed, paraffin-embedded tissue sections using the Leica
Biosystems Bond III automated staining platform. Antibody Phospho
ERK (p44/42 MAPK) from Cell Signaling Technologies, catalogue #
4370, clone D13.14.4E, was run at 1:500 dilution using the Leica
Biosystems Refine Detection Kit with citrate antigen retrieval.

4.3. Imaging and quantitation

Zebrafish were anesthetized with 4% MS-222 (Western Chemical
Incorporated) and imaged on a Nikon SMZI18 Stereomicroscope.
Histological images were taken on an Olympus BX41 scope with an
attached Olympus DP70 camera. Tumors categorized as MTIP or
melanoma were measured for depth of invasion beneath the basement
membrane underlying the mucosal surface of the fish in millimeters.
Additionally, tumors were scored on an individual basis for predomi-
nant morphologic pattern (epithelioid, spindle cell, pleomorphic) and
degree of cytologic atypia. In total, sixteen 4 week old fish, nine 8 week
old fish, and twelve 20 week old fish were evaluated for histology.

4.4. Transplant

4.4.1. Preparation of mer:NRAS donor material

The mecr:NRAS zebrafish were euthanized using ice, in accordance
with the Boston Children's Hospital IACUC protocol. Early tumors (or
pigmented lesions) were harvested from 4 week old mcr:NRAS using
forceps and a scalpel under the Zeiss Discovery V8 Stereomicroscope.
In parallel, established tumors were harvested from 20 week old
mer:NRAS zebrafish using forceps and a scalpel. We harvested tumors
from three 20 week old donors and eleven 4 week old donors. The
harvested tumor material was immediately placed in a 10 cm petri dish
containing 2 mL of DMEM/F12 (Life Technologies), 10 x Penicillin
Streptomycin (Life Technologies), 0.075 mg/mL of Liberase (Roche).
The tumor material was incubated at room temperature for 30 min,
and manually disaggregated with a clean razor every 10 min. Liberase
was inactivated with the addition of 15mL of buffer containing
DMEM/F12 (Life Technologies), 10 x Penicillin Streptomycin (Life
Technologies), and 15% heat-inactivated FBS (Life Technologies). A
40 um filter (Becton Dickinson) was used to filter the resuspended
tumor cells into a conical. Total cell numbers were calculated using a
hemocytometer and the tumor cell suspension was centrifuged at 500
ref for 5 min.

4.4.2. Transplantation of mcr:NRAS donor material into casper
recipients

Adult casper fish were sub-lethally irradiated at 30 Gy split over 2
days and housed in isolation tanks. The recipients were anesthetized
using 4% MS-222 (Western Chemical Incorporated) from a 4 g/L stock
in a light-protected bottle. The anesthetized recipients were placed on a
damp sponge and subcutaneously transplanted using a beveled 26 G
Hamilton syringe (Hamilton) with 3 uL of 100k tumor cells in the
dorsal cavity. Each donor tumor went into 3-5 recipients. The
transplanted recipients were immediately placed in an isolated recov-
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ery tank and monitored daily with water changes. Tumor engraftment
was assessed 14 days and 21 days post transplantation. Each data point
on the graph in Fig. 3B and Supp. Fig. 4A represents the average tumor
area for the 3-5 recipient fish for each donor.

4.5. FACS analysis

Single cell casper;crestin:EGFP embryos were injected with
mitf:mCherry and mcr:NRAS along with Tol2 mRNA at a concentra-
tion of 25ng/uL. Nine 4 week old and nine 20 week old
casper;crestin: EGFP;mitf:mCherry;mcr:NRAS fish were sacrificed
FACS analysis. A single gross tumor from each of the 20 week old fish
and the whole body of 4 week old fish were individually chopped for 1-
2 min. The finely chopped tissue was suspended in 3 mLs of TrypLE
Express (ThermoFisher Scientific) and incubated at 37 °C shaking at
300 rpm for 30 min. Samples were filtered through a 40 um filter and
washed with 5mL of FACS buffer, consisting of DPBS (Life
Technologies), 10 x Penicillin Streptomycin (Life Technologies), and
2% heat-inactivated FBS (Life Technologies). Samples were centrifuged
at 500 rcf for 5 min and resuspended in 150 uL. FACS buffer. Samples
were stained with SYTOX blue (ThermoFisher) immediately before
sorting and analyzed for live (SYTOX blue negative), EGFP and/or
mCherry positive cells on a FACSAria II (BD Biosciences).

4.6. gqRT-PCR

Tumors were removed from 4, 8, and 20 week old casper;mcr:NRAS
fish and 20 week mitfa:BRAF°°F;p537/";nacre;mer:Empty fish. Wild
type zebrafish skin was used as a normalization control. Total RNA was
isolated using the Qiagen RNeasy Mini Kit. First strand complementary
DNA was synthesized from 500 ng of total RNA in a 20 pL reaction using
SuperScript III Reverse Transcriptase (Invitrogen). Quantitative Real-
time PCR was performed with C1000 thermocycler (Bio-Rad) using the
SYBR GreenER qPCR SuperMix (Invitrogen). Primer sequences are
presented in Supplementary Table 1. For each experimental sample,
ACT was calculated by subtracting the CT value for b-actin from the CT
value for the target gene. AACT was then calculated for every gene by
dividing the ACT of the average wild type skin by the ACT of the sample.

4.7. Statistics

A log rank Mantel-Cox test was used to analyze statistical sig-
nificance in tumor-free survival curves. For multi-group analysis, such
as the depth of invasion at multiple weeks, a one-way ANOVA was
used. A two-way ANOVA was used for grouped analysis of transplant
engraftment area taken over two time points. For comparisons between
transplant engraftment area, an unpaired t-test was used. A two-way
ANOVA with Tukey's multiple comparisons test was used to compare
between multiple time points and across multiple genes in the qRT-
PCR analysis. The calculations were performed using GraphPad Prism
7 (GraphPad Software).
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