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Abstract
The neural crest provides an excellent model for the study of cellular behavior
during development. Arising at the border of neural and non-neural ectoderm, this
dynamic cell population migrates throughout the embryo and differentiates into a variety
of tissue types, including pigment cells like melanocytes. Previous work indicates that
melanocytes re-acquire a neural crest cell fate during the process of malignant
transformation. To better understand pathways that regulate neural crest development
and identify potential therapeutic avenues for melanoma treatment, I conducted a screen in
primary zebrafish embryo cultures for chemicals that decrease neural crest formation, as
read out by crestin:EGFP expression. This led to the identification of chemicals that disrupt
neural crest development and reduce melanoma viability. First, I found that the natural
product caffeic acid phenethyl ester (CAPE) disrupts neural crest gene expression,
migration, and melanocytic differentiation in zebrafish embryos by inhibiting Akt and
reducing Sox10 activity. CAPE inhibits PI3K/Akt signaling specifically in FGF-stimulated
cells, and neural crest defects in CAPE-treated embryos are suppressed by constitutively
active Akt1. Inhibition of Akt activity by constitutively active PTEN similarly decreases
crestin expression and Sox10 activity in zebrafish embryos. This work addresses a
knowledge gap in the mechanisms of neural crest development and suggests that Akt may
play a cell type-specific role in melanoma initiation in additional to its canonical role in cell
iii

survival and proliferation. Second, I discovered that the calcium channel inhibitor
mibefradil selectively kills melanoma cells and reduces tumor burden in a zebrafish
transplant model of melanoma. This work indicates that melanoma cells share chemical
sensitivities with the embryonic neural crest and may lead to the development of novel
therapeutics. In summary, my work has generated insight into both neural crest and
melanoma biology and lays a foundation for future studies of melanoma initiation and
treatment.
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Chapter 1
Introduction

Overview
The aim of my work was to discover cell type-specific chemical sensitivities in the
neural crest with the goals of better understanding neural crest development and finding
novel therapeutic avenues for melanoma treatment. Melanocytes, the cells that become
transformed in melanoma, arise from the neural crest during embryonic development.
During the process of malignant transformation, melanocytes re-activate embryonic neural
crest gene expression programs to promote cell survival, proliferation, and metastatic
capacity (Boiko et al. 2010; Civenni et al. 2011; Gupta et al. 2005; Scholl et al. 2001;
Kaufman et al. 2016). Therefore, understanding pathways required for neural crest gene
expression and cellular survival can improve our understanding of melanoma initiation
and point to novel therapeutics. My work has achieved both of these goals by identifying a
requirement for PI3K/Akt pathway activation in neural crest development and showing
that ion channel inhibitors selectively reduce the viability of both neural crest and
melanoma cells.
The neural crest is a transient embryonic progenitor cell population common to all
vertebrates. Neural crest cells arise at the dorsal neural tube between the neural and nonneural ectoderm and migrate throughout the embryo, eventually producing diverse cell
types including cranial bone and cartilage, peripheral neurons, and pigment cells like
melanocytes. Though there are many genes that mark the neural crest, including neural
crest-specifying transcription factors, crestin is special because it is exclusively expressed
in embryonic tissue (Luo et al. 2001; White et al. 2011). In a fish model of melanoma, or
cancer of melanocytes, crestin is aberrantly re-expressed in adults (White et al. 2011). This
observation drove studies to understand the relationship between the neural crest and
2

melanoma initiation, including the creation of a transgenic reporter fish that expresses
enhanced green fluorescent protein under the control of the crestin promoter, hereafter
referred to as crestin:EGFP.
What determines crestin:EGFP expression in the neural crest? The crestin promoter
can be pared down to a 296 base pair fragment that recapitulates expression of
endogenous crestin mRNA (Kaufman et al. 2016). This fragment contains binding sites for
neural crest specifiers including Sox10, Mitf/Myc, Pax3, and Ap2. All of these except Pax3
contribute to the neural crest-specific expression of crestin (Kaufman et al. 2016). Though
crestin appears to be expressed in all neural crest cells, it is biased toward the trunk neural
crest as compared to other factors like Sox10 (Figure 6).
Neural crest specifiers are transcription factors that orchestrate neural crest cell
identity by activating transcriptional programs for neural crest cell behaviors such as
epithelial-to-mesenchymal transition and directed cell migration. Neural crest specifiers
also regulate one another and other transcription factors that control cellular
differentiation into one of the many neural crest-derived cell types. While it is wellestablished that the precursors to neural crest, neural plate border cells, are induced by a
combination of Wnt, BMP, and FGF signaling, which factors regulate subsequent neural
crest specifier expression and activity are largely unknown. Being a readout for neural
crest specifier activity, crestin:EGFP is a useful tool for identifying such factors. Section
three of the introduction reviews the current literature on signals and pathways regulating
neural crest development.
The crestin:EGFP transgenic reporter retains neural crest-specific expression in
culture, as my studies in Chapter 2 indicate. This allowed me to use the reporter in a high-
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throughput in vitro screen for small molecules that disrupt neural crest development. I
found that the natural product caffeic acid phenethyl ester (CAPE) dramatically reduced
crestin:EGFP expression in vivo without changing neural crest cell number, as presented in
Chapter 3. Mibefradil, on the other hand, did not affect neural crest development in vivo but
showed selective toxicity toward melanoma cell lines as compared to non-melanoma cell
lines, indicating a lineage-specific effect on cellular survival. These results and in vivo
melanoma studies are presented in Chapter 4.
The zebrafish is particularly well-suited to chemical screening because of its high
fecundity and ex vivo embryonic development. Though zebrafish allow for facile generation
and visualization of fluorescent reporters using transgenic approaches, screens using
fluorescent reporters present a challenge in these quickly developing embryos. Particularly
for a transient cell population like the neural crest, reporter expression levels and patterns
may change dramatically over the course of analysis, in which each embryo must be
manually observed. Furthermore, chemicals can delay embryonic development,
additionally complicating fluorescent readouts. In order to use the crestin:EGFP reporter
for chemical screening, I developed a protocol for growing neural crest cells in
heterogeneous cultures of whole embryos. These cultures retain cell type heterogeneity to
address cell type specificity while allowing for automation of both chemical treatment and
data analysis. Furthermore, they maintain stable expression of crestin:EGFP over days of
culture, in contrast to crestin:EGFP expression in vivo, which is maintained at a high level
for only 6-8 hours.
In summary, I have developed a novel neural crest culture protocol to screen for
chemicals that disrupt neural crest development. I focused on two chemicals that scored in
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two different follow-up assays: CAPE, a natural product with many reported biological
activities, and mibefradil, an ion channel blocker that has been previously used in the clinic.
Mibefradil selectively kills melanoma cells compared to other cell types by an unknown
mechanism. CAPE directly affects neural crest gene expression in zebrafish embryos
without changing cell number. CAPE acts at least in part by decreasing Sox10 activity
downstream of Akt activation. This observation suggests a cell type-specific role for
PI3K/Akt in melanoma initiation, in addition to its general role in cellular survival and
proliferation. My work has identified Akt as a novel intracellular pathway required for
neural crest development and suggests that melanoma cells share chemical sensitivities
with the embryonic neural crest.

5

Melanoma and neural crest cell fate
Current state of melanoma therapy
Melanoma is the most deadly form of skin cancer. Incidence rates are rising
worldwide, with an estimated 87,110 new cases in the United States in 2017 (Siegel, Miller,
and Jemal 2017). While localized disease is effectively treated by surgery, patients with
metastatic melanoma face a five year survival of 5-19% (Sandru et al. 2014). Therapies for
advanced melanoma have historically been very limited, but many new agents have been
approved in the past 6 years, including BRAF inhibitors, MEK inhibitors, and
immunotherapies targeting the cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) receptors. However in the vast majority of cases
these therapies do not maintain durable responses. Furthermore not all patients respond
initially, attesting to the value of identifying novel therapeutic targets for melanoma.
Approximately 50% of melanomas harbor an activating mutation in the BRAF
kinase, BRAF(V600E), which leads to activation of the mitogen-activated protein kinase
(MAPK) pathway (Davies et al. 2002). In phase 3 clinical trials, BRAF inhibitors
vemurafenib and dabrafenib produced a 48-50% response rate and 6.7-6.9 month
progression free survival in BRAF mutant metastatic melanoma (Chapman et al. 2011;
Hauschild et al. 2012). Dabrafenib has also been combined with the MEK inhibitor
trametinib, which targets a kinase downstream of BRAF, leading to an improvement in
progression free survival to 11.4 months (compared with 7.3 for dabrafenib alone) and an
improvement in response rate to 64% (compared to 51% for dabrafenib alone) (Robert et
al. 2015). Similar results were obtained in a second phase 3 trial (Grob et al. 2015). These
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data indicate that resistance to targeted therapy is still a major challenge in melanoma
treatment, even with the use of combination therapy.
Immune therapies have seen recent success in the treatment of melanoma
independent of the presence of a specific mutation. The natural immune response is
diminished by activation of the PD-1 or CTLA-4 receptors on cytotoxic T lymphocytes, so
blocking these receptors can lead to improved antitumor immune response. Ipilimumab, a
monoclonal antibody against CTLA-4, was approved by the FDA in 2011. Since then many
studies of this and other therapies including nivolumab and pembrolizumab, which target
PD-1, have been conducted in metastatic melanoma patients. Current studies indicate that
immune therapies can produce durable responses in a subset of patients. Some
ipilimumab-treated patients have been followed for up to a decade, and a pooled analysis
indicated that approximately 20% of patients who survived at least 3 years following their
first dose of the drug experienced a durable response and long-term survival (Schadendorf
et al. 2015). However, fewer patients respond to immune therapies initially, with 11%
responding to ipilimumab, 32% responding to nivolumab, and 33% responding to
pembrolizumab in phase 3 trials (Ribas et al. 2016; Weber et al. 2015; Hodi et al. 2010).
Immune therapies can also cause severe immune-related side effects including hepatitis,
enterocolitis, and dermatitis since the targeted molecular interactions normally function to
prevent autoimmunity (Hodi et al. 2010).

Crestin is a biomarker of melanoma in zebrafish
One motivation of my work was to identify pathways involved in neural crest
development that might be relevant to melanoma biology. This could lead to identification
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of novel therapeutic targets that selectively affect neural crest and melanoma cells. Cell
type-specific therapies have the potential for a high therapeutic index and broad
applicability in melanoma.
The connection between the neural crest and melanoma came from the observation
that the embryonic neural crest marker crestin is re-expressed in zebrafish melanoma
(White et al. 2011). Crestin has no known function and is a member of a multicopy family of
retroelements (Rubinstein et al. 2000). A virally-derived element likely acquired neural
crest regulatory DNA at some point in fish evolution, transposing it to various locations
across the genome. The lab uses a p53 null model in which human oncogenic BRAF(V600E)
is expressed under the control of the melanocyte-specific mitfa promoter (Patton et al.
2005). Zebrafish melanoma also shares a transcriptional signature with embryonic neural
crest cells, including high expression of neural crest genes like ednrb and sox10 (White et al.
2011). These observations led to the hypothesis that chemicals that disrupt neural crest
development in zebrafish embryos might point to novel targets for melanoma therapy. An
in situ hydridization (ISH)-based screen of 2000 small molecules identified the
dihydroorotate dehydrogenase (DHODH) inhibitor NSC210627 as an inhibitor of crestin
expression (White et al. 2011). A second DHODH inhibitor, leflunomide, had been shown to
decrease melanocyte number Xenopus (frog) embryos and was subsequently shown to
produce the same effect as NSC210627 on crestin expression in zebrafish (White et al.
2011).
DHODH catalyzes the fourth step in de novo pyrimidine nucleotide biosynthesis: the
conversion of dihydroorotate to orotate. Analogously, germline mutation of DHODH in
humans results in Miller syndrome, characterized by craniofacial defects similar to other
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neurocristopathies (Ng et al. 2009). These data suggest that certain cell types are uniquely
sensitive to DHODH inhibition, which may be due to deficiencies in nucleotide salvage
pathways. DHODH inhibition by leflunomide modulates transcriptional elongation in
zebrafish embryos, resulting in the downregulation of neural crest genes such as crestin,
sox10, and mitfa. In human melanoma cell lines, leflunomide acts through a similar
mechanism, decreasing transcriptional elongation of MYC target genes. MYC regulates
transcriptional pause in embryonic stem cells and is essential for the development of
neural crest (Rahl et al. 2010; S.-K. Hong, Tsang, and Dawid 2008).
Given the effect of leflunomide on the neural crest lineage, the metabolized form of
leflunomide, A771726, was tested for its effect on the proliferation of human melanoma
cell lines. A771726 was found to have an antiproliferative effect on melanoma cell lines but
less of an effect on non-melanoma cell lines. A771726 synergized with PLX4720 in
BRAF(V600E) melanoma cell lines to further reduce proliferation, particularly at low
concentrations of PLX4720 and high concentrations of A771726. Furthermore, treatment
of mouse xenografts with leflunomide and PLX4720 also produced a synergistic antitumor
effect, and near complete tumor regression occurred in 40% of animals (White et al. 2011).
These studies indicated that neural crest and melanoma cells share chemical sensitivities
and supported the logic of conducting a larger-scale screen for chemicals that affect neural
crest development.

Cross species evidence for neural crest cell fate in melanoma
Since crestin proved to be specific marker of zebrafish melanoma, Dr. Charles
Kaufman, a former postdoctoral fellow in the lab, created the crestin:EGFP reporter fish to
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follow the process of melanoma tumorigenesis in real time (Kaufman et al. 2016) (see
appendix). He found that patches of crestin:EGFP-expressing cells arose on the skin of fish
as precursors to overt tumors, indicating the reactivation of a neural crest progenitor state
(Kaufman et al. 2016). This change in cell fate appears to be a universal feature of the
BRAF/p53-driven zebrafish melanomas and represents a barrier to melanoma initiation. In
support of this hypothesis, overexpression of the neural crest specifier sox10 accelerated
tumor onset, and CRISPR/Cas9-mediated disruption of sox10 delayed tumor onset with a
bias toward mutations that preserve sox10 function (Kaufman et al. 2016). In support of a
neural crest progenitor state in human melanoma, evaluation of human melanoma cell
lines revealed the presence of super-enhancers at the genomic loci of neural crest
specifiers SOX10 and DLX2 based on ChIP-seq for acetylated H3K27 (Kaufman et al. 2016).
These super-enhancers were specific to melanoma cell lines and shared with human neural
crest cells derived from embryonic stem cells.
In melanocytes, neural crest specifiers such as SOX10 and PAX3 are important
regulators of the master regulator of the melanocyte lineage, MITF, and bind directly to its
promoter. MITF regulates the expression of pigmentation genes and genes required for cell
survival and proliferation of melanoma (Uong and Zon 2010; Levy, Khaled, and Fisher 2006).
Neural crest specifiers are also important for the growth, maintenance, and metastatic
potential of melanoma (Shakhova et al. 2012; Scholl et al. 2001; Boiko et al. 2010; Civenni et al.
2011; Gupta et al. 2005). SOX10 is expressed in human melanomas (48/48 tumors tested)

and in an NRAS-driven mouse model of melanoma. SOX10 is essential for tumor formation
and maintenance in this model, as well as in murine xenografts of human cell lines
(Shakhova et al. 2012). The neural crest specifier PAX3 also has a role in melanoma
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maintenance. In one study, greater than 75% of human melanomas tested showed PAX3
expression, and knock down of PAX3 in human melanoma cell lines induced apoptosis
(Scholl et al. 2001).

Reactivation of neural crest progenitor programs for epithelial-to-mesenchymal
transition (EMT) and migration may make an important contribution to the invasive and
metastatic nature of melanoma. Gupta et al. showed that the melanocyte lineage is
predisposed to metastasis by comparing the metastatic potential of transformed primary
melanocytes to other cell types transformed with the same oncogenes (Gupta et al. 2005).
Metastatic potential was dependent upon the neural crest specifier SLUG.
The success of leflunomide in melanoma models and evidence for the role of neural
crest specifiers in melanoma supported the utility of screening for chemically-targetable
pathways that regulate neural crest specifier activity. The crestin:EGFP reporter allowed
me to do this in a high-throughput manner.
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Signals and pathways in neural crest development
Independently of potential applications to melanoma, neural crest chemical
sensitivities can point to novel pathways required for neural crest development. The neural
crest is an excellent model system for the study of cell fate regulation during development
since it can differentiate into diverse tissue types including tissues canonically derived
from both mesoderm (e.g. bone and cartilage) and ectoderm (e.g. peripheral neurons and
glia). Hence the neural crest is sometimes referred to as the fourth germ layer (B. K. Hall
2000). Neural crest cells are also highly migratory. From their place of origin at the dorsal
neural tube, they undergo an epithelial-to-mesenchymal transition and migrate ventrally
and laterally in the trunk and caudally into the head where they will, at least for the most
part, terminally differentiate. Neural crest development raises many questions that have
captured the attention of developmental biologists for decades. How is neural crest cell fate
established? What signals regulate neural crest differentiation choice and migration? How
are the two related? Are neural crest cells multipotent and how long do they retain this
potential? I will review the historical and current literature surrounding these and other
questions in the following sections.

Early lineage tracing studies
Neural crest biology has a long history beginning with classical embryology of the
late nineteenth century. The neural crest was first recognized in the avian embryo as a
band of cells between the neural tube and epidermal epithelium (His 1868). Controversy
arose when it was proposed that apparently ectodermal neural crest cells could produce
skeletal and connective tissue, as this contradicted the widely accepted tenet of germ layer

12

theory that skeletal and connective tissues are derived from mesoderm (Landacre 1921).
The term ectomesenchyme was coined by de Beer in 1947 to describe such tissues, and
they have since been referred to as mesectoderm as well (De Beer 1947; Le Douarin et al.
2004). Early fate-mapping studies were conducted in frogs and chicks using surgical tissue
ablation, vital dyes, and tissue transplantation. These studies established contribution of
neural crest to dorsal root ganglia, Schwann cells, bone, tooth, cartilage, and
chromatophores (Hörstadius 1950).
In subsequent fate-mapping studies, two tools facilitated identification of donor
nuclei in grafting experiments: tritiated thymidine and a quail-specific nucleolar marker. Le
Douarin and colleagues used transplants of quail cells into chick embryos to establish a fate
map of neural crest cells along the anterior-posterior axis. They found that grafts at all axial
levels produced peripheral neurons and pigment cells, while only cranial level grafts
produced mesectoderm (Le Douarin et al. 2004). This general finding has since been
validated in other organisms including fish, frogs, and mice.

Neural plate border induction
During the process of neurulation, the edges of the neural plate where neural and
non-neural ectoderm meet fold and fuse to produce the neural tube, a structure that will
ultimately generate the entire central nervous system. Notably zebrafish do not have
neural folds that come together to form the neural tube but a neural keel, a solid rod which
hollows out to form the neural tube. In either case, neural crest cells arise at the dorsal side
of the neural tube, a process that can occur either before, during, or after neural tube
formation depending on the species (Jones and Trainor 2005). In zebrafish, neural crest
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migration begins prior to hollowing of the neural keel (Schilling and Kimmel 1994). Neural
plate border cells are precursors to neural crest cells and are specified by a set of
transcription factors including Pax3/7, Msx1/2, Dlx3/5, Zic1, and Tfap2 (Sauka-Spengler
and Bronner-Fraser 2008). Many recent studies have focused on the morphogens required
for neural plate border and subsequent neural crest induction. It is clear that many
pathways play an important role in this process including BMP, Wnt, and FGF.
One of the first pathways identified as playing a role in neural crest induction is
bone morphogenic protein (BMP). BMPs are members of the TGF-β superfamily of ligands
and play a role in many developmental processes in the early embryo including
dorsoventral patterning and anterior-posterior axis formation. In the developing ectoderm,
BMPs promote epidermal cell fate and suppress neural cell fate (Wilson and HemmatiBrivanlou 1995). Secretion of BMP inhibitors such as Noggin and Chordin therefore lead to
neural induction (Lamb et al. 1993; Y. Sasai et al. 1994). It has been proposed that
intermediate levels of BMP signaling induce the neural plate border, but the timing and
source of these signals are a matter of debate and may vary between species (LaBonne and
Bronner-Fraser 1999). For example it was found in Xenopus that expression of BMP
antagonists expands neural crest markers, but this does not hold true in chicks (Streit and
Stern 1999; LaBonne and Bronner-Fraser 1998; Marchant et al. 1998). In chicks, BMP
signaling may be involved later. BMP expression is high in the dorsal neural tube during
neural tube closure and inhibition on BMP at this time point prevents induction of neural
plate border markers (Selleck et al. 1998).
It was quickly realized that BMP signaling alone was not sufficient to induce neural
plate border specifiers. A requirement for Wnt signaling in neural crest induction was
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found in frogs, fish, and chicks (LaBonne and Bronner-Fraser 1998; García-Castro, Marcelle,
and Bronner-Fraser 2002; Deardorff et al. 2001; Bang et al. 1999; Lewis et al. 2004). Wnt
was furthermore found to be sufficient for neural crest induction in chicks using cell
cultures in a defined medium (García-Castro, Marcelle, and Bronner-Fraser 2002). In mice,
Wnt may be necessary at a later stage of neural crest development, as Wnt deficient mice
show defects in specific neural crest derivatives (Brault et al. 2001; Ikeya et al. 1997).
Fibroblast growth factor (FGF) signaling has also been shown to play a role in neural
plate border specification in frogs, fish, and chicks (Yardley and García-Castro 2012;
Monsoro-Burq, Fletcher, and Harland 2003; Mayor, Morgan, and Sargent 1995; Stuhlmiller
and García-Castro 2012; Garnett, Square, and Medeiros 2012). For example it was
demonstrated in zebrafish that inhibition of FGF signaling using the small molecule SU5402
reduces expression of the neural plate border specifier pax3a and that this gene contains
two intronic enhancers that both respond to FGF inhibition (Garnett, Square, and Medeiros
2012).
In addition to the major three pathways mentioned above, Notch and retinoid
signaling also have a demonstrated role in neural plate border specification. Notch
signaling acts at least in part upstream of BMP (Endo, Osumi, and Wakamatsu 2002; Glavic
et al. 2004). Notch plays a dual role in neural crest development, first regulating neural
plate border induction and later affecting fate choice of neural crest cells (Cornell and Eisen
2005). Retinoic acid is a posteriorizing signal during development and can induce neural
crest marker expression in the anterior neural plate border, which normally becomes the
forebrain (Villanueva et al. 2002).
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Embryonic stem (ES) and induced pluripotent stem (iPS) cells have also provided
information about the signals required for human neural crest development. Though many
protocols have been developed for the generation of neural crest from ES or iPS cells, they
share inhibition of BMP/TGF-β signaling, and more efficient recently-developed methods
also use activation of Wnt via GSK3β inhibition (G. Lee et al. 2010; Chambers et al. 2009;
Menendez et al. 2011; Mica et al. 2013; Leung et al. 2016). This work suggests that signals
discovered in model organisms also regulate human neural crest development.

Neural crest specification
As development proceeds, neural plate border specifiers regulate the expression of
both one another and downstream neural crest specifiers including Snail1/2, Twist,
Sox9/10, Foxd3, Myc, Ets1, Ap2, and Id family members (Sauka-Spengler and BronnerFraser 2008). These factors define the cell population known as premigratory neural crest
and are responsible for initiating neural crest behavioral programs such as epithelial-tomesenchymal transition (EMT).
Neural plate border cells can become both neural and non-neural ectodermal
derivatives in addition to neural crest. Experimental evidence indicates that this fate choice
may not occur until neural crest cells delaminate from the neural tube. A single dorsal
neural tube cell can give rise to both neural tube and neural crest derivatives, and a single
neural fold cell labeled prior to neural tube closure can produce neural tube, neural crest,
and epidermal derivatives (Bronner-Fraser and Fraser 1988; Bronner-Fraser and Fraser
1989; Selleck and Bronner-Fraser 1995; Serbedzija, Bronner-Fraser, and Fraser 1994;
Collazo, Bronner-Fraser, and Fraser 1993). Not all cells that initially express neural crest
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specifiers such as Snail2 will contribute to neural crest derivatives (LaBonne and BronnerFraser 1999). These results raise the question of what signals regulate the transition from
neural plate border to neural crest cells, which I addressed using chemical screening.
In at least one case relative levels of neural plate border specifiers can determine
cell fate. In Xenopus the neural plate border produces hatching gland and sensory placodes
in addition to neural crest. It was found that a higher level of Pax3 promotes hatching gland
fate, a higher level of Zic1 promotes preplacodal fate, and balanced expression of the two
transcription factors promotes neural crest cell fate (C.-S. Hong and Saint-Jeannet 2007).
In several cases the same signal that induces the neural plate border also acts
independently to promote neural crest specifier expression. In frogs and zebrafish, Wnt
signaling plays a reiterated role (Monsoro-Burq, Wang, and Harland 2005; Lewis et al.
2004; Sato, Sasai, and Sasai 2005). Wnt activation allows pax3 and zic1 to activate
transcription of neural crest specifiers including foxd3 and slug (Lewis et al. 2004; Sato,
Sasai, and Sasai 2005). BMP also plays a reiterated role in neural crest development. In
Xenopus, reduction of BMP signaling by the transcription factor Hairy2 results in the
upregulation of neural plate border genes and inhibition neural crest genes (Nichane et al.
2008). This is thought to maintain neural plate border cells in an undifferentiated state
until Id3 is expressed, which acts to inhibit Hairy2 activity and allow neural crest
specification (Nichane et al. 2008).
Neural crest cells appear to maintain developmental plasticity even after emigration
from the neural tube. In chick embryos, migrating neural crest cells transplanted into the
neural tube can contribute to ventral neural tube-derived tissues (Ruffins, Artinger, and
Bronner-Fraser 1998). Conversely, neural tube cells transplanted into neural crest
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migratory pathways can contribute to neural crest derivatives (Korade and Frank 1996).
This information is relevant to the development of neural crest cultures from whole
embryos, since it demonstrates that external signals can induce the production of neural
crest cells from cell types (like neural progenitor cells) that would not normally give rise to
neural crest.

Neural crest migration
An essential property of neural crest cells is their migratory capacity. Neural crest
migration is a complex process by which cells undergo EMT and migrate away from the
neural tube. Many signals contribute to this directional, collective cell migration, including
interactions among neural crest cells and between neural crest and surrounding tissues.
During the process of EMT, neural crest cells delaminate from the neural epithelium and
migrate in streams to their places of terminal differentiation. This process occurs in a
rostral to caudal direction along the neural tube (or neural keel), with the exact timing of
delamination with respect to neural tube closure depending on the species (Theveneau and
Mayor 2012).
Neural crest specifiers cooperate to induce the cytoskeletal rearrangements,
adhesion molecule switches, and basal lamina degradation necessary for migration
(Theveneau and Mayor 2012). Neural crest cells canonically undergo a switch from Ecadherin to N-cadherin expression, resulting in reduced cell adhesion and increased
motility. The neural crest specifier Snail directly binds the promoter of E-cadherin to
repress its expression (Cano et al. 2000; Batlle et al. 2000). Recent studies in zebrafish
indicate that retinoid signaling regulates neural crest EMT. After EMT initiation, N-cadherin
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is downregulated in favor of cadherin-7 and integrin-β1 expression. These changes are
thought to occur through the action of Sox9, Snail, and FoxD3 transcription factors (Cheung
et al. 2005; Taneyhill, Coles, and Bronner-Fraser 2007). To facilitate their migration
through extracellular matrix (ECM), neural crest cells produce matrix metalloproteases
such as those of the ADAM family. These enzymes can cleave cell surface adhesion
receptors in addition to remodeling the ECM.
Neural crest cells must arrive in a diverse array of embryonic locations. Cranial
neural crest cells begin migration collectively and rapidly split into streams that contribute
to cranial ganglia, bone, cartilage, and connective tissue (Theveneau and Mayor 2012). The
“neck” neural crest cells, posterior to the otic placode (developing ear) contribute to the
heart and form the enteric nervous system in the gut. Trunk neural crest cells form pigment
cells in the epidermis, dorsal root ganglia and sympathetic ganglia along the spinal cord,
and peripheral neurons/glia in diverse locations. These cells can migrate on either a
ventromedial pathway (between the somites and neural tube) or dorsolateral pathway
(between the somites and epidermis). Migration pathway correlates with cell fate choice
and is species-dependent. In zebrafish, pigment cell precursors migrate on both pathways,
while other lineages migrate only on the ventromedial pathway (Raible and Eisen 1994).
The signals that regulate persistence and directionality of neural crest migration
differ depending on anatomic location but invariably include both chemokines and cell-cell
interactions. Ephrins and Semaphorins are secreted molecules that regulate both cranial
and trunk neural crest migration through Ephrin receptors and Neuropilins, respectively.
Cranial neural crest cells rely on the “Ephrin code” in which specific combinations of
Ephrins and their receptors are expressed on neural crest cells and their surrounding
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tissues, restricting neural crest cell populations to different streams (Theveneau and Mayor
2012). Disruption of Ephrin and Semaphorin signaling results in the presence of neural
crest cells in normally neural crest-free zones, so these signals are restrictive (Baker and
Antin 2003; Mellott and Burke 2008; Davy, Aubin, and Soriano 2004; Helbling, Tran, and
Brändli 1998; Smith et al. 1997; Santiago and Erickson 2002; Gammill et al. 2006; Osborne
et al. 2005; Schwarz et al. 2008; Gammill, Gonzalez, and Bronner-Fraser 2007; H.-H. Yu and
Moens 2005; Schwarz et al. 2009). In chick and mouse, Ephrin and Semaphorin signaling
restricts trunk neural crest cells to the anterior sclerotome. In zebrafish, neural crest cells
are instead restricted to the medial somite, and the role of Ephrin and Semaphorin
signaling in this process has not been evaluated (Olesnicky Killian, Birkholz, and Artinger
2009).
Sdf1/Cxcr4 signaling, on the other hand, acts as a positive regulator of neural crest
migration. Cranial neural crest cells express the Cxcr4 receptor and respond to Sdf-1 in
their environment. In chick and mouse, disrupting this pathway leads to defects in both
cranial neural crest derivatives and in trunk ganglia, but in zebrafish a role for this pathway
has only been demonstrated in the cranial neural crest (Olesnicky Killian, Birkholz, and
Artinger 2009; Belmadani et al. 2009; Belmadani et al. 2005; Kasemeier-Kulesa et al. 2010).
Slit/Robo signaling prevents migration of non-vagal neural crest into the gut while
promoting overall motility of ventrally migrating neural crest cells (De Bellard, Rao, and
Bronner-Fraser 2003; Jia, Cheng, and Raper 2005). Endothelin signaling regulates neural
crest migration along the dorsolateral pathway, which is exclusively populated by pigment
cell precursors. Melanocyte precursors express EDNRB, allowing access to the dorsolateral
migration pathway, while neural and glial precursors express EDNRB2, restricting them
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from this pathway (Harris, Hall, and Erickson 2008; H.-O. Lee, Levorse, and Shin 2003; Pla
et al. 2005; Shin et al. 1999).
In addition to responding to extracellular ligands, neural crest cells exhibit
directional migration by virtue of contact with one another. High density neural crest
cultures respond much more efficiently to chemoattractants than isolated neural crest
cells, an observation which is explained by contact inhibition of locomotion (CIL)
(Theveneau and Mayor 2010). CIL simply refers to the halting of migration when two cells
collide. If only one free edge of a group of cells is exposed, they will collectively migrate
toward the free edge (Mayor and Carmona-Fontaine 2010). For neural crest cells, this
corresponds to the ventral direction, since neural crest cells are restricted laterally by the
inhibitory cues discussed previously. CIL has been validated as a mechanism for neural
crest migration in vivo in both zebrafish and Xenopus (Carmona-Fontaine et al. 2008). At
the molecular level, CIL is controlled in neural crest cells by the non-canonical Wnt/Planar
cell polarity pathway (PCP). Neural crest cells interact with one another by an N-cadherin
dependent mechanism that results in PCP activation at the site of contact (CarmonaFontaine et al. 2008; Carmona-Fontaine, Matthews, and Mayor 2008; De Calisto et al. 2005;
Matthews et al. 2008; Theveneau and Mayor 2010). PCP then regulates the activity of the
small GTPases RhoA and Rac1, master regulators of cellular migration that control
cytoskeletal dynamics. The result is polarization of cells and extension of protrusions away
from cell-cell contacts.
Neural crest migration is a complex process regulated by a variety of extracellular
signals derived from both chemokines and cell-cell contacts. Genetic studies indicate that
many of these signals are redundant or only contribute to a specific aspect of neural crest
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migration, but together they robustly direct neural crest cells to their appropriate
embryonic locations.

Neural crest differentiation
Lineage commitment of neural crest cells depends largely on axial level. Moving
from rostral to caudal, cranial neural crest cells produce bone, cartilage, neurons,
connective tissue, smooth muscle, and pigment cells. Cardiac neural crest contributes the
ventricular outflow tract of the heart. Vagal neural crest cells produce enteric neurons in
the gut. Trunk neural crest cells produce neurons, glia, endocrine cells, and pigment cells.
Axial location also corresponds with the transcriptional state of neural crest cells prior to
migration. In the cranial neural crest, Hox genes are expressed in more caudal populations,
while cells in the first pharyngeal arch forward do not express Hox genes (Bhatt, Diaz, and
Trainor 2013). As an example, disruption of Hoxa2 in mice results in the partial duplication
of first pharyngeal arch derivatives (Rijli et al. 1993). At the molecular level, Hoxa2 restricts
Sox9 expression. Sox9 directly regulates genes involved in chondrogenic differentiation, so
expansion of Sox9 expression results in ectopic cartilaginous structures (Kanzler et al.
1998).
In addition to Sox9, other neural crest specifiers mediate the lineage diversification
of neural crest, including Foxd3, Tfap2a, and Sox10. Foxd3 inhibits melanocytic
differentiation in multiple organisms (Curran, Raible, and Lister 2009; Kos et al. 2001;
Nitzan et al. 2013). In chicken embryos, Foxd3 regulates the switch between neural and
melanocytic lineages, reportedly by preventing Pax3 from binding to the promoter of Mitf,
the master transcription factor of melanocytic differentiation (Thomas and Erickson 2009).
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Interestingly, in zebrafish Foxd3 appears to have acquired a slightly different role. While
still repressing melanocyte formation, Foxd3 promotes the development of iridophores,
another pigment cell type (Curran, Raible, and Lister 2009). Zebrafish foxd3 mutants show
defects in peripheral neurons, glia, and cartilage, but not melanocytes (Stewart et al. 2006).
Zebrafish tfap2a mutants show reduced numbers of neurons and glia but not other
derivatives, while embryos deficient in both tfap2a and tfap2c lack all neural crest
derivatives (Barrallo-Gimeno et al. 2004). Sox10 mutants show defects in all but
ectomesenchymal lineages (Dutton et al. 2001).
In some cases, neural crest lineage specification occurs prior to migration while in
other cases, signals localized to a migratory pathway direct differentiation. Melanoblasts,
or melanocyte precursors, in particular appear to be specified early. Prospective
melanoblasts downregulate Foxd3 prior to neural tube emigration, and melanoblasts show
cell type-specific gene expression and pigmentation while migrating (Raible and Eisen
1994; Nitzan et al. 2013). Furthermore, as mentioned previously, expression of endothelins
on the surface of prospective melanoblasts regulates their ability to migrate on the
dorsolateral pathway. On the other hand, determination of ectomesenchymal versus neural
cell fate in the cranial neural crest is regulated by external signals along the migratory
pathways of neural crest cells, including FGFs, TGF-β, Sonic Hedgehog (Shh), and Wnts
(Bhatt, Diaz, and Trainor 2013). For example, in the frontonasal ectodermal zone (FEZ),
Shh and FGF8 are expressed in adjacent regions. Ectopic transplantation of the FEZ results
in duplication of beak structures in chicken embryos (Hu, Marcucio, and Helms 2003).
In addition to pigment cells, trunk neural crest cells form both autonomic and
sensory ganglia. Neuronal subtype specification is regulated by exogenous factors including
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Wnts, Neuregulins, BMPs (Bhatt, Diaz, and Trainor 2013). For example, expression of
constitutively active β-catenin, the transcriptional mediator of Wnt signaling, in mouse
neural crest cells results in the expansion of sensory neurons at the expense of other neural
crest derivatives (G. Lee et al. 2010). Like neural crest migration, neural crest
differentiation is regulated by a confluence of exogenous and endogenous factors that vary
according to temporal and spatial context.

Neural crest fate and plasticity
The degree to which neural crest cells are multipotent has been a matter of debate
for decades. Early lineage tracing studies in chick indicated that a single premigratory
neural crest cell could give rise to multiple cell types. In particular, about half of the cells
followed produced more than one type of derivative (Bronner-Fraser and Fraser 1988;
Bronner-Fraser and Fraser 1989). Similar results were obtained in mice and frogs (Collazo,
Bronner-Fraser, and Fraser 1993; Serbedzija, Bronner-Fraser, and Fraser 1994). A more
recent study in chick embryos showed that premigratory neural crest cells contribute to
only one type of derivative, which can be predicted from the timing and locating of their
emigration from the neural tube (Krispin et al. 2010). The reason for discrepancies
between this and earlier studies is unclear but could be related to variations in timing and
location of the cells being labeled (Dupin and Sommer 2012). A recent study in mouse
embryos using the Confetti model for lineage-tracing indicated that most premigratory and
migratory neural crest cells produce more than one type of derivative. In zebrafish, on the
other hand, single neural crest cells tend to produce only one type of derivative, though a
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minority of cells produce more than one (Schilling and Kimmel 1994; Raible and Eisen
1994).
While neural crest cells at a given axial level only produce a specific set of
derivatives, transplant experiments in multiple organisms indicate that they possess
greater developmental potential than is realized. Early studies were conducted in quailchick hybrids. Cranial neural crest cells transplanted into a trunk axial location contribute
to sympathetic ganglia, though they also produce ectopic cartilage (Le Douarin and Teillet
1974). In zebrafish, late migrating neural crest cells typically do not produce neurons, but
when early migrating cells were ablated, they gain the ability to do so (Raible and Eisen
1996). A notable exception to neural crest cell plasticity is the limited ability of trunk
neural crest cells to generate ectomesenchymal derivatives (Nakamura and Ayer-le Lievre
1982).
In vitro clonal studies have provided additional insight into neural crest
multipotency. While the degree of multipotency varies from cell to cell, early migrating
neural crest cells can be multipotent in vitro (Baroffio, Dupin, and Le Douarin 1988). In
some cases a single cell generated neural, glial, melanocytic, and ectomesenchymal
derivatives (Calloni, Le Douarin, and Dupin 2009; Calloni et al. 2007). In summary, neural
crest cells are biased by their axial level origin but generally retain the capacity to
differentiate into derivatives of other axial levels when directed by the appropriate signals.
Whether neural crest cells can truly be called stem cells is also a matter of debate.
Clearly some neural crest cells can produce multiple cell type derivatives, but are they
capable of self-renewal? In culture, multipotent neural crest cells can self-renew for at least
several cell divisions (Stemple and Anderson 1993; Trentin et al. 2004). Determining self-
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renewal capacity in vivo is more difficult, but the presence of multipotent neural crest cells
later in development and even into adulthood indicates that these cells either remain
quiescent or undergo self-renewing divisions (Dupin and Sommer 2012).

The neural crest as a model system
In conclusion, the neural crest is an excellent model system for the study of cellular
behavior during development. Neural crest cells are multipotent at early stages and
differentiate into distinct cell types in diverse environments. The mechanisms by which
differentiation occurs provide a framework for studies of cellular differentiation in other
systems. Furthermore, neural crest cells are an excellent model for EMT and cellular
migration, processes that are relevant in many other contexts, including cancer metastasis.
Both extracellular signals and downstream transcription factors that regulate neural crest
development have been extensively studied, and a challenge for the future is to connect
these factors at the level of transcriptional regulation.
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Chapter 2
Culture and chemical screening of zebrafish embryonic cells

Attributions
A portion of the text and results in this chapter were adapted from a book chapter
written by myself: “Embryonic Cell Culture in Zebrafish” from the Methods in Cell Biology
series (Ciarlo and Zon 2016) and a manuscript currently in press also written by me: “A
chemical screen in zebrafish embryonic cells establishes that Akt activation is required for
neural crest development.” The neural crest experiments were my own work. Beste
Kinikoglu and Eric Liao at Massachusetts General Hospital developed the original
formulation of the neural crest culture medium that I optimized for heterogeneous neural
crest cultures (Kinikoglu, Kong, and Liao 2013). The muscle work was the project of a
former graduate student in the Zon lab, Tony Xu. For this work on the differentiation of
zebrafish blastomeres into muscle cells, I evaluated muscle gene expression over time and
analyzed intracellular pathway activation after growth factor treatments. The rest of the
project was completed by Dr. Xu and others and is published (Xu et al. 2013) (see
appendix). Charles Kaufman made the crestin:EGFP transgenic zebrafish line. Thorsten
Schlaeger directed the facility where the neural crest chemical screen was conducted, the
Stem Cell Core at Boston Children’s Hospital, and provided guidance on chemical libraries
and data analysis. Dipti Gupta and Manav Gupta provided robotics assistance. Ilya
Shestopalov was instrumental in the initial screen assay development and assisted image
acquisition and analysis. Christopher D’Amato helped conduct experiments.

28

Introduction
While the zebrafish has proved a versatile model organism for studying in vivo
biology, cultured zebrafish cells have also provided a platform for controlled genetic and
chemical manipulation. More than 20 years ago, cells isolated from blastula stage embryos
were reported to retain embryonic stem cell characteristics in culture (Sun et al. 1995).
Since then zebrafish embryonic cell culture has retained relevance as a complementary
system to in vivo studies, with diverse applications including chemical biology, disease
modeling, and studies of cellular differentiation. While avoiding drawbacks of cell lines
such as adaptation to culture, zebrafish primary cell culture allows for precise control of
chemical cues received by cells, generation of homogenous populations of cells,
maintenance of transient cell populations, and facile chemical screening.
Zebrafish cell cultures facilitate studies of cellular differentiation with a defined set
of chemical cues (Norris et al. 2000; Huang et al. 2012; Xu et al. 2013). Like human
embryonic stem cells, cultured zebrafish blastomeres, the cells that make up blastula stage
embryos, can retain long-term pluipotency and germline competency (Ho et al. 2014; Fan
et al. 2004). However these cells can be induced to differentiate much more quickly than
human embryonic stem cells and can be maintained without feeder layers (Ho et al. 2014;
Myhre and Pilgrim 2010; Xu et al. 2013; Huang et al. 2012). While many developmental
studies can be conducted in vivo in zebrafish, blastomere cultures or cells derived from
blastomere cultures provide a distinct advantage in certain situations. Studies of
subcellular structure or localization, particularly in a specific tissue, can be difficult to
conduct in vivo. Furthermore, for studies in which a large amount of material is needed, a
homogenous population of cells can be generated from blastomeres. Genetic homogeneity
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can also be achieved by culture of blastomeres from single embryos and is essential for any
study of embryonic lethal mutants in which heterozygous carriers are used (Myhre and
Pilgrim 2010).
Another advantage of zebrafish cell cultures is the potential to maintain transient
cell populations. For example, neural crest progenitor cells can be isolated from early
somitogenesis embryos and maintained in culture for at least 3 days (Kinikoglu, Kong, and
Liao 2013). These cells are capable of differentiation over the course of 2-3 weeks into
neural crest-derived cell types including neurons, smooth muscle, pigment cells, and
chondrocytes, using similar chemical cues as for differentiation of human ES or iPS cells
(Kinikoglu, Kong, and Liao 2013). This culture system can be used to study the direct
effects of chemicals, growth factors, or genetic mutations on neural crest development,
proliferation, and migration.
Finally, zebrafish cell culture allows for facile chemical screening. Unlike intact
zebrafish embryos, zebrafish cells can be screened quickly in a completely automated
manner with standard robotics and image analysis software. Screening can be conducted in
either heterogeneous or homogeneous cell cultures. While heterogeneous cell cultures
provide cell-type specific information and do not require sorting, homogeneous cell
cultures provide optimal signal strength.
Chemical screening of zebrafish blastomeres has been used to identify chemicals
that promote endothelial cell fate. Huang et al. used cells from gastrula stage embryos to
identify chemicals that promote vascular endothelial cell differentiation (Huang et al.
2012). Transgenic flk1:GFP embryos were plated with chemicals at 80% epiboly and
cultured for five days before analysis of GFP fluorescence. A subset of hit chemicals from
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this screen were validated in promoting endothelial differentiation of murine ESCs,
proliferation of human endothelial cells in culture, and angiogenesis in adult fish. The
authors also demonstrated expression of transgenes marking various other cell types in
cultures from late blastula or early gastrula embryos, including gata1 and scl for
hematopoetic cells, cmlc2 for cardiomyocytes, and insulin for pancreatic beta cells. Here, we
developed culture systems for both muscle and neural crest cells and used them to identify
chemicals that affect cellular differentiation. In both of these systems we were able to find
chemicals with effects that validated in vivo.

31

Results
Muscle cell culture from blastula stage embryos
Blastomeres cultured without bFGF form clusters after one day of culture and do not
express muscle-specific reporters such as myf5:GFP, marking myogenic progenitors, and
mylz2:mCherry, marking differentiated muscle cells (Figure 1). Blastomeres cultured with 1
ng/ml bFGF have a more flattened morphology and express myf5:GFP and mylz2:mCherry.
Yolk droplets are also visible as uniform spheres in both cultures. Myogenic cells
differentiate in culture over a two day period (Figure 2). As determined by qPCR, myf5
expression peaks during day one of culture, while mylz2 expression peaks during day two.
This culture system was used to screen for chemicals that promote or inhibit muscle cell

Figure 1: Addition of bFGF to zESC medium alters the morphology and reporter gene expression
of cultured blastomeres. Cells were plating using the described method and cultured for 26
hours. While bFGF-treated cultures express both myf5:GFP and mylz2:mCherry and appear
flattened and elongated, cultures without bFGF do not express these transgenes and form
clusters of rounded cells. Yolk droplets are visible as uniform spheres in the cultures. Scale bar
represents 100 μm.
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differentiation, leading to the identification of a combination of factors that induce skeletal
muscle differentiation in human induced pluripotent stem cells: bFGF, the adenylyl cyclase
activator forskolin, and the GSK3β inhibitor BIO (Xu et al. 2013) (see appendix).

Figure 2: Muscle gene expression changes over the course of a two day culture. Blastomeres were
plated as described with or without bFGF for the indicated period of time. Expression of myf5 or
mylz2 was determined in whole cultures by qPCR and normalized to β-actin. Data points
represent the average and standard error of the mean of three technical replicates.

Neural crest cell culture from segmentation stage embryos
We developed a novel neural crest culture protocol to facilitate rapid and automated
chemical screening, maintaining neural crest cells in heterogeneous cultures for a period of
days. This approach allowed us to distinguish broadly toxic chemicals from those with
selective effects on the neural crest. We used the neural crest reporter crestin_1kb:EGFP
(hereafter referred to as crestin:EGFP). The 1 kb crestin promoter fragment recapitulates
endogenous crestin mRNA expression, thus marking the neural crest lineage in vivo
(Kaufman et al. 2016). Crestin:EGFP; ubi:mCherry transgenic zebrafish embryos were
grown to the 5 somite stage (ss), mechanically homogenized, and plated on standard tissue
culture-coated plastic in media optimized for neural crest growth and survival, containing
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fetal bovine serum (FBS), epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2),
and insulin (Kinikoglu, Kong, and Liao 2013). Under these conditions, crestin:EGFP+ cells
arose and proliferated, accounting for approximately 20% of total cells after 24 hours in
culture (Figure 3A-B). These cells were highly proliferative and migratory, expressed key
neural crest genes, and could differentiate into pigmented melanocytes in vivo (Figure 3C-F
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Figure 3: Characterization of cultured crestin:EGFP+ cells. (A) Cell size and morphology visualized
by crestin:EGFP. (B) Percentage of crestin:EGFP+ cells determined by FACS. Bars indicate mean. (C)
Crestin:EGFP+ cells are more migratory than a random population of cells. (D) Crestin:EGFP+ cells
are slightly more proliferative than the culture average, as determined by EdU staining after 4
hours of EdU treatment. (E) Crestin:EGFP+ cells cultured for 24 hours express neural crest genes
comparable to freshly isolated (24 hpf) crestin:EGFP+ cells and do not express markers of more
differentiated tissues. Gene expression was determined by qPCR and normalized to β-actin. The
highest expressing sample for each group was assigned a value of 1. Average and standard
deviation of three technical replicates are shown. Myf5 is a negative control. (F) Crestin:EGFP+ cells
form pigmented melanocytes in vivo. Cells were sorted for crestin:EGFP after two days of culture
and injected under the scale of a casper fish lacking endogenous melanocytes. Pigmented cells were
observed at 4 days post transplant in 4/8 EGFP+ transplants and 0/10 EGFP- transplants.
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Table 1: Gene expression in crestin:EGFP+ cells cultured for one day as determined by RNA-seq. FPKM
values are shown. Shaded cells indicate melanocyte-specific genes.

Gene
EGFP
crestin
sox10
foxd3
tfap2a
tfap2c
pax7a
pax3a
snai1b
dlx2a
dlx5a
ets1
msxb
mitfa
tyr
dct
ednrab

crestin:EGFP- crestin:EGFP+
2.73
656.58
127.10
954.95
32.36
188.22
11.22
150.03
38.60
137.274
212.08
198.547
0.5076
7.8303
19.92
45.7726
59.33
102.059
22.22
86.298
56.90
148.631
248.76
341.291
61.95
95.7603
0.15
0.479003
1.26
1.85525
0.34
0.861292
4.15
62.8327

Ratio
240.09
7.51
5.82
13.36
3.56
0.94
15.42
2.30
1.72
3.88
2.61
1.37
1.55
3.10
1.48
2.51
15.14

RNA-seq. We found that crestin:EGFP+ cells expressed high levels of neural crest specifiers,
though some were also expressed in crestin:EGFP- cells in the culture (Table 1).
Furthermore, though melanocyte-specific genes were more highly expressed in
crestin:EGFP+ cells than crestin:EGFP- cells, their absolute expression levels remained low,
consistent with qPCR data.
We also tested the fidelity of other neural crest reporters in the same culture
system. Based on gene expression determined by qPCR, we found that mitfa:GFP+ cells
represented a more differentiated population of neural crest cells than crestin:EGFP+ cells,
as expected, with high levels of sox10, crestin, and mitfa expression (Figure 4A). Notably the
levels of mitfa in mitfa:GFP+ cultured cells were lower than in neural crest cells isolated
from 24 hpf embryos, indicating that the culture conditions maintained neural crest cells in
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a less differentiated state. Sox10:GFP+ cells, on the other hand, did not represent neural
crest cells in culture. After one day of culture, the majority of cells expressed sox10:GFP,
indicating ectopic reporter activation (Figure 4B). Therefore sox10:GFP is not an
appropriate in vitro screening tool. Since other reporters faithfully recapitulated in vivo
expression patterns under the same culture conditions, there was an issue with the
sox10:GFP reporter itself rather than the culture conditions.
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Figure 4: Comparison of neural crest gene expression in fresh and cultured cells by qPCR.
Values were normalized to β-actin control for each sample and arbitrarily normalized for each
gene. The average and standard deviation of three technical replicates are shown. (A)
Mitfa:GFP+ cells express neural crest genes after one or two days of culture comparable to 17 ss
embryos. (B) Sox10:GFP+ cells express lower levels of neural crest genes than 17 ss embryos
after one day of culture.
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Neural crest chemical screening
To better understand the signals essential for neural crest development, we looked
for small molecules that decreased expression of crestin:EGFP. We used our primary cell
culture system to screen 3400 compounds at two concentrations, including bioactives
libraries, FDA approved drugs, and Chembridge novel compounds. Chemical hits were
identified based on toxicity and specificity cutoffs, taking into account both total cell
number as determined by Hoechst staining of nuclei and ubi:mCherry+ cells representing a
random population of cells (Figure 5A,B). All hits were verified by eye, resulting in a hit
rate of 1.0-1.8%. Of 86 non-redundant, commercially available hit chemicals, 72
reproduced a specific, dose-dependent decrease in number of crestin:EGFP+ cells in culture

Figure 5: Chemical screening in zebrafish embryonic cell cultures identifies inhibitors of neural
crest development. (A) CAPE decreases crestin:EGFP+ cells in culture while leaving ubi:mCherry+
cells unchanged. Scale bar: 100 μm. (B) Chemical screen design. Whole embryos were mechanically
homogenized and plated on standard tissue culture coating in neural crest medium with chemicals.
After 24 hours of culture, Hoechst 33342 was added to stain nuclei before imaging. (C) Screen hits
were validated in the primary screen assay and tested for an effect on crestin:EGFP expression in
vivo. (D) Structure of CAPE (E) CAPE shows a greater than 10-fold selectivity for crestin:EGFP+ cells
versus ubi:mCherry+ cells in vitro.
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(Figure 5C). We next tested the effect of hit chemicals on crestin:EGFP transgenic zebrafish
embryos treated at 2 ss (10.6 hpf), early in neural crest specification but after the neural
plate border is established. Sixteen chemicals decreased crestin:EGFP in vivo, including
CAPE, a natural product with multiple reported biological activities and targets (Figure 5DE, Table 2).
Table 2: Screen hits that decreased crestin:EGFP in vivo

Compound
1,10-phenanthroline
caffeic acid phenethyl ester
capsazepine
MBCQ
MDL-281970
2,3-dimethoxy-1,4-naphthoquinone
nimesulide
NU6027
triptolide
4-(4-butyl-1H-1,2,3-triazol-1-yl)-1-{[(1S*,4S*)-3,3dimethyl-2-methylenebicyclo[2.2.1]hept-1yl]carbonyl}piperi
1-(3-methylbenzyl)-4-thieno[2,3-d]pyrimidin-4-yl-2piperazinone
1-(2-methoxyphenyl)-2,2-dimethyl-4-(4methylpentanoyl)piperazine
N-[1-(1,5-dimethyl-1H-pyrazol-4-yl)ethyl]thieno[2,3d]pyrimidin-4-amine
2-[1-(3-isobutyl-1,2,4-oxadiazol-5-yl)-2-methylbutyl]1-isoindolinone
5-[5-methyl-4-(1-methyl-1H-pyrazol-4-yl)pyrimidin-2yl]-4,5,6,7-tetrahydrothieno[3,2-c]pyridine
2-[5-(2,6-dimethylphenyl)-1H-indazol-1-yl]-N-(1,3dimethyl-1H-pyrazol-5-yl)acetamide
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Library
LOPAC
ICCB/LOPAC
LOPAC
ICCB
ICCB
LOPAC
LOPAC
LOPAC
FDA
approved
Chembridge

Target
chealator, MMP
multiple, NF-KB
TRPV1
PDE5
calpain inhibitor
ROS
COX-2
CDK2
multiple, NF-KB

predicted liver X
receptor
Chembridge predicted TK(EGFR,
PDGFR, CSFR1); PKC;
PKA
Chembridge predicted androgen
receptor
Chembridge
predicted EGFR
Chembridge predicted
RAR(gamma)
Chembridge predicted TK(VEGFR,
KDR, FLK1)
Chembridge predicted TK(PDGFR,
EGFR, FGFR)

Discussion
Zebrafish embryonic cell culture has many uses, including generating hypotheses
for in vivo validation, performing mechanistic experiments in a controlled environment,
and facilitating chemical screening. Zebrafish embryonic cells can be cultured from
blastula, gastrula, or somitogenesis stage embryos in either a homogeneous or
heterogeneous context. As described in this chapter, zebrafish blastomeres can be cultured
for differentiation into myogenic progenitors, and zebrafish neural crest cells can be
derived in a heterogeneous context without the need for sorting. These and similar cell
culture techniques promise to inform stem and progenitor cell biology in the future.
We used zebrafish embryonic cell culture to screen for chemicals that affect
differentiation of both muscle and neural crest cells. The muscle screen identified signaling
pathways that promote the myogenic differentiation of pluripotent cells, which were later
validated in human iPS cells (Xu et al. 2013). Blastomeres from myf5:GFP;mylz2:mCherry
fish were plated with chemicals, and fluorescence was determined after only one day,
identifying basic FGF (bFGF), inhibitors of GSK3β, and forskolin as promoters of muscle
differentiation. In blastomere cultures treated with bFGF, expression of the myogenic
progenitor marker myf5 peaked at about 10 hours post-plating, then decreased as mylz2
expression increased, indicating mature muscle differentiation. Previous attempts to
differentiate iPS cells into skeletal muscle met with limited success, but using a
combination of the factors identified in the zebrafish screen, we could generate engraftable
myogenic progenitors. The success of zebrafish cell culture in this case can be attributed to
the ability to quickly screen many compounds, including combinations of growth factors
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and chemicals. Using such culture systems, signals required for differentiation can be
addressed in an unbiased manner.
Neural crest cells were cultured from early segmentation stage embryos, a time
point at which neural plate border cells, the precursors to neural crest cells, were already
specified. Prior studies have focused on neural plate border development, which is more
easily addressed by genetic methods. Chemical screening provided us the advantage of
determining signaling requirements at a precisely defined time point. Using neural crest
cultures as opposed to intact embryos minimized the time-dependency of neural crest gene
expression while maintaining cell type heterogeneity, both of which were essential for
identifying chemicals that specifically affect neural crest development. Two chemical hits
from the screen were followed up based on activity in secondary assays: CAPE was most
effective in zebrafish embryos in vivo and is the focus of Chapter 3, and mibefradil showed
selective cytotoxic activity in human melanoma cell lines, as presented in Chapter 4.
Though muscle and neural crest chemical screens both identified chemicals that
affect differentiation of the relevant cell type in vivo, it is interesting to note that chemicals
that inhibited muscle development had a higher rate of in vivo confirmation (65%) than
chemicals that inhibited neural crest development (23%), which is reflected in the lower
hit rate of the muscle chemical screen (0.07% versus 2%). Therefore the neural crest
chemical screen had a lower specificity than the muscle screen. The muscle culture
conditions may be more representative of in vivo development than the neural crest culture
conditions. Both insulin and FGF were required for maximum neural crest induction in
culture (Figure 15C-D), but stimulation by these two particular growth factors may not be
representative of endogenous signals received by prospective neural crest cells. Neural
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crest cells may endogenously receive signals via other growth factors that activate the
same pathways as FGF and insulin, particularly MAPK and Akt pathways, as demonstrated
in Chapter 3. Indeed, we noticed that although many FGF receptor inhibitors scored in the
in vitro screen, we could not find any FGF receptor inhibitors that affected crestin
expression in vivo, including inhibitors that have demonstrated activity in zebrafish
embryos (Figure 17).
Over the course of in vivo follow-up to the screen, we also observed discrepancies
between the activity of the crestin:EGFP reporter and crestin expression as determined by
in situ hybridization. This discrepancy was not totally unexpected since many different
crestin genes exist in the zebrafish genome and are potentially regulated by different
factors. In support of this idea, ChIP-seq experiments showed a variable level of Sox10
binding on different crestin elements. Depending on which pathways and downstream
transcription factors a chemical acts on, it could have a greater or lesser effect on overall
crestin expression compared to the crestin:EGFP reporter, which contains the regulatory
elements of only one crestin gene.
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Materials and methods
Blastomere cell culture
Materials and reagents
E3 embryo medium
0.05% bleach solution in E3
2.5 mg/ml pronase solution in E3
agarose-coated Petri dishes
100 μm cell strainer
0.1% gelatin solution, suitable for cell culture
tissue culture plates of desired size
zESC medium (Table 3)

Plating zebrafish blastomeres
1. Fish were allowed to mate and embryos were collected, cleaned, and incubated at 28.5°C
for 3-4 hours.
2. Zebrafish embryonic stem cell (zESC) medium was prepared as indicated in Table 3 by
combining additives and bringing the solution to the final volume with base medium. Media
was sterile filtered and used within one week of preparation.
3. Gelatin-coated cell culture plates were prepared. Gelatin solution was warmed to 37°C
and used to cover the bottom of tissue culture plates. Plated were incubated in a cell
culture incubator at 37°C for 30 minutes., at which point the gelatin solution was aspirated.
Plates were used immediately or stored in a sterile environment.
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4. Embryos were bleached for decontamination. Embryos were transferred to a clean Petri
dish and incubated with 0.05% bleach solution in E3 for 2 minutes . Embryos were then
washed three times with E3.
5. Embryos were dechorionated using pronase. When embryos had reached the high stage
(~3.3 hpf), unfertilized eggs were removed, and the desired number of embryos were
transferred to agarose-coated Petri dishes to avoid adherence of embryos to the surface of
the dish. Embryos were incubated in a 2.5 mg/ml pronase solution in E3 at 28.5°C for 5
minutes, then washed three times with E3.
6. Embryos were counted, and proper staging was verified. For myogenic cultures, embryos
should be homogenized at the oblong stage and plated at a density of one embryo per 5.6
mm2 (one well of a standard 384 well plate). For example, for plating a full 384 well plate,
400 embryos would be homogenized in 12 ml of zESC medium, and 30 μl of the resulting
cell suspension would be plated in each well.
7. Embryos were transferred to an appropriate tube, i.e. a 1.5 mL microcentrifuge tube for
small volumes, or 15 mL/50 mL Falcon tube for larger volumes. E3 was removed, along
with any remaining chorions. Transferring chorions should be avoided, as they will clog the
filter. For large numbers of embryos, embryos can be homogenized in a smaller volume and
brought up to the final plating volume after filtering. However, no more than 500 embryos
should be homogenized in every ml of medium.
8. zESC medium was added to the embryos, and they were dissociated by rapidly inverting
the tube approximately 5 times or until a homogenous cell suspension was observed, i.e. no
clumps of cells were visible. For directed differentiation toward muscle, zESC medium
containing 1 ng/ml recombinant human basic FGF should be used.
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9. The cell suspension was passed through a 100 μm cell strainer and brought up to the
desired final volume.
10. The cell suspension was pipetted into gelatin-coated tissue culture plates and incubated
at 28.5°C, 5% CO2 in a humidified chamber until analysis.

Neural crest cell culture
Materials and reagents
E3 embryo medium
0.05% bleach solution in E3
2.5 mg/ml pronase in E3
40 μm cell strainer
rotor-stator homogenizer and sterilized tips
tissue culture plates of desired size
500 μg/ml rat tail collagen type I or 10 μg/ml fibronectin (optional)
sterile phosphate buffered saline (PBS)
neural crest medium (Table 4)

Plating zebrafish neural crest cells
1. Fish expressing crestin:GFP or another transgenic marker were allowed to mate and
embryos were collected, cleaned, and incubated at 28.5°C for 10-11 hours. For
convenience, embryos may also be incubated at room temperature for 16-18 hours.
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2. Neural crest (NC) medium was prepared as indicated in Table 4 by combining additives
and bringing the solution to the final volume with base medium. Media was sterile filtered
and used within one week of preparation.
3. Coated cell culture plates were prepared (optional). Neural crest cells can be cultured in
heterogeneous cultures with or without collagen or fibronectin coating. Coating of plates
with collagen or fibronectin results in a more adherent culture. Without coating, neural
crest cells, as marked by crestin:GFP, are attached and highly migratory, but can be easily
washed away. Collagen or fibronectin solution was warmed to 37°C, used to cover the
bottom of tissue culture wells, and incubated in a cell culture incubator at 37°C for 30
minutes. The solution was aspirated, and wells were washed twice with sterile PBS. Plates
were used immediately or stored in a sterile environment.
4. Embryos were bleached for decontamination. When embryos had reached the 2 somite
stage, they were transferred to a clean Petri dish and incubated with 0.05% bleach solution
in E3 for 2 minutes . Embryos were then washed three times with E3.
5. For dechorionation, embryos were incubated in a 2.5 mg/ml pronase solution in E3 at
28.5°C for 5 minutes, then washed three times with E3.
6. Embryos were counted, and proper staging was verified. Neural crest cells can be plated
from 5-15 somite stage embryos at a density of 0.6-1 embryo per 5.6 mm2 (one well of a
standard 384 well plate). For example, for plating a full 384 well plate, 250 embryos would
be homogenized in 12.3 ml of NC medium, and 30 μl of the resulting cell suspension would
be plated in each well. Embryo number can also be estimated by volume. For example, 500
chorionated embryos take up approximately 0.9 ml.
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7. Embryos were transferred to appropriate tube for mechanical homogenization, e.g. a
round-bottom FACS tube. E3 was removed, along with any remaining chorions.
Transferring chorions should be avoided, as they will clog the filter. For large numbers of
embryos, embryos can be homogenized in a smaller volume and brought up to the final
plating volume after filtering. However, no more than 500 embryos should be homogenized
in every ml of medium.
8. Embryos were homogenized in NC medium using a rotor-stator homogenizer on the
lowest setting for 10-15 seconds. The resulting cell suspension was pipetted up and down
twice to break up clumps. During this step, the cell suspension was observed to confirm
that the embryos had been sufficiently homogenized. If clumps of cells were observed, the
suspension was homogenized for another 10-15 seconds. If embryos have not been
sufficiently homogenized, cells will be removed during filtering and clog the filter.
9. The cell suspension was passed through a 40 μm cell strainer. The homogenization tube
and cell strainer were then rinsed with an additional 1 ml of NC medium. The cell
suspension can also be diluted to facilitate passage through the cell strainer.
10. The cell suspension was brought to the desired final volume, pipetted into tissue
culture plates, and incubated at 28.5°C, 5% CO2 in a humidified chamber until analysis.
Neural crest cells cultured in this manner should remain viable for at least 3 days.

In vitro immunofluorescence, EdU staining, and migration speed measurement
EdU staining was conducted using the Click-iT EdU Flow Cytometry Assay Kit (Invitrogen).
Zebrafish embryonic cells were plated on collagen, allowed to attach for 24 hours, and
treated with 10 μM EdU for 4 hours. Cells were then fixed in 2% PFA for 30 minutes at RT,
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permeabilized in 0.5% Triton-X100/PBS, and blocked in 5% lamb serum in 0.1% Triton X100/PBS for 1 hour at RT. Cells were incubated with primary antibody (AnaSpec anti-GFP
#55423, 1:500) in blocking buffer overnight. Cells were washed 4 times and incubated for
2 hours at RT in secondary antibody (Alexa Fluor 488 goat anti-chicken, 1:2000). Cells
were washed once, and the Click-iT reaction was performed with Alexa Fluor 647 azide.
Cell speed was determined using time lapse fluorescence microscopy of crestin:EGFP+ and
ubi:mCherry+ cells with images acquired every 2 minutes. The center of each cell was
manually tracked using ImageJ over a period of 4 hours, and the sum of distances migrated
per frame was divided by total imaging time.

Quantitative PCR
RNA was isolated using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s
instructions. RNA was quantified by absorbance at 260 nm and a standard amount was
used as input to an iScript reverse transcriptase reaction (Bio-Rad). The product of this
reaction was used for quantitative PCR at a maximum volume of 1 μl per 10 μl final
reaction volume. Quantitative PCR was conducted using SsoFast EvaGreen Supermix (BioRad) and run on a CFX384 Real-Time System/C1000 Thermal Cycler (Bio-Rad). Reactions
were conducted in triplicate and normalized to β-actin. For each gene, the sample with the
highest expression was assigned a value of 1 and other samples were normalized
accordingly. Primer sequences are displayed in Table 6 (supplemental material).
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Intradermal cell transplantation
Heterogeneous neural crest cell cultures were sorted for DAPI negative, crestin:EGFP+ cells
and resuspended in PBS at a concentration of 10,000 cells/μl. Cell suspension was loaded
into a glass syringe with a 33 gauge needle (Hamilton), and 0.5 μl was injected underneath
a scale on the dorsal flank of a casper fish irradiated with 15 Gy per day for two consecutive
days. Transplants were conducted on the third day.

Chemical screening and hit determination
Embryos were plated with chemicals at 5 ss in 384-well plates as described in
heterogeneous NC cultures. Cells were cultured for one day, Hoechst 33342 was added at a
final concentration of 0.3 μg/ml, and wells were imaged in red, green, and blue channels on
a Nikon Eclipse Ti Spinning Disk Confocal. Chemicals libraries included LOPAC1280, a
custom bioactives library, FDA-approved drugs, and Chembridge KINAcore and NHRcore
libraries. Chemicals were screened in triplicate at two concentrations depending on the
library. Hits were identified based on deviation from plate controls in two values: ratio of
crestin:EGFP+/ubi:mCherry+ cells and crestin:EGFP+/total nuclei. All hits were verified by
eye.
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Table 3: Zebrafish embryonic stem cell (zESC) medium

Base medium
Leibowitz’s L-15 medium, with sodium
pyruvate, no phenol red
DMEM high glucose, HEPES, no phenol red
DMEM/F12 1:1 high glucose, HEPES, no
phenol red
RTS34st conditioned medium*
Additives
Sodium bicarbonate
HEPES
L-glutamine
Sodium selenite
Primocin™ (InVivoGen)
N2 supplement
B27 supplement

Final concentration
35%
21%
14%
30%
0.18 g/l
5 mM
1%
10 nM
0.2%
1%
2%

* Prepare by incubating Leibowitz’s L-15 plus 15% FBS on a confluent culture of RTS34st
cells for 3 days
Table 4: Neural crest (NC) medium

Base medium
DMEM/F12 1:1 with L-glutamine and 2.438
g/l sodium bicarbonate
Additives
FBS (fetal bovine serum)
N2 supplement
Recombinant human insulin
Recombinant human EGF
Recombinant human FGF basic
Primocin™ (InVivoGen)
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Final concentration
100%
12%
1%
20 μg/ml
20 ng/ml
20 ng/ml
0.2%

Chapter 3

Caffeic acid phenethyl ester disrupts neural crest development by
inhibiting Akt

Attributions
The text and figures in this chapter are modified from a manuscript in review
written by me: “A chemical screen in zebrafish embryonic cells establishes that Akt
activation is required for neural crest development.” All of the experiments were designed,
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assistance with the crestin:EGFP reporter fish and conducted Sox10 ChIP-seq experiments,
data from which was also published in “A zebrafish melanoma model reveals emergence of
neural crest identity during melanoma initiation.” Yi Zhou and Song Yang provided
bioinformatics assitance with ATAC-seq data, ChIP-seq data, and motif analysis. Elliott
Hagedorn and Eva Fast provided imaging assistance. Jonathan Michael and Christopher
D’Amato helped conduct experiments. Sasja Blokzijl-Franke and Jeroen den Hertog helped
conduct experiments with the pten null zebrafish and provided advice and reagents for
human PTEN overexpression in zebrafish embryos.
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Introduction
The neural crest is an embryonic progenitor cell population common to all
vertebrates. Neural crest cells are highly migratory and give rise to tissues canonically
derived from both ectoderm and mesoderm, including bone and cartilage of the head,
peripheral neurons, and pigment cells. Neural crest specification begins during gastrulation
with the expression of neural plate border specifiers. As development proceeds to the
neurula stage, these transcription factors in turn regulate the expression of neural crest
specifiers, which mark cells that will migrate and differentiate into neural crest derivatives
(Sauka-Spengler and Bronner-Fraser 2008). Not all neural plate border cells are fated to
become neural crest, raising the question of which signals regulate the decision between
neural crest and other ectodermal derivatives.
In several cases the same signals that regulate neural plate border specification can
later regulate neural crest specification. Reiterated Wnt signaling plays a role in neural
crest development in both frogs and zebrafish (Monsoro-Burq, Wang, and Harland 2005;
Lewis et al. 2004; Sato, Sasai, and Sasai 2005). Wnt acts early in neural crest development
to regulate expression of the neural plate border genes pax3 and msx1, as well as later to
allow pax3 and zic1 to activate transcription of neural crest specifiers including foxd3 and
slug (Lewis et al. 2004; Sato, Sasai, and Sasai 2005). BMP also plays a reiterated role in
neural crest development. In Xenopus, attenuation of BMP signaling by Hairy2 upregulates
neural plate border genes but inhibits neural crest genes (Nichane et al. 2008).
While much work has contributed to our knowledge of morphogens required for
neural crest induction, less is known about the intracellular signals that are activated in
response to these ligands. Fibroblast growth factor (FGF) plays both a cell autonomous and
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non-cell autonomous role in neural crest induction, either by directly inducing neural crest
gene expression or by inducing Wnt8 expression in the paraxial mesoderm (C.-S. Hong,
Park, and Saint-Jeannet 2008; Yardley and García-Castro 2012; Stuhlmiller and GarcíaCastro 2012). FGFs can activate four major intracellular pathways: MAPK, AKT, PLCϒ, and
STAT (Turner and Grose 2010). Which of these are important during neural crest
development has not been systematically addressed, though several studies have
implicated MAPK signaling downstream of FGF in early neural crest induction (Stuhlmiller
and García-Castro 2012; Martínez-Morales et al. 2011).
Akt, also referred to as protein kinase B, is a critical effector downstream of receptor
tyrosine kinases. Classically studied for its oncogenic properties, Akt and its upstream
activator PI3-kinase (PI3K) play an important role in cell survival and cell cycle
progression. Akt also plays a role in the development of many tissues, canonically acting
through negative regulation of FoxO transcription factors (Accili and Arden 2004). The Akt
pathway has been studied in the context of myogenic differentiation, where it induces
myoblast fusion (Jiang, Zheng, and Vogt 1998). Akt also regulates the β-catenin
transcriptional co-activator, promoting its transcriptional activity by both direct and
indirect phosphorylation (Fang et al. 2007).
The PI3K/Akt pathway is activated by numerous receptors including receptor
tyrosine kinases (RTKs), integrins, and G-protein coupled receptors in response to growth
factors and other ligands (New et al. 2007). In the case of canonical RTK activation,
receptors trans-phosphorylate, leading to the binding of adaptor proteins such as Grb2 and
Gab1, which recruit phosphoinositide 3-kinase (PI3K) to the plasma membrane. Once at
the membrane PI3K can phosphorylate the membrane lipid PIP2 to generate PIP3, which
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leads to membrane recruitment and activation of Akt via PDK1-dependent phosphorylation
(Hemmings and Restuccia 2015). Phosphatase and tensin homolog (PTEN) functions as a
negative regulator of Akt activity by dephosphorylating PIP3 to form PIP2. We used PTEN
as a genetic tool to reduce Akt activation. A quintuple phosphorylation site mutant of PTEN
(PTEN S370A, S380A, T382A, T383A, S385A or PTEN QMA), localizes to the plasma
membrane in zebrafish embryos and has a high constitutive activity on PIP3 (Gil et al.
2006; Stumpf, Blokzijl-Franke, and Hertog 2016).
In this study we took advantage of chemical screening in zebrafish to better
understand pathways regulating neural crest development. We developed a heterogeneous
neural crest cell culture system to screen for chemicals that specifically decrease
expression of the neural crest marker crestin:EGFP. We found that caffeic acid phenethyl
ester (CAPE) inhibits expression of crestin by reducing Sox10 activity. CAPE also disrupts
neural crest migration and decreases formation of pigmented melanocytes. We found that
CAPE inhibits PI3K/Akt signaling in a context-specific manner in vitro, and expression of
constitutively active Akt1 suppresses the effects of CAPE on the neural crest in vivo.
Reduction of Akt activity by constitutively active PTEN similarly decreases crestin
expression. We have identified PI3K/Akt as a novel intracellular pathway required for
neural crest development by regulating Sox10 activity.
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Results
CAPE disrupts neural crest gene expression in vivo by reducing Sox10 activity
Embryos treated with 10 μM CAPE at 2 ss showed a consistent and dramatic
reduction in crestin:EGFP expression (Figure 6A). We saw a similar effect using the minimal
296 base pair crestin promoter (crestin_296bp:EGFP) (Figure 7A). To determine whether
CAPE affects crestin:EGFP during or after neural crest specification, we conducted time
lapse microscopy of crestin:EGFP transgenic embryos. In treated embryos, crestin:EGFP
arose at a severely reduced level, and most crestin:EGFP+ cells that did emerge quickly
disappeared, indicating that they had either died or turned off crestin:EGFP expression
(Video 2). Time course experiments confirmed that CAPE acts quickly and early in neural
crest development. As determined by whole mount in situ hybridization (ISH), crestin
expression was decreased after two hours of CAPE treatment, and CAPE had no effect on
crestin expression in embryos treated at 15 ss or later (Figure 7B-C).
We further analyzed the effect of CAPE on neural crest gene expression by ISH.
Embryos were treated with CAPE at 2 ss and fixed at 15-17 ss for analysis. We found a
decrease in expression of crestin, sox10, and pax7a, while other genes were altered in
specific anatomic locations, including dlx2a, dlx5a, and the Ap-2α target gene inka1a
(Figure 6B-C). We observed no change in the levels of nr2f2, msxb, pax3a, ets1, ap2a, and
ap2c (Figure 8A-B). This data indicates that neural crest-like cells are present in CAPEtreated embryos but exhibit a disrupted gene regulatory network. Later in development, at
24 hpf, we observed a dramatic decrease in pigment cell-specific gene expression, including
mitfa and its target gene dct, which mark melanoblasts, and fms, which marks xanthophore
precursors (Figure 6D).
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Figure 6: CAPE decreases neural crest gene expression. (A) CAPE dramatically reduces crestin:EGFP
expression at 26 hpf. (B) CAPE decreases neural crest gene expression as determined by whole
mount in situ hybridization (ISH) at 15-17 ss. Expression of some genes is decreased ubiquitously
while others are only altered in specific anatomic locations (arrows). Images are representative of
at least two independent experiments. (C) Scoring of ISH in (B). (D) FPKM values from RNAsequencing of sox10:Kaede+ cells confirmed decreases in neural crest genes, though to a lesser
extent than by ISH. Cells were sorted from control or CAPE-treated embryos at 17 ss. (E) CAPE
reduces mitfa, dct, and fms expression at 24 hpf. Embryos were treated continuously with DMSO or
5 μM CAPE starting at 2 ss. Drug-treated embryos were allowed to develop for 2 hours longer than
control embryos for stage matching. *p<0.01, **p<0.001, ***p<0.0001, chi-square test
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To confirm that changes in neural crest gene expression were not the result of
reduced cell number, we evaluated proliferation and cell death in CAPE-treated embryos.
After 6 hours of treatment, a time point at which neural crest gene expression is decreased
by CAPE, no change in proliferation was observed in sox10:GFP+ cells, as determined by
phospho-histone H3 staining (Figure 9A,B). To evaluate cell death, we used whole mount
TUNEL staining combined with crestin ISH. We found a slightly increased number of overall
TUNEL positive cells in embryos treated with CAPE for 6 hours, but these cells were not
present in the region of crestin expression, and the magnitude of increased cell death did
not explain the differences in crestin expression (Figure 9C,D). After 19 hours of treatment,

Figure 7: (A) CAPE decreases expression of crestin_296bp:EGFP. Embryos were treated at 2 ss and
imaged at 24 hpf. Not all control embryos had EGFP expression because of genetic heterogeneity in
transgene insertion number. (B) CAPE reduces crestin expression within two hours of treatment.
Embryos were treated at 2 ss for the indicated amount of time and fixed for ISH. (C) CAPE has no
effect on crestin expression after 15 ss. Embryos were treated for two hours at the indicated
developmental stage.
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cell death was increased broadly throughout the embryo, most dramatically in the eye and
tail (Figure 9E). These data indicate that increased cell death or reduced proliferation do
not contribute to the early effects of CAPE on neural crest gene expression.

Figure 8: Neural crest genes with little to no change upon CAPE treatment as determined by ISH.
(A) Representative embryos from ISH. (B) Scoring of ISH in (A). No genes were significantly
changed. (C) Expression as determined by RNA-seq of sox10:Kaede+ cells. Some genes that
appeared unchanged by ISH were decreased by RNA-seq.

To confirm CAPE’s effect on neural crest gene expression and identify potential
mechanisms of action, we conducted RNA-seq on sorted sox10:Kaede+ cells from control
and CAPE-treated embryos at 17 ss. This data confirmed that neural crest gene expression
was decreased in cells from CAPE-treated embryos, though to a lesser extent than observed
in ISH experiments (Figure 6E). Furthermore, some genes including pax3a and nr2f2
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appeared unchanged by in situ but were downregulated in RNA-seq data (Figure 8C). As
expected, CAPE also decreased expression of melanocyte-specific genes including mitfa,
ednrba, and tyr (Figure 6E). Ingenuity Pathway Analysis (Qiagen) pointed to an increase in
inflammatory signaling and changes in levels of morphogens such as Wnts, BMPs, and FGFs
with CAPE treatment (Figure 10). These results suggest that CAPE’s mechanism of action
involves cell-cell signaling at the level of secreted ligand expression.

Figure 9: Changes in cell number do not explain reduced crestin expression in CAPE-treated
embryos. (A) CAPE does not affect proliferation of neural crest cells as determined by phosphohistone H3 in the sox10:GFP+ region of embryos. Flat mounts of representative embryos are shown.
(B) Images were quantified using Imaris. (C) CAPE does not increase cell death in the neural crest
region of embryos after 5-6 hours of treatment. Each point represents a single embryo. Average and
standard deviation of two independent experiments are displayed. Quantification was conducted
manually. (D) Representative embryos from (C) showing whole mount TUNEL (brown) and crestin
ISH (purple). (E) Cell death was broadly increased after 19 hours of 10 μM CAPE treatment as
determined by TUNEL staining.
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Figure 10: Analysis of gene expression changes in sox10:Kaede+ cells by RNA-seq, comparing
DMSO- to CAPE-treated embryos. (A) IPA analysis points to increased inflammatory signaling with
CAPE treatment. (B) CAPE alters morphogen expression. Red indicates upregulation while green
indicates downregulation. Fold change was determined using FPKM values.

To better understand the mechanism by which CAPE leads to changes in gene
expression, we conducted ATAC-seq (assay for transposase-accessible chromatin) in
sox10:Kaede+ cells isolated from control and CAPE-treated embryos (Buenrostro et al.
2013). We observed a reduction in chromatin accessibility specifically at the mitfa
promoter with CAPE treatment (Figure 11A). Changes in mitfa expression and chromatin
accessibility could be downstream of Sox10, as Sox10 is known to bind to the promoter of
mitfa and regulate its expression (Elworthy et al. 2003). Indeed, ChIP-seq in a zebrafish
melanoma cell line (zcrest 1) showed strong Sox10 binding at the mitfa promoter (Figure
11A) (Kaufman et al. 2016). Other Sox10-bound genes including pdgfra did not show a
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reduction in chromatin accessibility (Figure 11B). This indicates that only specific Sox10
sites respond to CAPE treatment, which suggests additional transcription factors are
required for the effect of CAPE. Nevertheless, the mitfa promoter is very sensitive to CAPE
activity and this region clearly is Sox10-bound.
To identify transcription factors that could mediate CAPE’s effects on gene
expression in a genome-wide unbiased manner, we used Hypergeometric Optimization of
Motif EnRichment (HOMER) (Heinz et al. 2010). Of 81,140 total ATAC peaks, we identified
585 peaks (0.7%) unique to the DMSO control sample as compared to the CAPE-treated
sample. We used these peak sequences as input to HOMER, with all peak sequences in the
CAPE-treated sample as background. The most enriched motifs were those of SOX
transcription factors, including SOX10, and MITF (Figure 11C). To determine whether CAPE
affects Sox10 transcriptional activity, we overexpressed sox10 in zebrafish embryos by
RNA microinjection. While sox10 injection increased crestin:EGFP expression in untreated
embryos, it had no effect on crestin:EGFP expression in CAPE-treated embryos, indicating
that CAPE reduces Sox10 activity (Figure 11E-F). Reduced expression of crestin:EGFP in
CAPE-treated embryos was not due to a reduction in sox10-expressing cells, as the
percentage of sox10:Kaede+ cells was identical in treated and control embryos (Figure
11D). These data support a role for Sox10 in mediating the transcriptional effects of CAPE.
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Figure 11: CAPE reduces Sox10 activity. (A) ATAC-seq was conducted on sox10:Kaede+ cells from
DMSO- or CAPE-treated embryos at two stages. CAPE reduces chromatin accessibility at the mitfa
promoter in sox10:Kaede+ cells, and Sox10 binds the mitfa promoter in a zebrafish tumor cell line.
(B) The pdgfra promoter binds Sox10 but does not show a consistent change in chromatin
accessibility with CAPE treatment. Most genes showed this pattern of signal level change from
sample to sample. (C) HOMER analysis of 20 ss ATAC-seq peaks revealed an enrichment for SOX
and MITF motifs when comparing unique peaks in DMSO-treated embryos (% target) to all peaks in
CAPE-treated embryos (% background). (D) Based on FACS analysis at 17 ss, the percentage of
sox10:Kaede+ live cells does not change with CAPE treatment. (E) CAPE (5 μM) prevents sox10 RNA
(30 pg) from increasing crestin:EGFP expression. Sum of three clutches is shown. (F) Representative
embryos from experiments quantified in (E).

CAPE inhibits neural crest migration and melanocytic differentiation in vivo
We found that neural crest migration is also disrupted by CAPE. While crestin:EGFP
is dramatically reduced upon CAPE treatment, sox10:GFP intensity is indistinguishable
between control and treated embryos. This may be due to the strength of the sox10
promoter or persistence of stable GFP. Sox10:GFP transgenic embryos allowed us to follow
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Figure 12: CAPE inhibits neural crest migration. (A) Sox10:Kaede+ cells in the trunk of zebrafish
embryos are more dorsally located at 24 hpf. Dotted line indicates top of yolk sac extension. CAPEtreated embryos were allowed to develop for four hours longer than control embryos for stage
matching. Numbers indicate fraction of embryos for which images are representative. Some DMSO
control embryos showed a pattern similar to 5 μM CAPE. (B) Morphology and pigmentation of
CAPE-treated embryos at 2 dpf. Treated embryos showed reduced pigmentation and defects such
as pericardial edema and a curved tail. (C) Melanocyte counts corresponding to (B). Trunk
melanocytes were counted from the yolk sac extension to the end of the tail. Error bars represent
standard deviation of 10 embryos from two independent experiments. (D) CAPE increases the
fraction of dorsal melanocytes at 2 dpf. Melanocytes were counted as in (C). Embryonic stage at
drug treatment is indicated. *p<0.05, **p<0.0005, unpaired t-test

neural crest cells after CAPE treatment. These cells failed to reach the ventral half of the
trunk in CAPE-treated embryos (Figure 12A, Video 3). The cells remained rounded instead
of extending projections and elongating ventrally, as was observed in control embryos
(Video 3). At 2 days post fertilization (dpf), pigmentation in CAPE-treated embryos was
dramatically reduced, indicating that CAPE interferes with the production of differentiated
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melanocytes (Figure 12B,C). A migration defect was also apparent in the increased fraction
of dorsal melanocytes at 2 dpf (Figure 12D).
We found that CAPE’s effect on neural crest migration co-occurred with decreased
mitfa:GFP expression but occurred at a later treatment time than crestin expression defects.
A melanocyte migration defect was still evident when embryos were treated with CAPE at
15 ss (Figure 12D). Therefore the melanocyte migration defect induced by CAPE may be
downstream of decreased mitfa expression.

Inhibition of Akt signaling contributes to CAPE-induced defects in neural crest
development
CAPE has previously been reported to inhibit Akt signaling in melanoma cell lines by
inhibition of PI3K activity (Pramanik et al. 2013). In addition to CAPE, we identified the
PI3K inhibitors PI-103 and GDC-0941 as strong hits in our screen and confirmed that they
specifically reduce crestin:EGFP+ cell number in a dose-responsive manner (Figure 13A).
To determine whether inhibition of Akt signaling might contribute to the effects of CAPE on
the zebrafish neural crest, we overexpressed constitutively active, membrane-targeted
human Akt1 (myr-Akt1) in zebrafish embryos by RNA microinjection. Injection of myrAkt1 increased Akt phosphorylation independent of CAPE treatment and rescued crestin
expression in CAPE-treated embryos (Figure 14A-C). Myr-Akt1 injection also partially
rescued both melanocyte number and melanocyte migration at 2 dpf (Figure 14D-F).
Defects such as pericardial edema and curved tail showed a slight but consistent decrease
with myr-Akt1 injection (Figure 13B). Overall these data indicate that inhibition of Akt
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Figure 13: (A) PI3K inhibitors selectively reduce crestin:EGFP+ cells compared to ubi:mCherry+
controls representing a random population of cells. Cells were plated with the indicated
concentration of inhibitor and cultured for 24 hours. (B) Myr-Akt1 injection slightly reduces CAPEinduced defects. (C) PI3K inhibitors reduce phospho-Akt regardless of FGF stimulation. Western
blots show heterogeneous cell cultures after two hours of insulin stimulation under the indicated
conditions. (D) Effect of CAPE on crestin expression in zebrafish embryos as determined by ISH and
scoring system in figure 14B. All embryos were ptenb-/- and ptena genotypes are indicated.

signaling contributes to CAPE’s effects on both gene expression and migration of neural
crest cells.
To more precisely elucidate the mechanism of Akt inhibition by CAPE, we returned
to the in vitro culture system we used for chemical screening. This system provides an
opportunity to control chemical cues received by prospective neural crest cells. Two
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Figure 14: Myr-Akt1 rescues neural crest defects caused by CAPE. (A) Injection of myr-Akt1 RNA
results in high phospho-Akt (S473) in heterogeneous neural crest cultures regardless of CAPE
treatment. (B) Scoring system for crestin in situ hybridization. (C) Myr-Akt1 injection increases
crestin expression in CAPE-treated embryos. Each point represents the average score of one clutch.
Three independent experiments are shown. (D) Morphology and pigmentation of CAPE-treated and
injected embryos at 2 dpf. Images are representative of three independent experiments. (E) MyrAkt1 increases melanocyte number in CAPE-treated embryos. Trunk melanocytes were counted as
in figure 3. Each point represents one embryo from the same clutch; bars indicate mean. (F) MyrAkt1 reduces the fraction of dorsal melanocytes in CAPE-treated embryos. *p<0.05, **p<0.005, (C)
paired t-test, (E-F) unpaired t-test

growth factors in the culture medium promoted neural crest induction: FGF2 and insulin
(Figure 15C,D). We studied two pathways known to be activated downstream of these
factors: PI3K/Akt and MEK/ERK. We found that while insulin primarily activated Akt, FGF
primarily activated ERK (Figure 15A,B).
Surprisingly, we found that CAPE inhibited Akt phosphorylation only in the
presence of FGF, even though FGF itself did not promote Akt activation (Figure 15A,B). This
is not true for the PI3K inhibitor PI-103 that prevents Akt phosphorylation regardless of
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FGF stimulation (Figure 13C). Addition of a Mek inhibitor to the cultures resulted in a
dramatic increase in Akt phosphorylation even with CAPE treatment (Figure 15A,B). These
observations led us to formulate a model in which FGF modulates Akt activation through a
mechanism distinct from insulin-stimulated Akt activation and sensitive to CAPE activity
(Figure 15E). We hypothesized that CAPE might inhibit Akt phosphorylation by activating
Pten. However, CAPE had the same effect on crestin expression in wild type or ptena-/ptenb-/- embryos, indicating the CAPE acts independently of Pten (Figure 13D).

Akt signaling regulates neural crest gene expression in vivo
To confirm that Akt activation plays a role in zebrafish neural crest development, we
expressed constitutively active human PTEN-mCherry fusion (PTEN S370A, S380A, T382A,
T383A, S385A or PTEN QMA) in crestin:EGFP transgenic zebrafish embryos (Gil et al. 2006;
Stumpf, Blokzijl-Franke, and Hertog 2016). After sorting embryos based on mCherry
fluorescence at 24 hpf, we found that PTEN QMA-mCherry decreases both phospho-Akt and
crestin:EGFP expression (Figure 16A-C). We found a similar decrease in crestin expression
by ISH (Figure 16D). The PI3K inhibitor LY294002 also decreased crestin:EGFP expression
in vivo in a dose responsive manner (Figure 16E). Similarly to CAPE treatment, we found
that co-injection of PTEN QMA prevented sox10 from stimulating crestin:EGFP expression
(Figure 16F-G). These data support a role for Akt activation in Sox10-dependent neural
crest gene transcription.
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Figure 15: CAPE inhibits Akt activation in vitro. Embryos were plated in neural crest medium and
cultured for two hours for western blotting. (A) Ratio of phosphorylated to total Akt. Each point
represents an independent experiment corresponding to color. Insulin but not FGF stimulation
leads to Akt phosphorylation. CAPE inhibits Akt only in FGF-stimulated cells. Addition of the MEK
inhibitor CI-1040 increases Akt phosphorylation and blunts the effect of CAPE. (B) Ratio of
phosphorylated to total Erk. FGF but not insulin stimulation leads to Erk phosphorylation. CI-1040
effectively inhibits Erk phosphorylation. (C) Heterogeneous neural crest cultures after 24 hours in
neural crest medium with or without FGF and insulin. Scale bar: 100 μm. (D) Quantification of
crestin:EGFP+ cells for (C). Number of cells was determined by thresholding and normalized to
ubi:mCherry fluorescence representing total cell number. Mean and standard deviation of 6 wells is
shown. (E) Model for CAPE’s mechanism of action. CAPE acts upstream of Akt but at the same level
or downstream of Mek/Erk inhibition. Solid lines represent established relationships while dotted
lines represent proposed relationships. All interactions are indirect. ‡ no signal detected *p<0.05,
**p<0.005, ***p<0.0005, unpaired t-test
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Receptor tyrosine kinase signaling regulates neural crest gene expression in vivo
While FGF2 and insulin were used to induce neural crest in culture, we asked what
growth factors regulate neural crest development in vivo. Many kinase inhibitors scored as
hits in our initial screen, including two chemicals from the Chembridge KINAcore library
that were generated as structural analogs to receptor tyrosine kinase (RTK) inhibitors
(Figure 17A). These two chemicals also decreased crestin expression in vivo, while EGFR,
FGFR, insulin-like growth factor receptor, and insulin receptor inhibitors had no effect
when added at 2 ss (Figure 17B-D). Importantly we tested SU5402, an FGFR inhibitor with
demonstrated activity in zebrafish embryos (Molina, Watkins, and Tsang 2007). To identify
targets of the Chembridge novel inhibitors, we used the KINOMEscan in vitro competitive
binding assay (DiscoverX). Out of 50 RTKs tested, only two had less than 50% control
binding at 10 μM CB20: PDGFRα and FLT4 (Figure 17E). PDGFRα is highly expressed in
premigratory and migratory neural crest (Figure 17F) (L. Liu et al. 2002), and another
PDGFRα inhibitor, AC710, reduced crestin:EGFP expression in vivo (Figure 17G). These data
support a role for PDGFRα upstream of Akt in neural crest development.
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Figure 16: Akt signaling regulates neural crest gene expression in vivo. (A) PTEN QMA-mCherry
(300 pg) reduces phospho-Akt level in whole embryos. (B) Morphology, PTEN QMA-mCherry
expression, and crestin:EGFP expression of PTEN QMA-mCherry injected embryos. Scoring system
for crestin:EGFP levels is indicated. (C) Quantification based on scoring in (B). Each point represents
one clutch, and mean is indicated. *p<0.05, paired t-test (D) PTEN QMA-mCherry decreases crestin
expression by ISH. Embryos were scored as in Figure 14B. Average score normalized to uninjected
control is indicated. Error bars represent SEM of four experiments. (E) The PI3K inhibitor
LY294002 decreases crestin:EGFP expression. Points indicate the average of two independent
experiments. (F) PTEN QMA-mCherry prevents Sox10 from stimulating crestin:GFP expression.
Representative embryos from the same clutch are shown. (G) Three clutches were scored as in (B).
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Figure 17: RTK signaling regulates neural crest gene expression. (A) Structures of Chembridge
kinase inhibitors. (B) Treatment of embryos with Chembridge novel kinase inhibitors at 2 ss
decreases crestin expression at 15 ss. (C) Quantification of crestin expression in drug-treated
embryos based on the scoring system in (B). The combined results of two independent experiments
are shown. **p<0.0005, chi-square test (D) Receptor tyrosine kinase inhibitors tested and their
targets. Bold inhibitors decreased crestin expression in vivo. Chemicals were tested up to 100 μM.
(E) Results of KINOMEScan assay for CB14 and CB20. Percentage control binding is shown. (F)
Expression of pdgfra in sorted sox10:GFP+ cells (17 ss) and whole embryos (15 ss) as determined
by RNA-seq. Bars show average of two experiments. (G) The PDGFRα inhibitor AC710 reduces
crestin:EGFP expression.
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Discussion
Neural plate border cells have the capacity to form both neural and non-neural
ectodermal derivatives in addition to neural crest cells. While neural plate border
specifiers direct expression of neural crest specifiers, the role of additional cues in
promoting neural crest specifier expression and activity are poorly characterized. In this
study, we used in vitro chemical screening to establish a key role for PI3K/Akt signaling in
neural crest development.
We found that CAPE treatment and subsequent inhibition of Akt signaling decreased
expression of neural crest genes and led to a failure of neural crest cells to migrate. CAPE
also reduced the number of pigmented melanocytes in zebrafish embryos. CAPE-treated
embryos exhibited severe defects or death after more than two days of development,
confounding analysis of other neural crest derivatives such as peripheral neurons and
cartilage. Though CAPE has many reported activities, we found that inhibition of Akt
signaling was relevant for its effects on the neural crest. In CAPE-treated embryos,
constitutively active Akt1 rescued crestin expression, melanocyte number, and melanocyte
migration.
We further used neural crest selective cell cultures to investigate CAPE’s mechanism
of action in the context of particular growth factor stimulation. We found that CAPE
inhibited Akt phosphorylation specifically in FGF-stimulated cells. Context-specific activity
could explain CAPE’s apparent specificity for the neural crest in vivo. Early neural crest
cells have been shown to have high FGF/Erk pathway activity in the chick embryo
(Stuhlmiller and García-Castro 2012; Lunn et al. 2007).
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Although FGF itself did not appear to stimulate Akt phosphorylation, FGF was
required for the activity of CAPE. We hypothesized that FGF could activate both PI3K/Akt
and Mek/Erk pathways, but that Mek/Erk activation leads to PI3K/Akt cross-inhibition, as
has been previously published (C. F. Yu, Liu, and Cantley 2002; Turke et al. 2012;
Zmajkovicova et al. 2013; Menges and McCance 2008). This hypothesis was supported by a
dramatic increase in Akt phosphorylation upon Mek inhibition (Figure 15A,B). We
formulated a model in which FGF modulates insulin-stimulated Akt activation depending
on the level of Mek/Erk activity (Figure 15E). While high Mek/Erk activity decreases Akt
phosphorylation, the net effect of FGF stimulation is no change in Akt phosphorylation,
since FGF also stimulates Akt. If CAPE specifically inhibits FGF-stimulated Akt activation,
the inhibitory effect of Mek/Erk on Akt is dominant, leading to decreased Akt
phosphorylation. Consistent with this model, the effect of CAPE on Akt phosphorylation
was blunted upon Mek inhibition. Since CAPE does not inhibit phosphorylation of
membrane-targeted Akt1, CAPE acts upstream of PIP3, which recruits Akt to the cell
membrane (Figure 14A). While the direct target of CAPE is yet to be determined, we ruled
out a role for Pten, as CAPE has an identical effect on crestin expression in wild type or pten
null embryos.
Several lines of evidence pointed to Sox10 as a downstream transcription factor
affected by CAPE. We found that CAPE treatment decreased chromatin accessibility at
Sox10 binding sites, including the promoter of mitfa. Furthermore, CAPE’s effects on neural
crest gene expression mirror that of the zebrafish colourless mutant in which sox10 is
disrupted: sox10 expression is slightly reduced, while expression of mitfa and its target
genes are dramatically reduced (Dutton et al. 2001). The dramatic reduction in both crestin
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and mitfa expression in CAPE-treated embryos is consistent with a reduction in Sox10
activity. While Mitf expression depends on both Pax3 and Sox10, only Sox10 binding sites
are essential for crestin expression, while Pax3 binding sites are dispensable (Potterf et al.
2000; Elworthy et al. 2003; Kaufman et al. 2016).
Indeed, we found that both CAPE treatment and constitutively active PTEN reduced
the ability of Sox10 to stimulate crestin expression. Sox10 activity might be modified
directly, through its binding partners, or through chromatin modification at its binding
sites (Figure 18). For example, Akt inhibition could alter Sox10 dimerization or Sox10-Pax3
interaction, both of which are known to affect expression of Sox10 target genes (Lang et al.
2000; Bondurand et al. 2000; Potterf et al. 2000). Akt can directly phosphorylate
transcription factors to regulate their activity, as was shown with Twist-1 in tumor cells
(Vichalkovski et al. 2010).

Figure 18: Potential mechanisms by which Akt signaling might affect Sox10 transcriptional activity.
Akt could act directly on Sox10, through a cofactor or binding partner, or on chromatin structure at
Sox10 target genes.

Migration defects in CAPE-treated embryos may be downstream of decreased mitfa
expression, as in colourless mutants, but more direct mechanisms for inhibition of
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migration downstream of Akt could also play a role. Recent studies have proposed the
existence of leader cells with a distinct gene expression profile that initiate neural crest
migration (McLennan et al. 2015; Richardson et al. 2016). Leader cells are reported to
depend on PI3K signaling for maintenance of polarity, and PI3K is known to activate Rac, a
GTPase important for directed cell migration (Yamaguchi et al. 2015). Akt can also directly
phosphorylate cytoskeletal filaments and their regulators, resulting in either enhancement
or repression of migration depending on context (L. C. Cantley 2002).
Chemical or genetic inhibition of PI3K did not have as dramatic of an effect on
neural crest development as CAPE treatment. For example, Crestin expression was not as
dramatically reduced with LY294002 treatment or PTEN QMA expression as with CAPE
treatment. There are two possible explanations for this discrepancy. First, it is possible
that CAPE’s direct target plays a role in additional pathways that are also regulate neural
crest gene expression. Second, it is likely that different levels of Akt inhibition are achieved
in different cell types with CAPE versus direct PI3K inhibitors. Perhaps CAPE has more
specificity toward neural crest cells, with its context-dependent activity, than LY294002,
which should inhibit PI3K in all cells. Complete inhibition of PI3K in all embryonic cells was
not achieved by our methods but it is reasonable to expect that it would be toxic, as triple
knockout of all three Akt isoforms is embryonic lethal in mice by embryonic day 12
(Dummler et al. 2006). PI3K inhibition also failed to reduce melanocyte number, which
could be explained by less dramatic reduction in mitfa expression as compared to CAPE
treatment, Akt reactivation by feedback mechanisms, or RNA dilution in the case of PTEN
QMA injections.
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PTEN QMA expression was not uniform between embryos or throughout a single
embryo, which likely added to the observed variability in crestin:EGFP reduction. Though
baseline crestin:EGFP was not eliminated by PTEN QMA, any increase in crestin:EGFP upon
Sox10 co-injection was abolished. This is consistent with PTEN reducing Sox10 activity,
and in the case of co-injection both RNAs are likely expressed in the same cells. The less
dramatic effect of PTEN QMA on baseline crestin:EGFP could be explained by variable
expression inherent to zebrafish RNA injections.
A current challenge in neural crest biology is understanding how morphogens
connect to gene expression through intracellular signaling pathways and their associated
transcription factors. Our study has identified PI3K/Akt as a novel intracellular signaling
pathway that regulates neural crest development through modulation of Sox10 activity.
Our findings may also impact the understanding and treatment of melanoma, as the Sox10
target MITF is a lineage oncogene in this neural crest-derived cancer (Garraway et al.
2005).
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Materials and methods
Zebrafish husbandry and strains
Zebrafish were maintained under standard protocols approved by the Boston Children’s
Hospital (BCH) Institutional Animal Care and Use Committee (IACUC). Unless indicated
otherwise, AB strain embryos were used for all experiments. Additional zebrafish strains
included sox10:GFP (Kinikoglu, Kong, and Liao 2013; Kong et al. 2014), sox10:Kaede
(Elworthy et al. 2003; Kong et al. 2014), mitfa:GFP (Heinz et al. 2010; Curran, Raible, and
Lister 2009), ubi:mCherry (Mosimann et al. 2011), and casper (Pramanik et al. 2013; White
et al. 2008), ptena-/-ptenb-/- (Stumpf, Blokzijl-Franke, and Hertog 2016). Zebrafish
embryos were staged according to (Molina, Watkins, and Tsang 2007; Kimmel et al. 1995).

Chemical treatment of zebrafish embryos
Unless otherwise indicated, embryos were treated at 2 ss. To reach this time point,
embryos born in the morning were either incubated at 28.5°C for 12 hours or 23°C for the
first 6 hours of development, then transferred to 19°C overnight. Embryos born in the
afternoon were kept at 23°C overnight. Chemical stocks were maintained in DMSO,
resulting in a final concentration of no more than 0.3% DMSO in E3 embryo medium.
Embryos at a maximum density of 20/well were treated in 24 well plates in 1 ml of
chemical solution at 28.5°C protected from light. CAPE was obtained from Tocris (cat
#2743) and used at a concentration of 10 μM unless otherwise indicated. CB14 and CB20
were obtained from Chembridge and correspond to N-[1-(1,5-dimethyl-1H-pyrazol-4yl)ethyl]thieno[2,3-d]pyrimidin-4-amine (cat # 97823181) and 2-[5-(2,6-dimethylphenyl)-
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1H-indazol-1-yl]-N-(1,3-dimethyl-1H-pyrazol-5-yl)acetamide (cat # 93173997),
respectively.

Fluorescence activated cell sorting
Cell sorting was conducted on a BD FACSAria IIu using a nozzle diameter of 80 μm. For
whole embryo FACS, embryos were mechanically homogenized in FACS buffer (2% FBS in
PBS), filtered through a and kept on ice until sorting. DAPI was added at a final
concentration of 1 μg/ml to distinguish live from dead cells. Cells were collected in media
or FACS buffer and kept on ice until further analysis. For crestin:EGFP sorting, the ratio of
GFP to PE signal was used to distinguish autofluorescence from GFP fluorescence.

Imaging of zebrafish embryos
Epifluorescence and bright field images were obtained using a Zeiss Discovery V.8
Stereoscope with an Axiocam HRc. Confocal microscopy of flat-mounted embryos was
conducted on a Nikon C2si Laser Scanning Confocal. Time lapse confocal microscopy of live
embryos was conducted on a Nikon Eclipse Ti Spinning Disk Confocal. Embryos were
mounted on 6 well imaging plates in 0.8% low melting point agarose containing 0.003% 1phenyl-2-thiourea (PTU) to prevent pigmentation, 1.6 μg/ml tricane (MS-222) to
immobilize fish, and the relevant concentration of CAPE. Embryos were maintained at
28.5°C during imaging.
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Whole mount in situ hybridization, immunofluorescence, and TUNEL
Whole mount in situ hybridization was conducted as described (Tallquist and Soriano
2003; C. Thisse and Thisse 2008; L. Liu et al. 2002). The following probes were generated
from established plasmids: crestin(Rubinstein et al. 2000), pax3(Seo et al. 1998), foxd3,
sox10, and snai1b(C. Thisse, Thisse, and Postlethwait 1995). Plasmid templates were
linearized using an appropriate restriction enzyme and PCR purified prior to in vitro
transcription. Other in situ probes were generated from PCR products containing a T7
promoter: tfap2a, tfap2c, inka1a, dlx2a, pax7a, myca, ets1, nr2f2, msx1b, dlx5a. See Talbe 5
(supplemental material) for primer sequences. RNA was isolated from 17 ss embryos using
the RNeasy Plus Mini Kit (Qiagen). A cDNA library was synthesized using the SuperScript III
First Strand Synthesis System (Invitrogen). PCR was conducted using Phusion High-Fidelity
DNA Polymerase (NEB), and products were purified prior to in vitro transcription with the
following components: Roche Dig 11277073910, BCIP/NBT S3771, Roche T3 or T7
polymerase, RNaseIn (Promega)
For whole mount immunofluorescence, zebrafish embryos were fixed in 4% PFA
overnight at 4°C. Embryos were permeabilized in acetone at -20°C for 7 minutes, blocked
for 30 minutes in blocking buffer (2% BSA, 10% lamb serum, 1% DMSO in PBS-0.1% Triton
X-100) and incubated in primary antibodies in blocking buffer overnight. Embryos were
washed twice for 30 minutes in PBS-0.1% Triton X-100, then incubated for 2 hours with
secondary antibodies at room temperature. Anti-phospho-H3 antibody was obtained from
Santa Cruz Biotechnology (rabbit polyclonal, sc-8656-R, 1:750) and anti-GFP was from
Genetex (chicken polyclonal, GTX13970, 1:500). Secondary antibodies were from Thermo
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Fisher (goat anti-rabbit IgG Alexa Fluor 555, goat anti-chicken Alexa Fluor 488, both
1:1000).
Whole mount TUNEL was conducted after crestin in situ hybridization using the
ApopTag Peroxidase In Situ Apoptosis Detection Kit (EMD Millipore) with extended
incubation times. Signal was visualized with SIGMAFAST 3,3-Diaminobenzidine tablets
(Sigma).

RNA-seq
Libraries were prepared using the Ribogone kit (Clontech) and the SMARTer Universal Low
RNA Kit (Clontech) according to the manufacturer’s instructions. Libraries were analyzed
on a Fragment Analyzer (Advanced Analytical) and quantified using the Qubit (Invitrogen)
prior to sequencing on the Illumina HiSeq 2500. Quality control of RNA-Seq datasets was
performed by FastQC and Cutadapt to remove adaptor sequences and low quality regions.
The high-quality reads were aligned to UCSC build danRer7 of the zebrafish genome using
Tophat 2.0.11 without novel splicing form calls. Transcript abundance and differential
expression were calculated with Cufflinks 2.2.1. FPKM values were used to normalize and
quantify each transcript.

Plasmids
Myr-Akt1 was a gift from William Sellers (Addgene plasmid #9008) (Ramaswamy et al.
1999). pCSDest was a gift from Nathan Lawson (Addgene plasmid # 22423). PTEN QMAmCherry was from Stumpf et al. 2016.
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Western blotting
Cultured cells were collected on ice, pelleted at 500 rcf for 3 minutes at 4°C, washed once
with ice-cold PBS, and lysed in RIPA buffer containing protease and phosphatase inhibitors.
Embryos were dechorionated, deyolked on ice in 55 mM NaCl, 1.8 mM KCl, 1.3 mM NaHCO3,
centrifuged at 500 rcf for 3 minutes at 4°C, and washed once in 110 mM NaCl, 3.5 mM KCl,
2.7 mM CaCl2, 10 mM Tris pH 8.5 prior to lysis as for cultured cells. Lysate was centrifuged
at 20,000 rcf for 10 minutes and the supernatant was collected for analysis of protein
concentration with the DC Protein Assay (Bio-Rad). Samples were boiled in Laemelli buffer
before loading of 10 μg protein per well of a 4-20% polyacrylamide gel. Protein was
transferred to a PVDF membrane using the iBlot dry blotting system (Invitrogen), blocked
in 5% milk in TBS with 0.1% Tween 20, and incubated in primary antibody in 5% BSA
overnight at 4°C. Blots were washed, incubated in horse radish peroxidase (HRP)conjugated secondary antibody for 1 hour at room temperature, washed again, and
developed using Amersham ECL Prime Western Blotting Detection Reagent (GE
Healthcare) or Pierce ECL Western Blotting Reagent (Thermo Fisher Scientific). Antibodies
were obtained from Cell Signaling: Erk (#9102, 1:1000), Akt (#9272, 1:1000), phospho-Akt
(#9271, 1:1000), phospho-Erk (#9101, 1:1000), GAPDH (#2118, 1:2000), HRP-linked antirabbit IgG (#7074, 1:2000).

RNA microinjection
Constructs were cloned into pCSDest (Villefranc, Amigo, and Lawson 2007), linearized,
transcribed using the Ambion mMessage mMachine SP6 Kit (Thermo Fisher Scientific), and
purified with the RNeasy MinElute RNA Cleanup Kit (Qiagen). RNA was quantified based on
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absorbance at 260 nm and injected with 0.1% phenol red into 1-2 cell embryos in a volume
of 1-2 nl.

ATAC-seq
Cells (12,000-40,000) were pelleted at 500 rcf for 5 minutes at 4°C, washed once in ice cold
PBS, and permeabilized in 10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL
CA-360. Libraries were prepared using the Nextera DNA Preparation Kit (Illumina) with a
transposase reaction time of 30-45 minutes and purified with the MinElute PCR
Purification Kit (Qiagen). Quantitative PCR was used to estimate the total number of cycles
needed for library amplification. Libraries were analyzed on a Fragment Analyzer
(Advanced Analytical) and quantified using the Qubit (Invitrogen) prior to sequencing on
the Illumina HiSeq 2500. ATAC-Seq datasets were aligned to UCSC build danRer7 of the
zebrafish genome using Bowtie2 (version 2.2.1) with the following parameters: --end-toend, -N0, -L20. We used the MACS2 version 2.1.0 peak finding algorithm to identify regions
of ATAC-Seq peaks, with the following parameter --nomodel --shift -100 --extsize 200. A qvalue threshold of enrichment of 0.05 was used for all datasets.
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Addendum: DMH4 disrupts melanoblast migration
DMH4 is a VEGFR2 inhibitor that scored as a hit in the initial in vitro screen.
Although DMH4 did not have any effect on crestin:EGFP expression in vivo, it disrupted
melanoblast migration (Figure 19). However this effect only occurred at a high
concentration (10-100 μM), so I suspected that it was the result of a target other than
VEGFR2, which has an in vitro IC50 of 161 nM. Another VEGFR2 inhibitor with a structure
dissimilar to DMH4, SU4312, had the same effect on melanoblast migration (Figure 19).
While melanoblasts, marked by mitfa:GFP, normally migrate in a dorsal to ventral
direction, in DMH4-treated embryos, melanoblasts were observed changing direction and
migrating dorsally (Video 4). Having noticed that KIT, a receptor tyrosine kinase with an

Figure 19: DMH4 and SU4312 decrease melanoblast migration, as determined by melanocyte
position at 2 dpf. Pigmented melanocytes are more dorsally and medially located. Embryos were
treated continuously with the indicated concentration of chemical from 2 ss. Respective chemical
structures are shown.
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established role in melanoblast migration, shares many inhibitors with VEGFR2, I supposed
that DMH4 and SU4312 likely act by inhibiting KIT. As this was not novel, I did not continue
follow-up work with DMH4, but it could be a useful tool in the future for the study of
melanoblast migration in zebrafish. Furthermore, it is still formally possible that DMH4
acts by inhibiting a novel receptor involved in melanoblast migration.
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Chapter 4

Identification of novel therapeutic avenues for melanoma treatment

Attributions
The majority of the experiments described in this chapter were designed,
conducted, analyzed by myself and are unpublished. Michelle Dang developed and
optimized techniques for zebrafish intraperitoneal transplantation and gavage. The mouse
xenograft work was conducted by Ugur Eskiocak in Sean Morrison’s lab. Christopher
D’Amato assisted zebrafish transplantation experiments and mammalian cell culture. I also
obtained resources and information from other scientists. Zebrafish juvenile transplant
experiments were adapted from (Chen et al. 2014) and Myron Ignatius provided additional
guidance. Carla Kim, Levi Garraway, and Thorsten Schlaeger provided human cell lines.
Charles Kaufman and Ellen van Rooijen generated the zebrafish melanoma cell lines. Qin
Tang in David Langenau’s lab provided the Rag2E450fs mutant fish and genotyping
protocol.
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Introduction
Though much recent progress has been made in the treatment of metastatic
melanoma, there is still a need for novel therapeutics. Targeted therapies have focused on
BRAF mutant melanoma, but this category only comprises about half of clinical cases, and
even within this category not all patients respond to BRAF inhibitors. Furthermore,
acquired resistance to targeted therapies occurs in the majority of cases (Fedorenko et al.
2015). Targeting cell-type selective pathways in melanoma has the potential for a high
therapeutic index and broad applicability. Evidence points to a reactivation of an
embryonic neural crest program in melanoma (Kaufman et al. 2016). If pathways specific
to the embryonic neural crest program could be specifically targeted, normal adult tissues
would not be affected. The crestin:EGFP reporter is a readout of this embryonic neural crest
program, so chemicals that affect crestin:EGFP expression may also affect melanoma
growth and survival. To test this hypothesis, I developed zebrafish melanoma transplant
models to evaluate the effect of screen hits on melanoma growth in vivo.
The main melanoma models currently in use are genetically engineered mouse
models (GEMM) and mouse xenograft models derived either from human cell lines or
directly from patient samples. For xenograft models, human melanoma cells are
transplanted subcutaneously into immunocompromised mice. Patient-derived xenografts
(PDXs) can be generated without cell culture to better maintain the properties of the initial
tumor, though the tumor will inevitably be exposed to selective pressures after
transplantation that are different from those in the environment of the primary tumor
(Tentler et al. 2012). One study looked at genome-wide expression data in non-small-cell
lung cancer and found that 9 of 17 primary tumors clustered with their PDX models
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(Fichtner et al. 2008). Another study found that tumor gene expression was maintained
more closely in PDX models that were derived from direct transplants of patient samples
rather than in cells that were cultured for 6 months before transplant. Hence PDX models
have advantages over traditional xenograft models, but they still lack an endogenous tumor
microenvironment and immune system (Daniel et al. 2009).
For GEMMs, genetic manipulations are carried out to activate oncogenes or
inactivate tumor suppressors, allowing for tumor growth in an immunocompetent
environment. Dozens of GEMMs of melanoma have been developed, with more recent
models typically employing the tyrosinase promoter for melanocyte-specific expression
(Kuzu et al. 2015). Tyrosinase is an enzyme that participates in melanin biosynthesis.
Genetic studies of human melanoma have pointed to oncogenic activation of BRAF or NRAS
in most tumors. These two mutations are mutually exclusive; both activate the MAP kinase
signaling cascade to promote cell proliferation and survival (Tsao et al. 2004). NRAS also
activates other downstream pathways such as PI3K. BRAF mutant tumors tend to activate
PI3K through PTEN deletion, indicating an important role for this pathway in melanoma
tumorigenesis (Tsao et al. 2004). The necessity for activation of both MAPK and PI3K
pathways was confirmed in a mouse model (Dankort et al. 2009). Inducible Cre
recombinase was expressed under the control of the Tyr promoter to knockout floxed
PTEN, induce expression of BRAF(V600E), or both. While BRAF(V600E) alone caused
melanocyte hyperproliferation, both mutations were required to induce melanoma.
CDKN2A is the most commonly deleted tumor suppressor in melanoma and controls
both the Rb and p53 pathways through two separate gene products: p16INK4A and
p14ARF (mouse p19ARF). Mice with CDKN2A knockout can be combined with tissue-
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specific expression of activated BRAF or NRAS to generate melanomas (Goel et al. 2009;
Chin et al. 1997).
Genetically engineered models can also be combined with chemical or ultraviolet
radiation (UVR)-induced carcinogenesis to accelerate tumor growth (Broome Powell et al.
1999; Kannan et al. 2003). Though UVR-induced melanomas are the most relevant model
for human disease, the divergent biology of mouse and human melanocytes poses a
challenge. Mouse melanocytes are located primarily in the hair follicle roots where they are
protected from UV irradiation (Zaidi, Day, and Merlino 2008). In humans, melanocytes are
located in the epidermis, and an important measure of disease progression is the extent of
invasion into the dermis. Mouse melanocyte localization prevents modeling both dermal
invasion and UVR-induced carcinogenesis. However several groups have succeeded in
altering mouse melanocyte localization to more closely mimic the human situation by
expressing stem cell factor (SCF) or endothelin-3 in keratinocytes (Kunisada et al. 1998;
Garcia et al. 2008). Another strategy has been ectopic expression of hepatocyte growth
factor (HGF), the ligand for the Met receptor. HGF overexpression results in the abnormal
presence of melanocytes in the dermis and epidermis. Though these mice are predisposed
to many cancers, metastatic melanoma is the most common (Otsuka et al. 1998).
While zebrafish models of cancer may not be as clinically relevant as mouse models,
they facilitate studies of both chemical and genetic perturbations of tumor growth.
Zebrafish can be drug-treated by immersion and are easily manipulated genetically by
embryonic microinjection. Furthermore, the lower cost of fish maintenance allows for
greater numbers than would be possible in mouse studies. Many types of cancer have been
modeled in zebrafish including T-cell leukemia, embryonal rhabdomyosarcoma, and
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malignant peripheral nerve sheath tumors, among others (Langenau et al. 2003;
Berghmans et al. 2005; Langenau et al. 2007). Our lab developed a zebrafish melanoma
model using transgenic expression of human oncogenic BRAF(V600E) in the melanocytes
of p53 null fish (Patton et al. 2005). A variant on this model that employs melanocyte
rescue in nacre (mitfa null) fish was used to identify a role for the epigenetic modifier
SETDB1 in melanoma (Ceol et al. 2011). Mitfa:BRAF(V600E); p53-/- zebrafish melanomas
can be cultured to generate cell lines, which I used for my transplantation experiments.
The chemical screen described in Chapter 2 and follow-up studies in melanoma cell
lines led us to consider several ion channel inhibitors for testing in melanoma models. We
particularly focused on mibefradil, a ion channel inhibitor that is selective for T-type
calcium channels. T-type calcium channels are also referred to as low-voltage-activated
(LVA) and are distinguished from high-voltage-activated (HVA) L-, N-, P/Q-, and R-types.
These channels play an important role in neuronal excitability and regulate basal calcium
levels in non-excitable cells (Li et al. 2005).
T-type calcium channel blockers have recently been proposed as therapeutics in a
variety of cancers and are more highly expressed in cancer than normal tissues
(Dziegielewska, Gray, and Dziegielewski 2014). Studies have mainly focused on T-type
calcium channels and cellular proliferation. There has long been an association between
proliferation and a rise in cellular calcium (Kahl and Means 2003). More recently it has
been demonstrated that knockdown of T-type calcium channels decreases proliferation in
many cancer cell types (Dziegielewska, Gray, and Dziegielewski 2014).
T-type calcium channels may also play a role in cellular differentiation. They are
highly expressed in embryonic stems cells, and levels decrease as the cells differentiate
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(Rodríguez-Gómez, Levitsky, and López-Barneo 2012). This observation is particularly
interesting in light of recent studies indicating shared gene regulatory networks between
the neural crest and embryonic stem cells (Buitrago-Delgado et al. 2015).
One study looked at T-type calcium channel expression in cultured melanocytes,
melanoma cell lines, and primary melanomas (Das et al. 2012). Interestingly, the authors
found that T-type calcium channels are more highly expressed in melanoma than in normal
melanocytes. In particular, Cav3.2 was expressed in all melanoma samples but not in
normal melanocytes. Blocking T-type calcium channel function genetically or
pharmacologically resulted in reduced viability and proliferation of melanoma cells.
Here, I demonstrated that the T-type calcium channel blocker mibefradil selectively
kills melanoma cells compared to non-melanoma cells, suggesting a cell-type specific effect.
I tested mibefradil and other screen hits in a zebrafish transplant model of melanoma and
found that the effect of mibefradil on tumor growth in vivo is dependent on experimental
conditions.
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Results
Evaluation of cell-type selectivity in human cancer cell lines
In order to determine whether hit chemicals obtained from the screen showed cell typespecific toxicity in melanoma, I treated melanoma and non-melanoma human cell lines with
chemicals for two days and evaluated live cell number using CellTiter-Glo (Promega),
which generates luminescence based on ATP content. Table 5 shows the cell lines that were
tested, including 8 melanoma cell lines, 7 non-melanoma cancer cell lines, and nontransformed human dermal fibroblasts. I found that four chemicals showed a differential
sensitivity between melanoma and non-melanoma cell lines: MDL-28170 (calpain
inhibitor), PD184161 (MEK inhibitor), indatraline (monoamine transporter inhibitor), and
mibefradil (T-type calcium channel inhibitor) (Figure 20). I did not follow up on three of
the chemcials. MDL-28170 only worked at a high concentration (>10 μM) and likely acted
Table 5: Cell lines tested for chemical sensitivity

Cell line
A-375
SK-MEL-2
SKMEL5
SKMEL28
SKMEL30
COLO-679
CJM
UACC-257

Cell type
malignant melanoma
malignant melanoma
malignant melanoma
malignant melanoma
malignant melanoma
malignant melanoma
malignant melanoma
malignant melanoma

HT-29

colorectal adenocarcinoma

A549

lung adenocarcinoma

H1975

lung adenocarcinoma

HDF
U-118MG
HeLa
PC-3M-LN4
MCF7

dermal fibroblast
glioblastoma
cervical adenocarcinoma
prostate adenocarcinoma
breast adenocarcinoma
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Selected mutations
BRAF(V600E), CDKN2A
NRAS(Q61R), TP53
BRAF(V600E), CDKN2A
BRAF(V600E), EGFR(P753S), TP53
NRAS(Q61R), TP53
BRAF(V600E)
BRAF(V600E)
BRAF(V600E)
APC, BRAF(V600E), TP53,
PI3KCA(P449T)
HRAS(G12S), CDKN2A
EGFR(T790M), CDKN2A,
PI3KCA(G118D), TP53
wild type
CDKN2A, PTEN, TP53
HPV18
PTEN, TP53
CDKN2A, PI3KCA(E545K)

through an unknown target. Indatraline did not show good separation between melanoma
and non-melanoma cell lines. PD184161 targeted a pathway (MAPK) already known to play
an essential role in melanoma cell survival. Therefore I focused on the ion channel inhibitor
mibefradil.
Mibefradil is a T-type (low threshold voltage-gated) calcium channel blocker that
has been used previously in the clinic to treat hypertension but was withdrawn due to toxic
drug-drug interactions (Bezprozvanny and Tsien 1995). Though many nonselective
calcium channel blockers exist that affect both L-type and T-type calcium channels, fewer
are selective for T-type channels like mibefradil. In order to determine whether mibefradil

Table 4: Human cell lines tested for chemical sensitivity

Figure 20: Four chemical screen hits showed selective toxicity toward melanoma cells (red) lines as
compared to non-melanoma cell lines (blue). Cells were treated with chemicals for two days at the
indicated concentrations. CellTiter-Glo luminescence was normalized to DMSO controls.
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likely acts by blocking T-type calcium channels, I tested two other T-type calcium channel
inhibitors: ML218 and NNC55-0396 (Xiang et al. 2011; Li et al. 2005). ML218 did not
selectively kill melanoma cell lines and in fact had little effect on cell survival in general
(Figure 21). NNC55-0396 showed a similar effect to mibefradil at an approximately twofold lower dose (Figure 21). However this compound has an almost identical structure to
mibefradil, so the two chemicals likely share multiple targets which may or may not be Ttype calcium channels. Interestingly, amiloride is another inhibitor of T-type calcium
channels that scored as a hit in the initial neural crest cell screen but did not show
differential sensitivity between melanoma and non-melanoma cell lines (C. M. Tang,
Presser, and Morad 1988). Overall this data indicates that inhibition of T-type calcium
channels alone is not sufficient to generate differential toxicity between melanoma and
non-melanoma cell lines.

Figure 21: Effect of selective T-type calcium channel inhibitors on viability of four melanoma (red)
and four non-melanoma (blue) cell lines.
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Development of zebrafish melanoma transplant models
Next I wanted to evaluate the effect of mibefradil and other hit chemicals on
melanoma growth in vivo. In order to reduce intertumor variability and obtain many
similarly sized tumors at a given point in time, I used a zebrafish melanoma transplant
model. Though transplantation of primary tumors is possible and has been undertaken by
other members of the lab, I used transplantation of zebrafish melanoma cell lines to
increase reproducibility. Parameters to be optimized in this model included cell line, site of
injection, mode of immune suppression, timing of drug treatment, and determination of
tumor size.
For my previous studies of cultured neural crest cells, I developed a novel injection
technique in which cells are injected just under the scale of a fish into the dermis, ventral to
the dorsal fin on one side of the fish. The dorsal fin can be used as a marker for the site of
injection. I used this technique to inject the zebrafish melanoma cell line zmel, which is
derived from the mitfa:BRAFV600E; p53-/- zebrafish melanoma model that expresses

Figure 22: Transplanted zmel cells spread on the surface of zebrafish skin and recruit blood vessels.
Image on right shows a higher magnification of the tumor site. Note large blood vessel leading
directly to the tumor. Fish was 24 days post-transplantation.
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mitfa:GFP. Tumors were clearly visible two weeks after transplant. Melanoma cells spread
from the site of injection and often recruited a large blood vessel that was clearly visible on
the skin of the fish (Figure 22). The cells also became more pigmented over time (Figure
23). Because the cells were capable of changing their pigmentation state in vivo, I could not
use pigmentation to determine tumor size. Furthermore, increased pigmentation blocked
GFP fluorescence, so this was not a reliable marker of tumor size either (Figure 23). In
order to circumvent this problem, I found a zebrafish melanoma cell line that did not
become pigmented in vivo, 121-1 (Figure 24).

Figure 23: Transplanted zmel cells expressing mitfa:GFP become pigmented over time. Pigmentation
blocks GFP fluorescence. One individual fish is shown.
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Since isogenic zebrafish strains do not exist, immune suppression was required for
melanoma transplants. Initial studies were conducted using irradiated casper recipients.
Fish were irradiated for two consecutive days with 15 Gy, and transplants were conducted
on the third day. While fish transplanted using this method robustly developed tumors,
after about 30 days the tumors began to shrink, presumably due to immune rejection. For
later studies, we obtained the Rag2 mutant immunocompromised zebrafish line (Q. Tang et
al. 2014). We observed tumor growth in this line without irradiation (Figure 25).

Figure 24: Putative immune rejection in irradiated recipients transplanted with zebrafish
melanoma cell line 121-1. As determined by mitfa:GFP fluorescence, tumors grew for the first
month after transplant but subsequently began to shrink. Two individual fish are shown.
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In vivo melanoma drug studies
I considered several options for administering chemicals to zebrafish, including
injection, gavage, and immersion. While each of these techniques has advantages and
disadvantages, ultimately I prioritized testing as many screen hits as possible and used
immersion of fish in chemicals. Though injection of drugs into circulation provides the
most reliable form of administration, it limits the number and frequency of possible
treatments because of the necessity for recovery of fish between injections. Both gavage
and injection require extensive optimization of drug timing and dose. Furthermore, most
chemicals have unknown oral bioavailability. Treatment by immersion is less labor
intensive and requires less optimization, but an unknown quantity of drug enters the fish,

Figure 25: Schematic of drug studies in the zebrafish melanoma transplant model. A zebrafish
melanoma cell line (zcrest c) was transplanted into immunocompromised recipients and allowed to
grow for two weeks before two weeks of drug treatment by immersion.
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and a large amount of chemical is required since zebrafish must be housed in a relatively
large volume and require daily water changes for maintenance of health. To minimize the
amount of chemical needed, I used juvenile 4-6 week old zebrafish for transplants and drug
treatment as has been described previously (Chen et al. 2014).
Because of the small size of the fish, I used intraperitoneal (IP) transplantation of
melanoma cells instead of intradermal transplantation. I found that the cell line zcrest c
robustly generated IP tumors in 4-6 week old zebrafish (Figure 25). This line also
expresses crestin:EGFP, allowing for determination of the effect of chemicals on crestin
expression in addition to tumor growth. Tumors were allowed to grow for two weeks,
imaged to determine total GFP fluorescence, treated with drugs for two weeks, and imaged
again (Figure 25). Fish were housed in groups of no more than five to facilitate
identification of individual fish. For an initial experiment, fish were housed in 6-well plates

Figure 26: Effect of chemicals on zebrafish melanoma growth in vivo in three independent
experiments. Each point represents an individual fish. Relative tumor sizes are shown for each
experiment and indicate the ratio of total GFP fluorescence after treatment to total GFP
fluorescence before treatment. Student’s t-test was used to determine statistical significance. None
of the treatment groups in (A) achieved statistical significance. Line in (A) indicates a relative tumor
size of 1, corresponding to no change in tumor size during treatment.
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with two fish per well and kept in drug continuously with a feeding and water change every
other day. As expected, vemurafenib at a dose of 10 μM reduced tumor size, as determined
by total GFP fluorescence (Figure 26A). The initial dose of mibefradil (10 μM) was lethal
and had to be reduced for subsequent experiments. The only other drug that reduced
tumor growth, phenanthroline, was also toxic and 4/6 fish died (Figure 26A).
Under these initial experimental conditions I observed a general deterioration of
fish health during the course of drug treatment. The fish became emaciated and most of the
tumors shrank, even in DMSO control fish (Figure 26A). I found that maintenance of fish off
flow in a small volume caused them to consume less food. Since juvenile fish are in a rapid
growth phase, they require more food to maintain health. For the next experiment, I
maintained fish in 300 ml of water in groups of five with the same feeding schedule as
described previously. Under these conditions, the fish appeared healthier but did not
exhibit normal growth, and the control tumors still shrank (Figure 26B). Here I observed
inhibition of tumor growth by mibefradil (5 μM) comparable to the BRAF inhibitor
vemurafenib. Interestingly the mibefradil dose tolerated by fish correlated with the
maximum non-toxic dose in cell lines.
In a final experiment I maintained fish on flow part of the time. Every other day, fish
were put back on flow for approximately 10 hours during which they were fed generously
twice. Under these conditions, fish continued healthy growth, and on average, control
tumors did not change in size (Figure 26C). However, I no longer observed an effect of
mibefradil on tumor growth. The effect size of vemurafenib was also diminished and only
reached borderline statistical significance.
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CAPE did not affect zebrafish melanoma growth in any of the experiments but has
been previously reported to inhibit tumor growth in the B16F1 mouse syngeneic
transplant model of melanoma (Pramanik et al. 2013). This melanoma originally arose
spontaneously in the C57BL/6 mouse strain and does not harbor the typical genetic
alterations observed in human melanoma such as activating mutations in BRAF or NRAS.
We wanted to test CAPE in a melanoma model with more relevance to human melanoma
genetics, so we used patient-derived xenografts in NOD scid gamma (NSG) mice. Mice were
treated with daily IP doses of CAPE at 20 mg/kg for 27 days. We did not observe any
difference in tumor growth between CAPE- and vehicle-treated mice regardless of BRAF
mutation status (Figure 27). Later experiments indicated that CAPE only inhibits Akt in a
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Figure 27: CAPE treatment has no effect on patient derived xenograft tumors in NSG mice. Cells
from two patients were tested: M481 was BRAF mutant and M214 was BRAF wild type. Mice were
treated for 27 days with 20 mg/kg/day IP CAPE. Tumor mass was determined at the end of the
experiment.
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very specific context, and we found that CAPE does not inhibit Akt in melanoma cell lines.
Therefore it is not unexpected that CAPE had no effect in the xenograft experiments.
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Discussion
To test the effects of screen hit chemicals on melanoma growth in vivo, I established
two novel zebrafish melanoma transplant models. One model used intradermal
transplantation of adult fish. I found a zebrafish melanoma cell line (121-1) that does not
become pigmented in vivo, facilitating quantification of tumor size by fluorescence. While
intradermal transplantation produces melanomas in the most relevant microenvironment,
one disadvantage of the technique is that only a very small volume can be injected. While I
attempted to inject 0.2-0.5 μl, not all of this volume went into the skin. Therefore it was
impossible to determine how many cells were actually injected. This model is appropriate
for future studies using drug gavage, since fish must be sufficiently large for both gavage
and intradermal transplantation. While this method of transplantation and drug
administration is lower-throughput than juvenile zebrafish studies and requires more
optimization, it is more clinically relevant.
The second model I developed uses IP transplantation of 4-6 week old juvenile
zebrafish and drug treatment by immersion. A similar model has been previously published
for embryonal rhabdomyosarcoma, which I adapted and optimized for melanoma (Chen et
al. 2014). I found that the zcrest c cell line reproducibly formed unpigmented IP tumors in
juvenile zebrafish. I also found that in order to maintain fish health and tumor size, fish
needed to be periodically put back on flow for ad libitum feeding. This likely reduced the
effects of drugs on tumor growth since fish were not continuously exposed to drug. I used
the juvenile model to test six of the screen hits for their effect on melanoma growth, and
only mibefradil and the positive control vemurafenib had an effect. Mibefradil only
decreased tumor size in one experiment, but it is unclear whether this variability occurred
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because of the differential metabolic state of the fish, different amount of time fish were
exposed to drug, or other unknown sources of variability.
Regardless of whether mibefradil has an effect on melanoma growth in vivo, it is
worthwhile to determine its mechanism, since this may elucidate fundamental cell typespecific properties of melanoma cells. Mibefradil showed the best differential sensitivity
between melanoma and non-melanoma cell lines. Though another, structurally dissimilar
T-type calcium channel inhibitor, ML218, did not reproduce the same effect as mibefradil,
mibefradil might work through inhibition of a specific calcium channel isoform or through
its particular polypharmacology toward different ion channels. On the other hand,
mibefradil and its derivative NNC55-0396 could work through a mechanism unrelated to
ion channels. I was not able to find many commercially available selective T-type calcium
channel inhibitors to test for differential sensitivity, but an alternative approach is to
determine whether genetic knockdown of T-type calcium channels phenocopies mibefradil
treatment.
Why would melanoma cells be more sensitive to T-type ion channel inhibition than
non-melanoma cancer cells? We know that T-type calcium channels are expressed in many
types of cancer including melanoma (Dziegielewska, Gray, and Dziegielewski 2014; Das et
al. 2012). Perhaps melanoma cell lines lack functional redundancy of these channels that is
present in other cancer cell types. Alternatively, melanoma cell lines might simply express
higher levels of these channels as a result of their neural crest-like properties. This is a
plausible hypothesis given that neural crest cells are peripheral neuron progenitors. T-type
calcium channels are highly expressed in peripheral neurons, where they modulate
membrane excitability (Simms and Zamponi 2014). It has also been suggested that neural
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crest cells retain properties of pluripotent stem cells, which also express high levels of Ttype calcium channels (Buitrago-Delgado et al. 2015; Rodríguez-Gómez, Levitsky, and
López-Barneo 2012).
I found that CAPE, which I studied extensively in zebrafish embryos (Chapter 3) had
no effect on melanoma growth in vivo. While CAPE has been reported to reduce tumor
growth in the B16F1 syngeneic mouse transplant model, it did not have an effect on
melanoma patient-derived xenografts. This could be due to the poor pharmacological
properties of CAPE (X. Wang et al. 2009). More likely, CAPE’s target is not relevant in
transformed cells or in cells with constitutive activation of MAPK and PI3K pathways,
which is the case for most if not all melanomas (Dankort et al. 2009; Tsao et al. 2004).
Indeed, I found that CAPE did not affect crestin expression in zebrafish melanoma cell lines
as it did in embryos, nor did it affect Akt phosphorylation. Identifying the direct target of
CAPE will likely explain why it only inhibits Akt in certain cell types under certain
conditions. The reader is referred to Chapter 5 for a more thorough discussion of the
connections between neural crest and melanoma chemical sensitivities and intracellular
signaling pathways.
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Materials and methods
Human and zebrafish cell culture
All cell lines were adapted to growth in DMEM with 10% fetal bovine serum. Cells were
maintained in a humidified environment with 5% CO2 at 37°C (human) or 28.5°C
(zebrafish). Cell lines were passaged 1-3 times per week depending on growth rate and
media was refreshed at least twice per week.

Viable cell number determination
Viable cell number was determined using CellTiter-Glo (Promega). Cells were plated into
black 384-well plates in 30 μl media. The following day, 30 μl of 2x chemical medium was
added to wells. Two days later, 25 μl CellTiter-Glo was added to each well, mixed for 2
minutes, and luminescence was detected using a Synergy NEO (Biotek) plate reader.

Intradermal melanoma transplantation
Cells were detached from plates using trypsin and resuspended in PBS at a concentration of
15,000-50,000 cells/μl. Cell suspension was loaded into a glass syringe with a 33 gauge
needle (Hamilton). Fish were anesthetized with 0.16 mg/ml tricane (MS-222) and 0.2-0.5
μl of cell solution was injected underneath a scale on the dorsal flank of a casper fish
irradiated with 15 Gy per day for two consecutive days. Transplants were conducted on the
third day.
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Intraperitoneal melanoma transplantation
IP transplantation was conducted in 4-6 week old zebrafish as for intradermal melanoma
transplantation described above, except that cells were resuspended at a concentration of
20,000 cells/μl and 1 μl was injected per fish. Cell solution was injected into the peritoneal
cavity of the fish from the ventral side.

Zebrafish juvenile drug treatment
Initial drug concentrations were determined based on treatment of zebrafish embryos:
CAPE 10 μM, vemurafenib 10 μM, phenanthroline 3 μM, MDL-28170 100 μM, CGP-74714A
30 μM. Amount of water and feeding schedule for fish was optimized as described in the
main text. Drug water was replaced every other day for two weeks.

Quantification of tumor size
Tumor size was determined by overall GFP fluorescence in each fish. Fish were
anesthetized with 0.16 mg/ml tricane (MS-222) and imaged with a Zeiss Discovery V.8
Stereoscope with an Axiocam HRc. Images were processed in ImageJ using thresholding
and pixel intensity sum. The same threshold was applied to each image.
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Chapter 5

Discussion and Future Directions

The goal of this project was to use chemical screening to identify novel pathways
required for neural crest development and melanoma cell survival. To facilitate chemical
screening, I developed and validated a novel zebrafish neural crest culture protocol. I
screened for chemicals that specifically reduce expression of the neural crest marker
crestin:EGFP and divided hit chemicals into two categories based on their performance in
secondary assays.
The first category of chemicals reduced expression of crestin:EGFP in zebrafish
embryos. The most promising hit in this category was the natural product caffeic acid
phenethyl ester (CAPE). CAPE reduced expression of neural crest genes including mitfa,
disrupted neural crest migration, and inhibited melanocytic differentiation. Though CAPE
has many reported activities, I found that inhibition of PI3K/Akt signaling was relevant for
its effects on the neural crest. I further showed that Akt is required for neural crest
development and modulates Sox10 activity. Through these studies, I have identified a novel
intracellular signaling pathway required for neural crest development and connected it to
cell type-specific gene expression. This work also provides insight into melanoma
initiation. Interestingly, the same signaling pathways that were required for neural crest
development in my culture system are activated in human melanoma: MAPK and PI3K/Akt.
My work suggests that activation of these pathways may play a cell-type specific role in
melanoma initiation in addition to their traditional role in cell survival and proliferation.
The second category of screen hits selectively killed melanoma cell lines compared
to non-melanoma cell lines. The calcium channel inhibitor mibefradil was the most
promising of these hits. Mibefradil also reduced tumor growth in a zebrafish melanoma
transplant model. This work supports a rationale for evaluating calcium channel inhibitors
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as melanoma therapeutics and indicates that they may be more effective in treatment of
melanoma than other cancers.

Zebrafish neural crest cultures
Though methods for the culture of neural crest cells have been described, none of
them are suitable for chemical screening. In particular, the culture of both sorted neural
crest cells and neural tube explants has been published (Kinikoglu, Kong, and Liao 2013;
Bingham, Toussaint, and Chandrasekhar 2005). Neural tube explant culture is not
amenable to high-throughput screening, and sorted cultures lack information about cell
type-specificity. I developed a novel method for culturing embryonic neural crest cells in
heterogeneous cultures.
This cell culture method consists of mechanically homogenizing crestin:EGFP and
plating them on standard tissue culture coating with serum and growth factors. I found that
both FGF and insulin promote neural crest development from whole embryo cultures
plated at the onset of endogenous neural crest specification. At the time of plating,
crestin:EGFP+ cells make up approximately 3% of total embryonic cells, but after one day of
culture, crestin:EGFP+ cells make up approximately 20% of the culture (Figure 3B). Using
time lapse microscopy, I determined that the majority of these cells arise de novo from
crestin:EGFP- cells, rather than from proliferation of existing cells (Video 1). Crestin:EGFP+
cells proliferate at a similar rate to other cells in the culture (Figure 3D). This data indicates
that neural crest cells are specified in the cultures from cells that would normally not
produce neural crest, likely including neural plate border cells and potentially neural and
non-neural ectoderm as well.
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I used this cell culture system to find chemicals that reduce the number of
crestin:EGFP+ cells compared to ubi:mCherry+ cells representing a random population of
cells. I expected that plating chemicals concurrently with cells would identify chemicals
that affect both neural crest specification and neural crest survival. I used this screening
strategy first to identify the broadest range chemical hits for evaluation in follow-up assays.
This screen identified both CAPE and mibefradil, both of which scored in follow-up assays
as described in Chapter 3 and Chapter 4, respectively.
To identify additional compounds that affect neural crest survival but not neural
crest specification, I repeated the screen but added chemicals after the cells had already
been in culture for one day. This second screen identified one of the compounds that scored
in the cell line differential sensitivity assay – PD184161. This compound targets the MAPK
pathway, which is already known to play an important role in melanoma, so I did not follow
it up further.
Overall the first screen was the most successful in identifying interesting
compounds, and I found less overlap between the two screens than I expected. Out of 72
hits in the early screen and 22 hits in the late screen, only 6 were shared. This indicates
that not all compounds affecting neural crest survival in culture were identified in the
initial early screen. Some of these compounds were likely not identified as hits in the initial
screen because they are toxic to earlier-stage cells or to cells freshly isolated from embryos.
After stabilization in culture, cells were likely less susceptible to chemical perturbation in
general. The specificity of the screens was similar, considering the number of hits that
scored in the melanoma differential sensitivity assay: 3 for the early screen and 1 for the
late screen, approximately proportional to the number of hits. It was difficult to assess the
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in vivo activity of compounds identified in the late stage plating screen, since crestin:EGFP is
quickly downregulated endogenously.

Understanding the mechanism of CAPE
One goal of the screen was to identify compounds that affect neural crest
specification in vivo. I found that CAPE reduces neural crest gene expression, migration,
and melanocytic differentiation in zebrafish embryos. Though CAPE has many reported
biological targets, inhibition of PI3K/Akt signaling was relevant for its effects on the neural
crest, since expression of constitutively active Akt rescued crestin expression, melanocyte
number, and melanocyte migration in CAPE-treated embryos. I further determined that
both CAPE and constitutively active PTEN, which decreases Akt activity, reduce the activity
of the Sox10 transcription factor on the crestin promoter.
In the future, we aim to test the specificity of Akt activation for Sox10 activity and
crestin expression. In particular, we will determine whether the activity of Tfap2a, another
transcription factor that regulates crestin expression, is reduced in the presence of CAPE
treatment or PTEN QMA expression. The result of this experiment will indicate whether
inhibition of Akt signaling reduces crestin by a more general mechanism, or whether there
is specificity for Sox10. We will also determine whether CAPE treatment and PTEN QMA
expression reduce the activity of Sox10 on the mitfa promoter in addition to the crestin
promoter. The result of this experiment will indicate whether the transcriptional activity of
Sox10 itself is reduced or whether the effect of CAPE is peculiar to some feature of the
crestin promoter.
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It will be informative to determine the direct target of CAPE. CAPE likely does not
act as a direct inhibitor of PI3K, since it only reduced Akt phosphorylation in FGFstimulated embryonic cells. CAPE did not reduce Akt phosphorylation in zebrafish or
human melanoma cell lines, even when they were grown in neural crest medium. We
hypothesized that CAPE specifically inhibits FGF-stimulated Akt activation (Figure 15E).
CAPE acts upstream of PIP3 generation/Akt membrane recruitment, since CAPE has no
effect on phosphorylation of membrane-targeted Akt1 (Figure 14A). Different growth
factor receptors activate PI3K through distinct adaptors, which could explain the specificity
of CAPE for FGF-stimulated Akt activation. Additionally, PI3K activation can occur either
directly or through Ras, and the relative contribution of each of these mechanisms could
differ among different receptors. CAPE might only inhibit Akt activation by one of these
mechanisms.
We hypothesized that CAPE could activate PTEN to reduce Akt phosphorylation.
However, we found that pten null zebrafish embryos have the same response to CAPE as
wild type embryos, so CAPE likely does not act through PTEN, though it is still possible that
maternal PTEN exists in these embryos, which are generated from a cross of ptena +/- ;
ptenb -/- fish. It has been established that PTEN protein is eliminated by 20 hpf, but the
response to CAPE is determined from approximately 11-17 hpf (J. den Hertog, personal
communication).
To determine the direct target of CAPE, one could use either an unbiased or
candidate-based approach. For a candidate-based approach, one could knock out or
express constitutively active versions of components involved in activation of Akt and
determine their effect on CAPE treatment. If CAPE activates a negative regular of Akt,
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knocking down that protein should prevent CAPE’s activity. If CAPE inhibits a positive
regulator of Akt, expression of a constitutively active version of the protein should prevent
CAPE’s activity. The latter experiment would be particularly relevant for targets with
established activating or inhibitory phosphorylation sites. On the unbiased side, one could
generate a derivatized version of CAPE and use it to affinity purify proteins that bind CAPE
in cell lysates. Candidate proteins from this experiment could then be functionally validated
as described above.
Low input and single cell methods could provide additional insights into the
mechanism of CAPE in the neural crest. We did not determine whether upon CAPE
treatment, all cells experience a moderate reduction in Akt activity or certain cells
experience a dramatic reduction in Akt activity. Phospho-FACS would allow us to
differentiate between these two possibilities. Combined with antibody or transgenic
labeling, we could determine which cell populations respond to CAPE and which do not.
This could better explain why CAPE shows a more dramatic effect on neural crest
development than the PI3K inhibitor LY294002. Though I have shown that both MAPK and
Akt signaling promote neural crest development in culture, these two pathways could act in
the same cell type or in different cell types. Similarly, we do not know whether the
observed increase in Akt activity upon MEK inhibition occurs as result of pathway crosstalk
in the same cell or between different cells. Phospho-FACS would help distinguish between
these possibilities by elucidating the activity of MAPK and Akt on a single cell basis. Anticorrelation between MAPK and Akt activity would support feedback inhibition between the
two pathways in the same cell.

114

Since CAPE does not work in any cell lines tested thus far, and a limited number of
sox10:GFP+ cells can be sorted from embryos, we have not been able to conduct standard
ChIP-seq to determine how CAPE affects transcription factor binding. Low input ChIP-seq
would allow us to identify changes in transcription factor binding that occur as a result of
CAPE treatment or PTEN QMA expression in sox10:GFP+ cells. This would inform the
mechanism by which CAPE modulates Sox10 activity and neural crest gene expression.

Cell autonomy of CAPE and Akt signaling in the neural crest
It will also be important to determine the cell autonomy of CAPE and Akt in
modulating neural crest gene expression. Though we have not formally shown that the
effect of CAPE or Akt inhibition is cell autonomous to neural crest cells, several pieces of
evidence are consistent with this idea. First CAPE is effective in neural crest cultures.
Though other cell types could secrete factors essential for neural crest specification, as
occurs endogenously, this seems unlikely since the cells are disorganized. That is, neural
crest cells do not reside next to their endogenous neighbors in these cultures. Second,
PTEN QMA expression completely shuts down exogenous Sox10 stimulation of the crestin
promoter when the two are co-injected but has a lesser effect on endogenous crestin
expression. This implies that PTEN QMA is more effective when it is present in the same
cell as exogenous Sox10, which is also consistent with a cell autonomous mode of action.
To determine whether CAPE and Akt act cell autonomously to reduce neural crest
gene expression, we could express PTEN QMA or myr-Akt1 under the control of the sox10
promoter. If Akt inhibition and CAPE act cell autonomously in neural crest cells,
Sox10:PTEN QMA should reduce crestin expression and sox10:myr-Akt1 should rescue
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crestin expression in CAPE-treated embryos. A complementary approach is to decrease or
increase Akt signaling in melanoma cell lines by either pharmacologic or genetic methods
and determine the effect on Sox10 target gene expression. If Sox10 activity is decreased
upon Akt inhibition, CAPE likely acts in a cell-autonomous manner. However if modulation
of Akt activity has no effect on Sox10 activity, CAPE could act non-cell autonomously, or the
effect of Akt on Sox10 activity could be restricted to the embryonic context. If Akt indeed
acts cell autonomously and specifically promotes Sox10 activity as indicated by the
experiments described previously, we could pull down Sox10 to determine any changes in
post-translational modifications or binding partners that occur as a result of increasing or
decreasing Akt activity.

Receptor tyrosine kinases in neural crest development
I found that two novel, structurally dissimilar compounds from Chembridge
decreased crestin expression in vivo (Figure 17). These compounds were generated as
structural analogs to receptor tyrosine kinase (RTK) inhibitors and could act in the same
pathway as CAPE by inhibiting signals upstream of Akt. RTK inhibitors targeting known
receptors did not produce the same effect as the novel Chembridge compounds, including
inhibitors of FGFR, a receptor with a known role in neural crest development. To determine
potential targets of these RTK inhibitors, I sent them for analysis using the KINOMEscan in
vitro competitive binding assay (DiscoverX). While one compound did not significantly bind
to any kinases, CB20 (cat # 93173997) bound two kinases: PDGFRα and FLT4. I focused on
PDGFRα since FLT4 is mainly involved in vascular development.
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PDGFRα also has a known role in neural crest development, though knockout of
PDGFRα results in craniofacial defects but not pigmentation defects in both mice and
zebrafish (Klinghoffer et al. 2002; Tallquist and Soriano 2003; Eberhart et al. 2008; Soriano
1997). However it is possible that other redundant receptors exist that can substitute for
PDGFRα and are also inhibited by CB20. Acute inhibition of PDGFRα at the time of neural
crest specification could produce a different phenotype than continuous absence of the
receptor during development. Additional experiments are needed to determine whether
CB20 acts through PDGFRα.
Structural analogs of CB20, including Chembridge compounds 40068942,
40332833, and 27492605, also did not decrease crestin expression. These compounds
should be tested using the KINOMEScan assay for PDGFRα. If they also inhibit PDGFRα, it is
likely not the relevant target for the observed decrease in crestin expression. In order to
determine whether PDGFRα regulates crestin expression, we have constructed a heatshock inducible zebrafish pdgfra Tol2-based expression vector. This vector can be used to
determine whether pdgfra overexpression reduces the effect of CB14 and CB20 on crestin
expression, which would be expected if they target this receptor. Inducible CRISPR could
also be used to acutely reduce the activity of pdgfra in zebrafish embryos.

Connection between the neural crest and melanoma
One of the goals of my project was to explore the connection between the neural
crest and melanoma. Clearly differences exist between neural crest cells in an embryo and
melanoma cells in an adult, especially with cell lines that have undergone extensive
adaptation to culture, but these two cell types share transcription factor networks and cell-
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type specific gene expression. We found that similar to neural crest cells, melanoma cell
lines activate super-enhancers at neural crest specifiers, including DLX2 and SOX10
(Kaufman et al. 2016). Both melanoma and neural crest cells are highly migratory and can
survive in diverse microenvironments.
On the other hand, neural crest cells and melanoma cells are dissimilar in many
ways. Neural crest cells are specified in the early embryo, so they are less developmentally
restricted than melanoma cells, which have undergone differentiation then re-acquired
neural crest characteristics. Importantly, neural crest cells are wild type, while melanoma
cells contain many mutations. Through the process of mutation and selection, rewiring of
signaling pathways can occur to overcome endogenous feedback loops that prevent
uncontrolled growth. In melanoma cells, MAPK is constitutively active, so chemicals
targeting MAPK and its interacting pathways, including Akt, will likely produce different
phenotypes than they do in wild type cells. While neural crest cells are dependent on
specific extracellular signals for survival, melanoma cells may become independent of such
signals.
My work has shown that neural crest cells share chemical sensitivities with
melanoma. Four compounds that decreased crestin:EGFP+ cell number also showed
differential toxicity toward melanoma and non-melanoma cell lines (Figure 20). It is not
surprising that so few of the initial hits scored in this secondary assay (4/88 or 4.5%) since
the two systems utilized—primary zebrafish embryonic cells and human transformed adult
cell lines—were quite different. Some compounds identified in the initial screen may be
more relevant for melanoma initiation than maintenance, since the process we
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interrogated in the screen was the onset rather than maintenance of neural crest gene
expression.

Calcium channel inhibitors as potential anti-melanoma agents
Mibefradil was one of several calcium channel inhibitors identified in the initial
screen, though it was the only one to exhibit differential toxicity toward melanoma and
non-melanoma cell lines. I was not able to definitively determine whether this differential
effect was due to inhibition of T-type calcium channels, which mibefradil inhibits with a
higher affinity than other calcium channels. Mibefradil is one of few commercially available
selective T-type calcium channel inhibitors because of intellectual property concerns. It
would be interesting to determine the activity of mibefradil and other calcium channel
blockers against particular calcium channel isoforms. Then one could attempt to correlate
inhibition of a certain calcium channel or group of channels with selective toxicity toward
melanoma cells lines. Inducible genetic knockdown could also be used to determine
whether specific calcium channels are necessary for melanoma survival.
T-type calcium channels are a plausible target for melanoma treatment. Inhibitors of
these channels are already being studied for the treatment of a variety of cancers, either as
single agents or in combination with other drugs (Dziegielewska, Gray, and Dziegielewski
2014). My work indicates that they may be more effective in melanoma than other types of
cancer. One study showed that T-type calcium channels are highly expressed in melanoma,
and pharmacological or genetic reduction in channel activity reduced the viability and
proliferation of melanoma cell lines (Das et al. 2012). Targeting T-type calcium channels
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may have unwanted neurological effects, however, since these channels are also highly
expressed in neurons where they regulate excitability.
T-type calcium channel expression has been associated with a less differentiated
state and appears to play a functional role in self-renewal of pluripotent cells (RodríguezGómez, Levitsky, and López-Barneo 2012). This is interesting because neural crest cells
have been proposed to share gene regulatory circuitry with pluripotent stem cells, and
melanocytes re-acquire at least some aspects of neural crest circuitry during malignant
transformation (Kaufman et al. 2016; Buitrago-Delgado et al. 2015). Consistent with this
idea, T-type calcium channels are expressed in melanoma cell lines and patient biopsies,
but not in normal melanocytes (Das et al. 2012).
Though T-type calcium channels are an attractive target for the development of
melanoma therapeutics, mibefradil and its derivative NNC55-0396 could share a target
unrelated to ion channels that is responsible for their differential effect on melanoma cells.
To identify potential cytoplasmic targets in an unbiased manner, one could generate a
derivative of mibefradil that can be attached to a solid matrix, use it to pull down proteins
from cell lysates, and analyze them by mass spectrometry. However, if mibefradil targets
an integral membrane protein it will probably not be identified by this method.
Mibefradil had a variable effect on tumor growth between two experiments in a
zebrafish melanoma transplant model. Since I optimized the drug treatment protocol from
experiment to experiment, the source of this variability is unclear. In one experiment, the
fish were fed less and exposed to drug for a longer period of time, and mibefradil reduced
tumor size comparable to the positive control (vemurafenib). In a second experiment, the
fish were fed more and exposed to drug for a shorter period of time, and mibefradil did not
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reduce tumor size. Importantly, vemurafenib also showed reduced activity in the second
experiment. More experiments must be conducted to determine whether mibefradil
robustly affects melanoma growth in vivo.
Treatment by immersion facilitates testing of many chemicals, but it is not the ideal
route of drug administration. Since mibefradil is orally available, it would be informative to
treat adult fish with mibefradil by gavage and determine the effect on tumors generated by
the intradermal transplant method. These tumors are more clinically relevant since they
live in the endogenous melanoma microenvironment.

Akt and melanoma initiation
The discovery that Akt activation is required for neural crest development informs
current studies of melanoma initiation and progression. Several studies have already
suggested a role for Akt activation in melanoma initiation and progression. While MAPK
activation is observed in both benign nevi and melanomas, one study showed that Akt
activation in patient biopsies is restricted to severely dysplastic nevi and melanomas
(Dhawan et al. 2002). Akt is commonly activated in BRAF-mutant tumors by PTEN loss,
which is mutually exclusive with NRAS mutation, since NRAS activates both MAPK and Akt
pathways (Goel et al. 2006; Tsao et al. 2004).
Studies in model organisms have also implicated Akt in melanoma initiation and
progression. Both PI3K activation and PTEN deletion cooperate with BRAF(V600E) in
mouse melanoma models (Cho et al. 2015; Dankort et al. 2009). In fact, BRAF(V600E) and
PTEN deletion alone are sufficient to induce melanomas in mice with 100% penetrance,
while BRAF(V600E) alone only produces benign hyperplasia (Dankort et al. 2009). We
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have observed a similar phenotype in zebrafish. Unlike activated BRAF, melanocytespecific expression of activated NRAS alone can initiate zebrafish melanomas. It remains to
be determined whether these tumors also express crestin:EGFP. Finally, expression of
activated PI3K dramatically increases the metastatic capacity of melanoma in a
BRAF(V600E)/Cdkn2a null mouse model (Cho et al. 2015).
All of these studies support a role for Akt activation in melanoma initiation and/or
progression. My work indicates that this role may extend beyond the canonical role of Akt
in cell survival and proliferation to cell type-specific effects, possibly related to the activity
of the Sox10 transcription factor. In the future, it will be interesting to determine whether
this is the case by conducting functional studies in model organisms.

A future project on melanoma initiation
We are interested in determining how melanocytes revert to a neural crest cell fate
during tumorigenesis. We have seen that melanocytes re-express crestin:EGFP prior to
becoming overt tumors. Crestin:EGFP “patches” on the surface of zebrafish skin can be
traced back to a single melanocyte that re-expresses crestin:EGFP and then proliferates
(Kaufman et al. 2016) (see appendix). Genes or pathways that promote acquisition of
neural crest fate in melanocytes should increase the number of crestin:EGFP+ patches at a
given point in time or cause them to appear more quickly. These factors should also
accelerate melanoma onset. Both chemical and genetic screening approaches can be
undertaken to find such factors.
Embryonic cell cultures can be used to screen for chemicals that stimulate
expression of crestin:EGFP in melanocytes that have differentiated enough to lose
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crestin:EGFP expression. Induction of crestin expression in more differentiated cells is
analogous to the process that occurs during melanoma initiation. I have already conducted
a preliminary screen for chemicals that induce expression of crestin:EGFP in plated cells
derived from two-day-old embryos. Crestin expression is low by this developmental time,
since the neural crest has largely differentiated. The idea behind this initial screen was to
use cells that are as close as possible in developmental time to crestin:EGFP-expressing
neural crest cells. It should be easier to induce crestin expression in these cells compared
to cells derived from five day old embryos, for example. On the other hand, cells derived
from older embryos are more representative of cells that become transformed during
melanoma initiation. Hence it will be useful to screen multiple developmental stages or at
least conduct studies to determine the optimal stage for plating embryos. Sox10 can be
used as a positive control for these studies. We know that Sox10 increases both
crestin:EGFP patch formation and melanoma onset.
Methods for the culture of cells from older embryos (greater than 24 hpf) must be
optimized. For two-day-old embryos, I found that the number of crestin:EGFP+ cells varied
widely from plating to plating. To successfully conduct a high-throughput screen, this
variability must be reduced. Culture of older embryos is more difficult for several reasons.
First, embryos become more variable in terms of developmental stage. For 48 hpf embryos,
I found that some had much more pigmentation than others, and some had hatched while
others had not. This issue necessitates extensive sorting of embryos, which greatly reduces
the number of embryos that can be plated and number of chemicals that can be screened.
Variability of developmental timing may not be as much of an issue for embryos by 4-5
days of development, but another issue arises. Older embryos have more connective tissue,
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which complicates plating of the cells. Most likely, enzyme treatments will need to be added
to the plating protocol to liberate as many cells as possible. Mitfa:GFP+ transgenic embryos
could be used to optimize later-stage embryo plating. We are interested in recovering the
maximum number of mitfa:GFP+ cells as possible from embryos, since these are the cells
that can activate crestin:EGFP expression.
In addition to chemicals, growth factors could be tested for their effect on
melanocyte de-differentiation. Growth factors and chemicals should be tested in
combination, as they were for the blastomere muscle screen. It is certainly possible that
chemicals alone will not be capable of inducing melanocyte de-differentiation.
Chemicals or growth factors identified by screening cultured cells must be validated
in vivo. Ideally one would directly assess the effect of chemicals on melanoma initiation, but
this is difficult because melanoma initiation occurs over a period of weeks to months. Longterm treatment of fish with chemicals is time consuming and must be extensively
optimized for each chemical, so it is not an appropriate screening approach. Two
alternative approaches can be taken to validate chemical hits. First, chemicals can be tested
for a shorter period of time in embryos to determine whether they prolong crestin:EGFP
expression in one-day-old embryos or induce crestin:EGFP expression in older embryos in
which crestin:EGFP has been turned off. Second, one could determine small molecule
mechanism of action and use genetic manipulations to evaluate the effect of a particular
gene or pathway on melanoma initiation.
A candidate-based genetic approach can be undertaken simultaneously with
chemical screening. Factors that promote acquisition of neural crest cell fate should
accelerate the onset of both crestin:EGFP-expressing patches and melanoma tumors. It will
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be important to develop a robust method for quantifying crestin:EGFP-expressing patches
on zebrafish skin. Appropriate genetic candidates to test include neural crest transcription
factors and effectors of pathways known to be involved in neural crest development, such
as β-catenin, a transcriptional effector of the Wnt pathway. Myr-Akt1 should also be
included. Though myr-Akt1 will almost certainly accelerate melanoma onset, it will be
interesting to determine whether it has a cell-type specific role in promoting development
of crestin:EGFP+ patches. Epigenetic factors may also be of interest as candidates.
The project described has the potential to elucidate fundamental mechanisms of
melanoma initiation in model organisms and humans. The proposed studies could lead to a
better understanding of risk factors for melanoma and point to preventative measures that
can be taken to block melanoma development, particularly in individuals who are
genetically at risk.

Concluding remarks
Probing neural crest biology with small molecules has proven to be a fruitful endeavor. The
studies described herein lay a foundation for future work in many fields, including neural
crest biology, melanoma biology, and chemical biology. My work has identified Akt as a
novel intracellular pathway required for neural crest development. In addition to filling a
knowledge gap in basic biology, this discovery informs studies of melanoma initiation by
suggesting a cell-type specific role for Akt. I have also discovered a small molecule (CAPE)
that inhibits Akt activation in a context-dependent manner. Finding the direct target of
CAPE may lead to a novel mode of inhibiting the PI3K/Akt pathway, which is activated in
many cancers. Finally, I have identified calcium channel inhibitors that selectively affect
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neural crest and melanoma cells. Understanding the mechanism of these chemicals may
lead to novel melanoma therapeutics.
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Supplemental Material
RNA-seq data
Dataset S1: Genome-wide expression differences between cultured crestin:EGFP- (CC_1)
and crestin:EGFP+ (CC_3) cells. FPKM values are shown.

Dataset S2: Genome-wide expression differences between Sox10:GFP+ cells from embryos
treated with DMSO (CC_4) or CAPE (CC_5). FPKM values are shown.

Videos 1-4

Video 1: Crestin:EGFP+ cells arise in culture, proliferate, and migrate. Cells were plated as
in the chemical screen and imaged from 1-13 hours post plating. Images were collected
every 2 minutes.

Video 2: CAPE decreases crestin:EGFP expression in zebrafish embryos. Embryos were
treated at 2 ss and mounted for imaging at 10 ss. Embryos were imaged for 16.25 hours,
and images were collected every 9 minutes. (a) DMSO (b) 10 μM CAPE

Video 3: CAPE disrupts neural crest migration in zebrafish embryos. Sox10:GFP transgenic
embryos were treated at 2 ss and mounted for imaging at 15 ss. Embryos were imaged for
12 hours, and images were collected every 10 minutes. (a) DMSO (b) 10 μM CAPE
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Video 4: DMH4 disrupts melanoblast migration in zebrafish embryos. Mitfa:GFP transgenic
embryos were treated at 2 ss and mounted for imaging at 15 ss. Embryos were imaged for
12 hours, and images were collected every 10 minutes. (a) DMSO (b) 10 μM DMH4
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Table 6: Primer sequences

Use

Gene

Forward

Reverse

qPCR
qPCR
qPCR
qPCR
qPCR
qPCR
qPCR
qPCR

bactin1
sox10
crestin
foxd3
mitfa
neurog1
myf5
runx1

ISH

tfap2a

ISH

tfap2c

ISH

inka1a

ISH

dlx2a

ISH

pax7a

ISH

myca

ISH

ets1

ISH

nr2f2

ISH

msx1b

ISH

dlx5a

CGAGCAGGAGATGGGAACC
ATATCCGCACCTGCACAA
AGTGCCTGCCAATGTTCAC
CATGCAAAACAAGCCCAAG
GGCGGTTTAATATCAATGACAGA
CGTGCCATTATCTTCAACACA
GCTACAACTTTGACGCACAAAA
CGTCTTCACAAACCCTCCTCAA
TAATACGACTCACTATAGGGAATCTTCAC
AGATGTTAGTGCACAGTTTTTCCGCGAT
TAATACGACTCACTATAGGGACAGAAAC
AACATGTTGTGGAAATTAGCAGATAA
AATTAACCCTCACTAAAGGGGAATCGGG
TGACTGTCTGC
AATTAACCCTCACTAAAGGACAACAGCA
TGAACAGCGTC
AATTAACCCTCACTAAAGGAGAACTACC
CACGAACCGGA
TAATACGACTCACTATAGGGCAAGTGTC
AAAATGCCGGTGAGTGCGAGTTTGGCGT
TAATACGACTCACTATAGGGTGTACGTTT
GAATGCGTGACCATGACGGCAGCTGT
TAATACGACTCACTATAGGGTAGATATG
GCAATGGTAGTGTGGAGAGGCTCCCA
TAATACGACTCACTATAGGGGATGGTTA
ACGATGAATTCTCCTAAGGGACCCGTT
TAATACGACTCACTATAGGGTTATCCAA
ACTATGACTGGAGTATTCGACAGAAGGA
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Reference
(McCurley
CAACGGAAACGCTC and Callard
ATTGC
2008)
CGTTCAGCAGTCTCCACAG
CTGAAAAAGGCCGATGAGTT
ATGAGGGCGATGTACGAGTAG
GGTGCCTTTATTCCACCTCA
CGATCTCCATTGTTGATAACCTT
CACGATGCTGGACAAACACT
GCTTTACTGCTTCATCCGGCT
AATTAACCCTCACTAAAGGTCACTTT
CTGTGCTTCTCATCTT
AATTAACCCTCACTAAAGGTCACTTT
CGGTGTTTGTCCATCTT
TAATACGACTCACTATAGGGATGGG
TGTTCTGCTCCCAG
TAATACGACTCACTATAGGGACAGG
CGCATGAAACACAT
TAATACGACTCACTATAGGTTGATCT
GTGAAGCGTGCTG
AATTAACCCTCACTAAAGGTTAATGT
GAACTCCGCAGCTGCTGAA
AATTAACCCTCACTAAAGGTCAGGA
GCTCCAACAGGAACTGCCAGA
AATTAACCCTCACTAAAGGCTACTGA
ATCGACATATAAGGCCAGTT
AATTAACCCTCACTAAAGGTTAAGAC
AAATAATACATCCCATA
AATTAACCCTCACTAAAGGTCAGTAC
AACGTTCCTGATCCGAGTGCCAA
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