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Alterations to the epigenome are known to be drivers of tumorigenesis.
Polycomb repressive complex 2 (PRC2) catalyzes methylation at Histone 3
Lysine 27 (H3K27), a modification that results in chromatin compaction and
repression of target gene expression. In human melanoma, components of
PRC2 are subject to both gain and loss of function alterations. To investigate
the role of PRC2 in melanoma, we utilized a zebrafish model in which
melanocytes harbor a loss of function mutation in tp53 and express oncogenic
BRAF-V600E. We find that overexpression of activating PRC2 alleles have no
effect on the rate of melanoma formation, but that overexpression of a PRC2
loss of function allele (H3.3K27M) accelerates melanoma onset. We have
characterized gene expression and chromatin structure changes in H3.3K27M
melanomas by RNA-seq and histone mass spectrometry. These studies
suggest that PRC2 inhibition may not be therapeutically beneficial for some
patients with melanoma.
To identify PRC2 targets in melanocytes, we utilized NIH Epigenomics
Roadmap Data to identify genes marked by H3K27me3 in melanocytes but not
fibroblasts. We nominated FOXD1 as a critical PRC2 target which is extensively
marked by H3K27me3 in melanocytes. We show that foxd1 is expressed in
neural crest cells, silenced in melanocytes and aberrantly expressed in a subset

of human melanomas. We characterized the results of foxd1 deregulation
during embryogenesis and have mapped the local and distal cis-regulatory
elements which are essential for foxd1 expression.
To perform loss of function studies, we have examined the requirements to
achieve an optimal rate of CRISPR/Cas9 genome editing. We have found that
synthetic chemically modified guide RNAs (cmgRNAs) are highly active in vivo,
leading to increased editing efficiency compared to in vitro synthesized gRNAs.
We use cmgRNAs to generate loss of function alleles, delete regions of DNA
greater than 100KB and to perform homology-directed repair. Collectively, these
studies contribute to our understanding of epigenetic targets in melanoma, gene
expression regulation, and optimal methods of genome editing.
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CHAPTER 1: Introduction

Epigenetics
The term epigenetics was coined by Conrad Waddington in 1942 to describe
how a single genotype could give rise to multiple phenotypes (Waddington,
1942). In 1957, Waddington later described how alterations in the “epigenetic
landscape” controlled cellular differentiation (Figure 1.1). Envisioning a cell as
a ball on the top of a hill, cell fate decisions are made as the ball rolls down the
hill, resulting in a specified cell type whose fate has been specified by
epigenetics. While the exact mechanisms by which this could occur were not
understood at the time, we now know the discrete epigenetic alterations which
impact gene expression including, but not limited to, DNA methylation,
modifications of histones, incorporations of histone variants and non-coding
RNA. In this dissertation, we will focus on histone variants, histone modifications
and the proteins that read, write and erase histone marks.

Figure 1.1 Waddington’s epigenetic landscape
Original figure from Waddington, 1957. Adapted from Goldberg et al., 2007.
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Nucleosome formation and structure
In order to accommodate the 2 meters of DNA within the nucleus of higher
eukaryotes, DNA is wrapped around a structure of proteins known as the
nucleosome, condensing it approximately 10,000-fold (Epigenetics, 2012). DNA
wrapped around the nucleosome is the basis of chromatin, which can either be
loosely compacted (euchromatin) or highly condensed (heterochromatin). The
nucleosome is comprised of an octamer of histone proteins with 2 copies of
each histone: histone 2A (H2A), histone 2B (H2B), histone 3 (H3) and histone
4 (H4). During nucleosome assembly, a tetramer of two H3-H4 heterodimers
first associates with the DNA, followed by two H2A-H2B heterodimers which
then assemble with the DNA/histone complex (Smith, Stillman et al., 1991).
146bp of DNA wraps around each nucleosome, forming the classic “beads on
a string” model of chromatin within the nucleus.

Histone variants
One mechanism of epigenetic regulation is the incorporation of histone variants
within nucleosomes. Variants of all histones proteins except H4 have been
described. There are three main types of H3 variants: canonical histones H3.1
and H3.2, replacement H3.3 and centromeric CENP-A. Within the genome,
genes encoding canonical histones H3.1 and H3.2 lack introns and are
organized in clusters. In contrast, genes encoding the replacement histone H3.3
contain introns and are found separately in the genome. The expression and
nucleosome incorporation of H3.1 and H3.2 are restricted to S phase, whereas
H3.3 is expressed and incorporated into nucleosomes throughout the cell cycle.
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Humans have 15 genes encoding histone 3: ten encoding H3.1, three encoding
H3.2 and two encoding H3.3.
H3.3 is one of the most highly conserved proteins in eukaryotes and exists in
organisms from yeast to humans. H3.2 is present in all eukaryotes except yeast.
H3.1 is the youngest H3 and is only found in mammals. On a sequence level,
H3.3 differs from H3.1 and H3.2 by five and four residues, respectively, and
H3.1 and H3.2 differ by a single amino acid.
Histone variants reviewed in: Henikoff et al., 2005; Bernstein and Hake, 2006;
Elsaesser et al., 2011; Maze, Noh et al., 2014.
Histone chaperones
Histone chaperones are proteins which bind histones and are necessary at
multiple steps of nucleosome assembly. They can have multiple functions
including transport of synthesized histone proteins from the cytoplasm to the
nucleus, regulating histone supply by functioning as histone reservoirs, forming
interactions between histones and chromatin-modifying enzymes and direct
deposition of histones onto DNA.
Histone chaperones are categorized based on the histone or histone variant to
which they bind. CAF-1 is an H.31 chaperone that assists in H3-H4 heterodimer
formation and deposits H3.1-H4 heterodimers throughout the genome. H3.3 has
multiple chaperones including ATRX and DAXX, which deposit H3.3-H4
heterodimers at telomeres, and HIRA, which deposits H3.3-H4 heterodimers at
genic regions.
Histone chaperones reviewed in: Burgess et al., 2013; Hammond, Stromme et
al., 2017.
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Covalent modifications of histones
The N-terminal tails of histones emanate from the core of nucleosomes where
they are subject to post-translational modifications including methylation,
acetylation, phosphorylation and ubiquitination, among many others. While
modifications have been described on all histones, those most extensively
studied are on the tail of H3. Histone 3 lysine 4 (H3K4), lysine 9 (H3K9), lysine
27 (H3K27), lysine 36 (H3K36) and lysine 79 (H3K79) are subject to methylation
and acetylation. While acetylation at lysine is generally associated with
transcriptional activation, the effect of methylation on chromatin structure is
residue dependent. Trimethylation at H3K4 (H3K4me3), H3K36 (H3K36me3)
and H3K79 (H3K79me3) is associated with open chromatin and actively
transcribed genes; trimethylation at H3K9 (H3K9me3) and H3K27 (H3K27me3)
is associated with transcriptional repression and is commonly found in regions
of heterochromatin. Monomethylation at H3K4 (H3K4me1) and H3K27
acetylation (H3K27Ac) are marks associated with enhancers. The combination
of modifications at these and other residues contribute to the chromatin state
and the regulation of gene expression, first described as the histone code
hypothesis (Strahl and Allis, 2000).
Histone modifications reviewed in: Chi et al., 2010; Bannister et al., 2011;
Lawrence et al., 2016.
Polycomb proteins
Enzymes which modify chromatin can be broadly categorized into those which
catalyze modifications (writers), those which recognize a modified residue
(readers) and those which remove modifications (erasers). Polycomb proteins
4

are a set of histone readers, writers and erasers which were first discovered in
Drosophila melanogaster. Loss of Polycomb genes results in males with an
aberrant increase in the number of sex combs. Further analyses of these
mutants demonstrated that the phenotype was the result of ectopic expression
of hox genes. Since their initial discovery, Polycomb proteins are now known
to be critical regulators of gene expression and form four different complexes:
Polycomb repressive complex 2 (PRC2), Polycomb repressive complex 1
(PRC1),

Pho-repressive

complex

(PhoRC)

and

Polycomb

repressive

deubiquitinase (PR-DUB).
PRC1 is comprised of CBX2/4/6/7/8, PH1/2, RING1/RING1B, BMI1, MEL18 and
NSPC1. Biochemically, PRC1 reads H3K27me3 and catalyzes ubiquitination at
H2A lysine 119 (H2AK119). PhoRC is the least understood of Polycomb
complexes; the currently known complex members are YY1/2 and MBTD1.
PhoRC can bind directly to DNA, but the exact function of the complex is not
well understood. BAP1 and ASXL1/2/3 are components of PR-DUB, which
deubiquitinates H2AK119.
The core components of PRC2 are EZH1/2, EED, SUZ12 and RBBP4/7, but
numerous other proteins including JARID2 have been shown to participate in
the complex. EZH1 and EZH2 are the methyltransferases of the complex which
require binding with core components to catalyze mono, di, and trimethylation
at H3K27; no other methyltransferases catalyze methylation at this residue.
EZH2 has stronger methyltransferase activity and is highly expressed in
proliferating cells and throughout embryogenesis. In contrast, EZH1 has
reduced catalytic activity and is expressed in adult and non-dividing cells. EED
has been shown to bind to the H3K27me3 mark and propagate H3K27me3
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spreading by activating EZH2 (Margueron, Justin, Ohno, Sharpe et al., 2009).
The precise requirements of SUZ12 and RBBP4/7 for catalytic activity have yet
to be discovered.
PRC2 activity is required for development and differentiation. Mice with
knockout of Eed, Ezh2 or Suz12 cannot gastrulate properly and die between E7
and E9 (Faust et al., 1995; O’Carroll et al., 2001; Pasini et al., 2004). In
zebrafish, ezh2 mutants die around 12dpf (Dupret and Volkel et al., 2017) and
maternal-zygotic ezh2 mutants die at 2dpf (San and Chrispijn et al., 2016). Loss
of PRC2 components is associated with altered differentiation in embryonic
stem cells (Pasini et al., 2007; Shen et al., 2008) and differentiated tissues
(Caretti et al., 2004; Hirabayashi et al., 2009; Beguelin et al., 2013; Schwarz,
Varum et al., 2014; Snitow et al., 2016). Taken together, these data highlight
the evolutionarily conserved requirement for Polycomb activity in development
and lineage commitment.
Reviews of Polycomb complexes: Schwartz and Pirrotta, 2007; Margueron and
Reinberg, 2011; Schuettengruber et al., 2017

Epigenetic alterations in disease
Genetic alterations in chromatin-modifying enzymes have been identified in
many forms of human cancer. This includes chromosomal translocations of the
H3K4 methyltransferase MLL in mixed-lineage leukemia (Ziemin-van der Poel
et al., 1991;), frequent inactivation of the SWI/SNF chromatin remodelers in
multiple cancer types (Wilson and Roberts, 2011) and translocations of the
acetyl-lysine reader BRD4 in NUT midline carcinoma (Alekseyenko et al., 2015).
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This section will describe epigenetic alterations in cancer as they pertain to this
dissertation: mutations in histone 3 variants (oncohistones), histone 3
chaperone mutations and alterations in Polycomb components.

Oncohistones
In 2012, mutations in histone 3 variants were identified in pediatric glioblastoma
(GBM) and diffuse intrinsic pontine glioma (DIPG) (Schwartzentruber et al.,
2012; Wu et al., 2012; Khuong-Quang et al., 2012). These were the first reports
of a human disease being associated with a mutation in a histone protein. The
mutations- K27M and G34R/V- occur at or near the site of critical H3 posttranslational modifications. Mutations at lysine 27 were identified in H3.1 and
H3.3; mutation at glycine 34 has only been reported in H3.3. Analysis of patient
samples has demonstrated that K27M and G34R/V tumors have distinct
biological and clinical characteristics (Sturm et al., 2012). K27M GBM are
generally found in the midline of the brain and patients with this mutation are
younger (median age, 10.5 years) and have the shortest survival compared to
wild-type H3.3 and G34R/V patients. In contrast, G34R/V mutations are almost
exclusively found in tumors which develop in the cerebral hemispheres and are
found in a wider age range (median age, 18 years).
While the exact mechanism through which K27M promotes tumor formation
remains to be elucidated, our understanding of the mutation has expanded
since the identification of the allele. Work by the Allis lab has demonstrated that
ectopic expression of K27M on histone H3.3 (H3.3K27M) at 1% of total histone
levels is sufficient to decrease global levels of H3K27me3 (Figure 1.2A). Other
studies have also found that H3.3K27M results in decreased H3K27me3
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(Bender et al., 2013; Chan et al., 2013; Venneti et al., 2013; Funato et al., 2014;
Herz et al., 2014). This effect is only observed with mutation of K27 to
methionine or isoleucine (Figure 1.2B). H3.3K27M has been shown to interact
with the catalytic SET domain of EZH2 by cross-linking (Lewis et al., 2013) and
crystallography (Justin, Zhang, Tarricone et al., 2016) and reduces in vitro
methyltransferase

activity.

Assessment

of

other

lysine-to-methionine

substitutions on the tail of H3 (H3K4, H3K9, H3K36) demonstrates the inhibitory
nature of these mutations at other residues (Figure 1.2A). These data
demonstrate that the H3.3K27M mutation is a dominant allele that inhibits
methyltransferase activity of EZH2.
A.

B.

Figure 1.2 H3.3K27M decreases H3K27me3
A. Mutation of H3K4, H3K9, H3K27 or H3K36 to methionine leads to loss or
decrease of the associated trimethylation mark. Mutation of each residue to
arginine does not decrease the methylation mark. B. Mutation of Lysine 27 to
all amino acids demonstrates that only K27M and K27I decrease H3K27me3
levels. For both experiments, ectopic expression of indicated H3 mutation at
approximately 1% of total histone levels. Adapted from Lewis et al., 2013.
Since the first discovery of histone mutations in pediatric glioblastoma, more H3
mutations have been identified in other cancers. In acute myeloid leukemia, a
recent reported identified recurrent lysine-to-methionine and lysine-to-
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isoleucine mutations at H3K27 (Lehnertz, Zhang et al., 2017). In giant cell
tumors of bone, G34W and G34L mutations have been identified (Behjati et al.,
2016).

Lysine-to-methionine substitutions at H3K36 were identified in

chondroblastoma (Behjati et al., 2013) and have been shown to impair
differentiation and promote sarcoma formation in vivo (Lu et al., 2016). A
summary of the mutated residues in different cancer types is shown in Figure
1.3.
These sequencing data from human tumors demonstrate that H3 is subject to
recurrent mutations in cancers with different cells of origin. The mutations are
predominantly found in pediatric tumors (GBM, DIPG, chondroblastoma, giant
cell tumors of bone). The mutated residues are at (K27) or near (G34) the site
of critical post-translational modifications. Analyses of tumor-derived mutants
have demonstrated that they lead to global changes in chromatin structure. This
indicates that direct mutation of H3 is another mechanism of epigenetic
deregulation in cancer.

Mutation of histone chaperones
In addition to histones themselves, mutations in H3.3 chaperones have also
been reported in multiple human tumors. Mutation of ATRX and DAXX have
been reported in acute myeloid leukemia (Ding, Ley et al., 2012), pancreatic
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Figure 1.3 Mutation of H3.3 in cancer
Top, mutations in H3F3A in human cancers. K27 is only mutated in
pediatric GBM and DIPG. G34 is mutated in pediatric GBM, giant
cell tumor of bone and osteosarcoma. A small percentage of
chondroblastoma cases have K36 mutations in H3F3A. Middle,
H3F3A and H3F3B encode identical proteins. Residues mutated in
human cancer are shown in large circles. Critical histone posttranslation modifications are indicated. Bottom, H3F3B mutations
are restricted to bone/cartilage cancers and G34 and K36 residues.
Adapted from Behjati et al., 2013.

neuroendocrine tumors (Jiao et al., 2011), neuroblastoma (Cheung et al., 2012)
and in H3.3K27M and G34R/V pediatric GBM (Schwartzentruber et al., 2012).
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Tumors which harbor ATRX or DAXX mutations have been shown to have
alternative lengthening of telomeres (ALT), a telomerase independent
mechanism to increase telomere length (Heaphy, de Wilde et al., 2011;
Schwartzentruber et al., 2012) that is hypothesized to be the result of
deregulated H3.3 deposition at telomeres. These studies demonstrate that
mutation of H3.3 chaperones can result in epigenetic changes in human tumors.

Polycomb alterations in disease
Weaver syndrome is a rare disorder characterized by macrocephaly, limb
anomalies, accelerated osseous maturation, distinctive craniofacial features,
learning disability and, in some cases, increased pigmented nevi. Mutations in
EZH2, SUZ12 and EED have all been identified in Weaver syndrome (TattonBrown et al., 2011; Gibson et al., 2012; Imagawa et al., 2017). EZH2 variants
identified in Weaver syndrome have been shown to have decreased catalytic
activity (Cohen, Yap et al., 2015; Lui et al., 2017). These studies demonstrate
that decreased PRC2 activity in humans leads to characteristic developmental
alterations, including in lineages derived from the neural crest.
Gain of function PRC2 alterations have been described in multiple tumor types.
EZH2 is overexpressed in prostate cancer (Varambally et al., 2002), breast
cancer (Kleer, Cao, Varambally et al., 2003) and bladder cancer (Raman et al.,
2005). Activating point mutations in EZH2 have been identified in follicular and
diffuse large B-cell lymphoma. The most common mutations are at residues
Y641 and A677 and cause hyperactive EZH2 activity, resulting in elevated
levels of H3K27me3 (Morin et al., 2010; McCabe et al, 2012). Because of these
gain of function alterations, multiple inhibitors of PRC2 are currently in clinical
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development (McCabe et al., 2012; Konze et al., 2013; Verma et al., 2012;
Knutson et al., 2014; He et al., 2017). These data indicate that EZH2 is an
oncogene in some contexts.
Polycomb proteins are also subject to loss of function alterations in human
cancers. Inactivating point mutations in EZH2 have been identified in
myelodysplastic syndromes (Nikoloski et al., 2010; Ernst et al., 2010; Score et
al., 2011) and juvenile myelomonocytic leukemia (Caye et al., 2015). EED and
SUZ12 deletions have been identified in malignant peripheral nerve sheath
tumors (De Raedt et al., 2014; Lee et al., 2014). As described earlier, the
H3.3K27M mutation that inhibits PRC2 activity has been reported in pediatric
GBM (Schwartzentruber et al., 2012; Lewis et al., 2013). Mutations in the
components of PR-DUB have also been described. ASXL1 is mutated in acute
myeloid leukemia (Metzeler et al., 2011) and chronic myelomonocytic leukemia
(Abdel-Wahab et al., 2011). Loss of function mutations in BAP1 have been
described in renal cell carcinoma (Pena-Llopis et al., 2012) and malignant
pleural mesothelioma (Bott et al., 2011). These data indicate that the function
of PRC2 as a tumor suppressor or oncogene is context dependent in different
lineages. These studies collectively demonstrate that that Polycomb proteins
are subject to both gain and loss of function alterations in a diverse set of cancer
types.

Zebrafish as a model system
Studying development
Zebrafish have been used as a vertebrate model to study development for
several decades. They provide unique advantages over higher vertebrate
12

organisms including: large progeny sizes of approximately 300 embryos per
female per week; rapid development; conservation of developmental processes;
external fertilization and embryogenesis; conservation of the majority of human
genes; transparent embryos which can be observed by light microscopy; and
the ability to perform chemical and genetic screens. These attributes have
propelled zebrafish to the forefront of developmental biology research and have
resulted in key findings in the fields of regeneration, hematopoiesis and drug
discovery (Gemberling et al., 2013; Paik and Zon, 2010; MacRae and Peterson,
2015).

Zebrafish models of cancer
More recently, the advantages of using zebrafish have been harnessed to
model diseases, including several forms of cancer. The first transgenic cancer
model in zebrafish was generated by expression of the c-Myc oncogene under
the lymphoid rag2 promoter, resulting in the formation of T-cell acute
lymphoblastic leukemia (Langenau et al., 2003). Other zebrafish models include
rhabdomyosarcoma (Langenau et al., 2007), melanoma (Patton et al., 2005)
and thyroid cancer (Anelli et al., 2017).

Melanoma
Specification of melanocytes
The neural crest, commonly referred to as the fourth germ layer, is a group of
multipotent migratory cells that gives rise to craniofacial bone and cartilage, glia,
peripheral and enteric neurons, melanocytes and many other cell types. The
steps from neural crest to melanocyte specification have been well
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characterized using vertebrate models including zebrafish. Critical transcription
factors during neural crest specification include TFAP2A, FOXD3 and SOX10.
Studies in zebrafish have demonstrated that tfap2a, foxd3 and sox10 are
required for specification of the neural crest (Knight et al., 2003; BarralloGimeno et al., 2004; Stewart et al., 2006; Lister et al., 2005; Montero-Balaguer
et al., 2006; Kelsh and Eisen, 2000; Dutton, Pauliny et al., 2001). Loss of tfap2a,
foxd3 or sox10 leads to defects in neural crest derived lineages, including
melanocytes. FOXD3 has been shown to function as a transcriptional repressor
that is known to inhibit expression of MITF, the master regulator of melanocytes
(Ignatius et al., 2008; Pohl and Knochel, 2001). In contrast, SOX10 is known to
directly activate transcription of MITF (Dutton, Pauliny et al., 2001; Bondurand
et al., 2000; Potterf et al., 2000). MITF is required for melanocyte specification
and regulates the expression of critical pigmentation genes including dct, tyr,
tyrp1 and genes important for survival (Lister et al., 1999; Thomas and Erickson,
2008).
Loss of function studies in zebrafish and other vertebrate systems have been
powerful tools to understand the steps of neural crest and melanocyte
specification. Genes including tfap2a, foxd3 and sox10 function as markers for
the early steps of neural crest specification, while mitfa, dct, tyr and tyrp1b are
used as markers of differentiated melanocytes.

Human melanoma
Melanoma results from oncogenic transformation of melanocytes. Although it
accounts for only 4 percent of skin cancer cases, 80 percent of skin cancer
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deaths are caused by melanoma (Miller and Mihm, 2006). The incidence of
melanoma is rising more rapidly than any other solid tumor, and it is estimated
that in 2017 there were 87,110 new cases and 9,730 deaths from melanoma in
the US (SEER Cancer Stat Facts). There are four melanoma subtypes:
cutaneous, which occurs on the skin and accounts for 91 percent of cases;
uveal, which results from transformation of the melanocytes in the retina and
accounts for 5 percent of cases; acral, which occurs on the palms and nails of
the hands or feet and accounts for 2 percent of cases; and mucosal, which
occurs within the respiratory, digestive and genitourinary tracts and accounts
for 1 percent of cases (Vultur and Herlyn, 2013). The subtypes of melanoma
each have different genetic and clinical attributes, and for the purposes of this
dissertation we will focus on cutaneous melanoma.
Cutaneous melanoma is known to be extremely heterogeneous with a high
mutational burden (Bittner, Meltzer et al., 2000; Alexandrov et al., 2013).
Sequencing of large cohorts of melanoma cases has dramatically increased our
understanding of the common alterations in this cancer (Hodis, Watson et al.,
2012; The Cancer Genome Atlas Network, 2015). The most common oncogenic
mutations in melanoma are BRAFV600E and NrasQ61H/L/R/K; TP53, PTEN and
CDKN2A are the tumor suppressors which are most frequently lost. BRAFV600E
is found in approximately 50 percent of both benign melanocytic nevi and
melanoma, demonstrating that additional oncogenic events are required for
neoplastic transformation (Pollack et al., 2005). Expression of oncogenic
BRAFV600E with inactivation of aforementioned tumor suppressors is used to
model melanoma in zebrafish and in mice.
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Zebrafish melanoma model
Similarly to humans, expression of oncogenic BRAFV600E in zebrafish
melanocytes results in the formation of nevi which never progress to melanoma.
Transgenic

Tg(mitfa:BRAF(V600E));tp53zdf1/zdf1

zebrafish which

express

oncogenic BRAF in melanocytes and harbor an inactivating point mutation in
tp53 develop melanoma with 100 percent penetrance (Patton et al., 2005). In
order to examine how additional oncogenic events cooperate to accelerate
melanoma

formation,

triple

transgenic

Tg(mitfa:BRAF(V600E));tp53zdf1/zdf1;mitfaw2/w2 zebrafish were developed. In this
line, melanocytes are not specified because w2 mutation leads to non-functional
mitfa (Lister et al., 1999). A vector named miniCoopR was engineered that
contains two components: an mitfa minigene which rescues melanocytes and a
cassette that programs the expression of any candidate oncogene in
melanocytes

(Figure

1.4).

Injection

Tg(mitfa:BRAF(V600E));tp53zdf1/zd1f;mitfaw2/w2

of

miniCoopR

in

rescues

melanocytes

and

programs them to express the cargo gene in cells fated to become melanoma.
Using miniCoopR, we can determine how overexpression of any gene of
interest alters the rate of tumor formation. miniCoopR was first used to
demonstrate that overexpression of SETDB1, a H3K9 methyltransferase,
accelerates melanoma formation (Ceol, Houvras et al., 2011), but has been
utilized to examine the consequences of other alleles on melanoma formation
(Lian et al., 2012; Salhi, Farhadian et al., 2015).
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Genetically engineered mouse models of melanoma
As with zebrafish, melanomas can be generated in mice utilizing alterations
frequently found in human melanoma. While there are numerous murine
melanoma models (Damsky and Bosenberg, 2010), in this section we will focus
on genetically engineered mouse models (GEMMs) with relevance to this

miniCoopR

Tg(mitfa:BRAF(V600E));
tp53zdf1/zdf1;mitfaw2/w2

Tg(mitfa:BRAF(V600E));
tp53zdf1/zdf1;mitfaw2/w2
Injected with miniCoopR

Figure 1.4 A system to examine cooperating oncogenic events in
melanoma
Left, Tg(mitfa:BRAF(V600E));tp53zdf1/zdf1;mitfaw2/w2 lack pigmentation
because of a loss of function mutation in mitfa. Middle, miniCoopR vector that
rescues melanocytes and programs them to express cargo gene. Right,
rescued melanocytes in Tg(mitfa:BRAF(V600E));tp53zdf1/zdf1;mitfaw2/w2
injected with miniCoopR develop melanoma. Adapted from Ceol, Houvras et
al., 2011.
dissertation. The melanocyte-specific Tyr promoter is commonly used in murine
models to restrict expression of oncogenes or Cre to melanocytes.
Tyr:NRasQ61K; Ink4a-/- mice develop metastatic melanoma (Ackermann et al.,
2005). In this model, expression of oncogenic NRas is restricted to melanocytes
and loss of both of proteins encoded by the Ink4a locus (Ink4a and Arf) occurs
globally.
Mice which harbor the Tyr:CreER transgene are utilized to provide temporal
control over Cre-mediated recombination events (Bosenberg et al., 2006). In
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this setting, 4-hydroxytamoxifen can be administered orally or topically to induce
recombination. Using Tyr:CreER, concomitant expression of BrafV600E with Pten
loss in melanocytes results in highly aggressive metastatic melanoma formation
in 100 percent of animals with a shorter latency compared to Tyr:NRasQ61K;
Ink4a-/- animals (Dankort et al., 2009). By breeding additional alleles into these
models, the consequences of other oncogenic events can be elucidated.

Polycomb alterations in melanoma
In melanoma, a majority of evidence suggests that PRC2 has an oncogenic and
pro-metastatic function. Higher levels of EZH2 have been in reported in
metastatic melanoma compared to benign nevi (McHugh et al., 2006) and
primary tumors (Bachmann et al., 2015). However, recent reports have
identified heterozygous deletions in EED and SUZ12 in a large portion of
cutaneous melanoma (De Raedt et al., 2014) and inactivating BAP1 mutations
in uveal melanoma (Harbour et al., 2010). These data suggest that Polycomb
proteins are gained and lost in human melanoma.
Recent studies have investigated the consequences of Ezh2 alterations in
murine melanoma models. Loss of Ezh2 in the NRasQ61K; Ink4a-/- model delays
tumor onset and decreases the number of metastases (Zingg et al., 2015).
Activating Ezh2 point mutation Y641F has been shown to promote melanoma
formation in BrafV600E; Ptenfl/wt mice, but not in NrasQ61K;Ink4a-/- animals
(Souroullas et al., 2016). While these data highlight that Ezh2 can function as
an oncogene in melanoma, they also suggest that the ability of Ezh2 to promote
melanoma formation is dependent on cooperating oncogenes and tumor
suppressors.
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Aims of thesis work
PRC2 is a complex with methyltransferase activity that is known to have critical
functions in development and is deregulated in many tumor types. Although our
understanding of PRC2 in melanoma has increased since initiating these
studies, the function of PRC2 in melanoma was not understood when we began
this work. In this dissertation, we utilized a zebrafish melanoma model to
interrogate the consequences of PRC2 gain and loss of function alleles on
melanoma formation. We performed an extensive characterization of tumors
which harbored loss of PRC2 function. We are also actively investigating the
results of Ezh2 loss in the Braf;Pten GEMM.
To identify PRC2 targets in melanocytes, we queried published epigenetic
profiling of normal human melanocytes. From this analysis, we nominated
FOXD1 as a key target in melanocytes and characterized the impact of aberrant
expression in development and melanoma. We mapped the local and distal
non-coding elements which are required for appropriate expression of foxd1.
During the time of these studies, CRISPR/Cas9 genome editing emerged as a
powerful tool to perform loss of function. We established the conditions that
result in highly penetrant on-target editing efficiency using chemically modified
gRNAs. Using these gRNAs, we can generate large chromosomal deletions and
perform homology-directed repair.
These studies contribute to our understanding of critical targets in melanoma,
the complex regulation of gene expression and how to optimally perform
genome editing in vivo.
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CHAPTER 2: Materials and Methods

Zebrafish husbandry
Zebrafish were bred and reared according to established guidelines
(Westerfield, 2007). All studies were performed in accordance with the protocol
approved by the Institutional Animal Care and Use Committee of Weill Cornell
Medicine. All experiments were carried out in compliance with the National
Institute of Health guidelines for the care and use of laboratory animals.

Zebrafish embryo assays

Nucleic acid isolation
To isolate RNA, pools of embryos were homogenized with 1mL syringes (VWR
International, Radnor, PA) in 500µL TRIzol (Thermo Fisher Scientific, Waltham,
MA) before adding 100µL chloroform (MilliporeSigma, Saint Louis, MO).
Following centrifugation, the top layer was mixed with equal volume 70%
ethanol, transferred to a RNeasy Mini spin column (Qiagen, Hilden, Germany)
and purified with the Qiagen RNeasy Mini Kit. Concentrations were assessed
using Nanodrop Spectrophotometer (Thermo Fisher Scientific).
To isolate genomic DNA, single embryos were incubated in 100µL DirectPCR
Lysis Reagent (Viagen Biotech, Los Angeles, CA) with 20hg/µL Proteinase K
(Qiagen) at 55°C for 60 minutes followed by 85°C for 45 minutes.
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Small molecule treatment
Embryos ranging from the 4hpf to 24hpf were incubated in a solution of small
molecule (listed below) dissolved in E3 solution (5mM NaCl, 0.17mM KCl,
0.33mM CaCl2, and 0.33mM MgSO4; all MilliporeSigma) with 1% DMSO
(MilliporeSigma) and 1mM TrisHCl (MilliporeSigma). Embryos were observed
for up to 6 days for evidence of toxicity or morphological changes.

Table 2.1: PRC2 inhibitors
Name
A-395
EPZ-6438
GSK343
GSK503
UNC1999

Origin
Structural Genomics Consortium (SGC)
MedKoo Biosciences, Morrisville, NC
Gift from Dr. Ari Melnick
Gift from Dr. Ari Melnick
Structural Genomics Consortium (SGC)

Citation
He et al., 2017
Knutson et al., 2014
Verma et al., 2012
Béguelin et al., 2013
Konze et al., 2013

Live imaging
Embryos selected for imaging were immersed in a 1:1 mixture of 3% methyl
cellulose (MilliporeSigma) and 0.004% tricaine methanesulfonate (Pentair
Aquatic Eco-systems, Apopka, FL) and were imaged with a Zeiss Discovery V8
stereomicroscope (Zeiss, Oberkochen, Germany).

Molecular biology analyses

Western blot
For assaying acid extracted histones, 0.25µg to 5µg of histone lysate was
prepared with Laemmli Sample Buffer (Bio-Rad Laboratories, Hercules, CA)
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and b-mercaptoethanol (Bio-Rad Laboratories) and heated at 95°C for 5
minutes before transferring to ice to cool. Samples were then separated by
SDS-PAGE on an 8-16% Mini-PROTEAN TGC Precast Protein Gel (Bio-Rad
Laboratories) at 100V for 60 minutes. Samples were transferred to 0.2µM
nitrocellulose membranes (Bio-Rad Laboratories) at 65V for 45 minutes at 4°C
and blocked in 5% milk in TBST (TBS with 0.1% Tween-20 (MilliporeSigma)).
Blots were then incubated overnight in primary antibody diluted in milk with
rotation at 4°C. The following antibodies were used for these studies: Flag
(Sigma A8592), H2AK119Ub (Cell Signaling 8240S), H3K27Ac (abcam 4729),
H3K27me3 (Millipore 07-449), H3K27me3S28P, H3S10P (Life Technologies
9HCLC), H3S28P (Millipore MABE13), H3 (Upstate 07-690), and H4 (abcam
ab7311). Blots were incubated in anti-mouse IgG (Millipore Sigma NA931) or
anti-rabbit (Millipore Sigma NA934) for 1 hour at room temperature. Immobilon
Western Chemiluminescent HRP Substrate (MilliporeSigma) was used to
visualize bands with a Konica SRX-101 X-ray film processor.
For RIPA lysates, 5µg to 30µg of RIPA lysate was prepared with Laemmli
Sample Buffer and b-mercaptoethanol and heated at 95°C for 5 minutes before
transferring to ice to cool. Samples were then separated by SDS-PAGE on a
10% Mini-PROTEAN TGC Precast Protein Gel (Bio-Rad Laboratories) at 100V
for 1.5 hours. Samples were transferred to 0.45µM nitrocellulose membranes
(Bio-Rad Laboratories) at 90V for 60 to 80 minutes at 4°C and blocked in 5%
non-fat milk in TBST. Blots were then incubated overnight in primary antibody
diluted in milk with rotation at 4°C. The following antibodies were used for these
studies: Cas9 (Millipore 7A9), HA (abcam ab9110), b-actin (Sigma A5441).
Blots were incubated in anti-mouse IgG (Millipore Sigma NA931) or anti-rabbit
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(Millipore Sigma NA934) for 1 hour at room temperature. Immobilon Western
Chemiluminescent HRP Substrate (MilliporeSigma) was used to visualize
bands with a Konica SRX-101 X-ray film processor (Weill Cornell CLC
Microscope and Imaging Core Facility).

Quantitative RT-PCR (qPCR)
RNA was isolated from samples as described earlier. cDNA was synthesized
using High-Capacity cDNA Revese Transcription Kit (Thermo Fisher Scientific)
and was diluted 1:2. 2µL of cDNA was used in a 10µL reaction with PerfeCTa
SYBR Green FastMix (VWR) and performed on a LightCycler 480 II (Roche).
Relative gene expression was determined using the deltaCt method (2-DDCt).
Results are shown as the mean +/- SEM in relative expression.

Generation of reagents for injection

miniCoopR
Human H3F3B and FOXD1 ORFs were purchased from Dharmacon (Lafayette,
CO). EZH2, EZH2-Y641F and EZH2-Y641N were a gift from Dr. Ari Melnick
(Weill Cornell Medicine, New York, NY). zCas9 was a kind gift from Dr. Richard
White (Memorial Sloan Kettering, New York, NY). HspCas9-2a-EGFP was a
kind gift from Dr. Marco Seandel (Weill Cornell Medicine). HspCas9-2a-Venus
was a kind gift from Dr. Raffaella Sordella (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY). ORFs were PCR amplified, TA cloned into pCR8/GW and
were sent for Sanger sequencing (Genewiz, South Plainfield, NJ). For H3F3B
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and EZH2, site-directed mutagenesis was performed using QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA. Multisite Gateway
recombination (Thermo Fisher Scientific) was used to generate miniCoopR
vectors, which were verified with restriction enzyme digestion and Sanger
sequencing.
mRNA
Gateway recombination was used to subclone pCR8/GW EZH2 and pCR8/GW
FOXD1 into pCSDest (Villefranc et al., Dev Dyn 2007) and were sent for Sanger
sequencing. pCSDest constructs were linearized with XhoI or KpnI (New
England Biolabs, Ipswich, MA) purified with phenol-chloroform precipitation.
mRNA was synthesized using mMESSAGE mMACHINE SP6 Transcription Kit
(Thermo Fisher Scientific) and purified with lithium chloride precipitation. The
concentration

of

purified

mRNA

was

measured

using

Nanodrop

Spectrophotometer.

Morpholinos
Translation blocking and splice blocking morpholinos targeting zebrafish ezh2
were designed and purchased from Gene Tools (Philomath, OR).

Injection

24

miniCoopR
25rg of miniCoopR and 25rg Tol2 transposase mRNA were injected into
Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 or

tp53zdf1/zdf1; mitfaw2/w2;

mpv17a9/a9 zebrafish embryos at the one-cell stage. Solutions were prepared
and kept on ice until injection. Transgenic embryos were selected at 48 hours
post fertilization (hpf) based on the presence of pigmented melanocytes.
For MeRGE experiments, 25rg miniCoopR-Cas9, 10rg miniCoopR-GFP, 25rg
Tol2 transposase mRNA and 250rg gRNA were injected in wild-type AB
embryos at the one-cell stage.
Rescued Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 embryos injected with
miniCoopR H3.3 or miniCoopR H3.3K27M were grown to adulthood. Adult
males were outcrossed to Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2
females in a pairwise manner. Germline transmission of the miniCoopR vector
was assessed by the presence of pigmented melanocytes in F1 embryos at
48hpf. F1 embryos were raised to adulthood and subjected to tumor monitoring
and analyses as described earlier.

mRNA
FOXD1 or EZH2 mRNA was injected into wild-type AB embryos at the one-cell
stage. Solutions were kept on ice until injection. mRNA was injected at
increasing concentration to establish a dose resulting in minimal toxicity.
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CRISPR
For single guide RNA (gRNA) injections, 250rg gRNA and 500rg recombinant
Cas9 (rCas9, PNA Bio, Newbury Park, CA) were injected into wild-type AB
zebrafish embryos at the one-cell stage. For deletions, 250rg of each gRNA
(500rg total) and 500rg rCas9 were injected into wild-type AB embryos at the
one-cell stage. For STORM experiments, 250rg of each gRNA (500rg total)
and 500rg rCas9 were injected into Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1;
mitfaw2/w2 embryos at the one-cell stage. Solutions are kept at room temperature
until injection to allow for the gRNA and rCas9 to complex.

Morpholino
Morpholinos targeting ezh2 were injected into wild-type AB embryos at the onecell stage. Prior to injection, morpholinos were diluted to the working
concentration, heated at 65°C for 10 minutes to reduce secondary structure
formation and allowed to cool to room temperature. Each morpholino was
injected at increasing concentration to establish a dose resulting in minimal
toxicity.

In situ hybridization (ISH)

Riboprobe preparation
To synthesize antisense riboprobes, primers were designed to amplify a region
within foxd1. The 5’ primer sits within the coding sequence of foxd1 and the 3’
primer sits within the 3’UTR and includes a T7 RNA polymerase promoter
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sequence (5’-TAATACGACTCACTATAGGG-3’). Platinum Blue PCR SuperMix
(Thermo Fisher Scientific) was used to amplify from gDNA and purified using
QIAquick PCR Purification Kit (Qiagen).
For foxd3, amplification primers for riboprobes synthesis were previously
described (Cox et al., 2012). The vectors to synthesize dct, mitfa, and tyr
riboprobes were a gift from Dr. James Lister (Virginia Commonwealth
University, Richmond, VA). The vector to synthesize sox10 riboprobe was
purchased from Dharmacon.
Antisense digoxigenin labeled riboprobes were synthesized using T7 RNA
polymerase (Promega, Madison, WI) and digoxigenin labeled NTPs
(MilliporeSigma) and purified using a Qiagen RNeasy Mini spin column.
Concentrations were assessed using Nanodrop Spectrophotometer and
riboprobes were run on a 2% agarose (VWR International) gel to verify size and
purity. The specificity and optimal staining time of the riboprobes were assessed
by testing on wild-type (AB) embryos at multiple concentrations and time points.

Fixing embryos
Zebrafish embryos were staged by counting somites. Embryos were
dechorionated in 50hg/µL pronase from Streptomyces griseus (MilliporeSigma).
For embryos younger than 24hpf were dechorionated on a plate coated with 1%
agarose. To fix, embryos were kept overnight in 4% paraformaldehyde (PFA,
MilliporeSigma) at 4°C. The next day, embryos were transferred to methanol
with sequential PBT (PBS with 0.1% Tween-20):methanol washes.
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In situ hybridization
The next day, embryos were transferred to PBT with sequential PBT:methanol
wishes before permeabilization with Proteinase K (Qiagen) and fixing in 4%
PFA. Embryos were left overnight in probe diluted in hybridization solution.
Probes were used up to three times prior to discarding.
The next day, embryos were transferred from hybridization solution to PBT in
sequential washes before blocking in PBT with BSA (Gemini Bio-products, West
Sacramento, CA) and lamb serum (Thermo Fisher Scientific). Embryos were
left overnight in Sheep anti-digoxigenin-AP antibody (Roche, Basel,
Switzerland) at 125mU/mL.
The next day, embryos were stained in a solution with BCIP/NBT Color
Development Substrate (Promega, Madison, WI) until desired staining was
achieved. Staining was stopped by washing in 4% PFA. Embryos were stored
at 4°C in 4% PFA until imaging and sorting.

Imaging
Following staining, embryos were sorted into bins based on the pattern of
expression. Embryos in each bin were quantified. Single embryos were
transferred to 80% glycerol (MilliporeSigma) and imaged with the Zeiss
Discovery V8 stereomicroscope (Zeiss).
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Genotyping post ISH
To isolate genomic DNA following ISH, embryos were washed in PBT before
proceeding with isolation as described earlier.

CRISPR/Cas9 gRNA synthesis

gRNA design
gRNAs targeting zebrafish genes were designed using CHOPCHOP (Montague
et al., 2014 Nucleic Acids Res) or sgRNA Scorer (Chari et al., 2017 ACS Synth
Biol). gRNA sequences were selected based on target site within the gene,
cutting efficiency, and predicted off-target hits.

IVTgRNA synthesis and purification
For IVTgRNA synthesis, DNA inputs for in vitro transcription were generated by
three methods:
•

gBlock Gene Fragment

•

Annealing method

•

PCR overhang method

gBlock Gene Fragment
DNA templates were synthesized by IDT as double-stranded gBlock Gene
Fragments with a T7 RNA Polymerase site (5’- TAATACGACTCACTATAGG29

3’), 20bp target gRNA sequence, and 80bp tracrRNA sequence (5’GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACT
TGAAAAAGTGGCACCGAGTCGGTGCTTTT-3’). gBlocks were either inputted
directly into the in vitro transcription reaction or PCR amplified with Platinum
Blue PCR SuperMix and purified with QIAquick PCR Purification Kit. When PCR
amplification was conducted, the product was run on a 2% agarose gel for
verification. DNA was then inputted into the in vitro transcription assay
(described below).

Annealing method
(Adapted from Gagnon et al., 2014 PLoS One)
Gene specific oligos containing T7 RNA Polymerase binding sequence (5’TAATACGACTCACTATAGG-3’, 20bp gRNA sequence excluding PAM, and
tracrRNA

sequence

synthesized

by

(5’-GTTTTAGAGCTAGAAATAGCAAG-3’)
IDT.

A

common

scaffold

oligo

were
(5’-

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTT
ATTTTAACTTGCTATTTCTAGCTCTAAAAC-3’) was also synthesized by IDT.
To anneal oligos, 1µL of each oligo was added 8µL of ddH2O and annealed
using the following program:
•

95°C, 5 minutes

•

95°C to 85°C at -2°C/second

•

85°C to 25°C at -0.1°C/second

•

4°C hold
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Next, the DNA was filled in using T4 Polymerase (NEB) and incubating at 12°C
for 30-60 minutes. The resulting DNA was purified using the QIAquick PCR
Purification Kit and run on a 2% agarose gel to verify size. The resulting product
was then inputted into the in vitro transcription assay (described below).

PCR overhang method
(Adapted from Shah et al., 2015)
A

common

scaffold

oligo

(5’-

GATCCGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCT
TATTTTAACTTGCTATTTCTAGCTCTAAAAC-3’) was synthesized by IDT.
Gene specific oligos containing T7 promoter sequence, gRNA sequence
excluding PAM, and 20 bp of homology to the common oligo (5’GTTTTAGAGCTAGAAATAGC-3’) were synthesized by IDT. Phusion High
Fidelity DNA Polymerase (NEB) was used for amplification under the following
conditions:
•

95°C, 30 seconds

•

95°C, 10 seconds

•

60°C, 10 seconds

•

72°C, 10 seconds

•

72°C, 5 minutes

•

4°C hold

40X
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The product was run on a 2% agarose gel to verify product and size and purified
with the QIAquick PCR Purification Kit.
In vitro transcription was conducted using SureGuide gRNA Synthesis Kit
(Agilent) or MEGAshortscript T7 Transcription Kit (Thermo Fisher Scientific).
gRNAs were purified as per the manufacturer’s instructions, concentrations
were assessed by Nanodrop Spectrophotometer and were run on a 2% agarose
gel to visualize.

cmgRNA preparation
crRNAs targeting the gene of interest were synthesized by IDT (Integrated DNA
Technologies, Coralville, IA). To synthesize cmgRNAs, 0.5hmol of crRNA was
mixed with 0.5hmol tracrRNA (IDT), hybridized at 95°C for 5 minutes, and
allowed to cool to room temperature. Single use aliquots were made and stored
at -80°C until injection.

Assessing CRISPR/Cas9 editing

T7 Endonuclease I (T7EI) Assay
PCR was performed from single injected embryos using Platinum Blue PCR
SuperMix to amplify a region spanning the gRNA site. For each sample, 8µL
PCR product was added to 1.6µL Buffer 2 (NEB) and 6.4µL ddH2O. The DNA
was hybridized by subjecting samples to the following protocol:
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•

95°C, 5 minutes

•

95°C to 85°C at -2°C/second

•

85°C to 25°C at -0.1°C/second

•

4°C hold

Following hybridization, the DNA was digested with T7 Endonuclease I (NEB)
by adding the following to each reaction: 0.4µL Buffer 2, 0.2µL T7EI, and 3.4µL
ddH2O and incubating at 37°C for 1 hour. The product was then run on a 2%
agarose gel to determine if editing had occurred by the presence of smaller,
digested bands.

Clonal analysis of indels
Embryos with high levels of editing were selected based on the T7EI assay.
PCR amplicons were cloned into pCR II TOPO (Thermo Fisher Scientific) and
sent for Sanger sequencing with Sp6 primer. Clonal analysis was analyzed
manually, with MacVector software (MacVector Inc, Apex, NC) or using
CrispRVariantsLite (Lindsay et al., Nat Biotech 2016).

PCR to assess deletions
gDNA was isolated from single injected embryos as described above. Forward
primers were designed to be 150-300bp upstream of the gRNA sequence, and
reverse primers were designed to be 150-300bp downstream of the gRNA
sequence. For small deletions (fewer than 1KB), the wild-type allele will be
amplified, and deletions were detected by the appearance of smaller bands. For
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larger deletions (greater than 1KB), the PCR will only fire in the presence of a
deletion. Amplicons were sent for Sanger sequencing with the forward primer to
analyze the precise deletions which occurred. PCR was conducted using
Platinum Blue SuperMix.

Assessing and processing zebrafish melanomas

Animal observation
miniCoopR injected animals were observed weekly from 8 to 26 weeks post
fertilization for the presence of visible lesions. Following identification of tumors,
individual animals were isolated, tumor location was recorded, and the presence
of the tumor was verified the following week. Tumor-bearing animals were kept
in isolation until time of sacrifice.

Imaging and dissection
Tumor-bearing animals were sacrificed using 0.2% tricaine methanesulfonate
and were imaged with a Canon EOS60D camera (Canon, Tokyo, Japan) prior
to processing of tumor. Dissection of tumor was conducted using a scalpel and
forceps, making every attempt to only include malignant tumor cells. Siliconized
pipet tips (Bio Plas., Inc, San Rafael, CA) were used for any pipetting for all
assays to reduce the loss of material when processing.
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Preparation of RIPA lysate
Following dissection, tumors were homogenized with a 1mL syringe in 200uL
RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific) and Halt Protease
Inhibitor Cocktail (VWR). Samples were centrifuged at maximum speed for 15
minutes at 4°C prior to transferring the supernatant to a new tube, snap freezing
in liquid nitrogen and storing at -80°C. Concentration of RIPA lysates was
determined using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and
measured using Emax Plus Microplate Reader (Molecular Devices, Sunnyvale,
CA).

Acid extraction of histones
Following dissection, tumors were transferred to tissueTUBE TT1 Extra Thick
(Covaris, Wolburn, MA), submerged in liquid nitrogen, pulverized using Covaris
cryoPREP tissueTUBE Impactor CP02, and re-submerged in liquid nitrogen.
Tumors were transferred to eppendorf tubes by resuspending in 1mL cold PBS
and centrifuging at 2000RPM for 10 minutes at 4°C. Tumor pellets were
resuspended in 250µL TEB (0.5% Triton X-100 (MilliporeSigma) in PBS with
Halt Protease Inhibitor Cocktail). Samples were lysed on ice for 20 minutes with
intermittent shaking. Samples were then pelleted by centrifuging at 2000RPM
for 10 minutes at 4°C, washed in 100µL TEB, and centrifuging at 2000RPM for
10 minutes at 4°C. To extract histones, samples were then resuspended in 60200µL 0.2N HCl (MilliporeSigma) at 4°C on a nutator overnight. The next
morning, samples were centrifuged at 2000RPM for 10 minutes at 4°C and the
supernatant was transferred to a new tube prior to storing at -80°C.
Concentration of acid extracted histones was determined using Pierce
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Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific) and
measured using Emax Plus Microplate Reader.

Histone acid extraction for mass spectrometry
miniCoopR H3.3 and H3.3K27M melanomas were pooled and then dissected
and pulverized using the Covaris Impactor as described above. Tumors were
pelleted by centrifuging at 4000 rcf for 5 minutes at 4°C. Samples were then
lysed in 1mL NIB-250 Buffer (15mM Tric-HCl ph 7.5; 60mM KCl; 15mM NaCl;
5mM MgCl2 (MilliporeSigma); 1mM CaCl2; 250mM sucrose (MilliporeSigma);
0.1% b-mercaptoethanol; Halt Protease Inhibitor Cocktail; 10mM sodium
butyrate (MilliporeSigma)) with 0.3% NP-40 (MilliporeSigma) on ice for 5
minutes. Samples were pelleted by centrifuging at 600rcf for 5 minutes at 4°C.
Pellets were resuspended in 1 mL NIB-250 Buffer without NP-40, centrifuged at
600rcf for 5 minutes at 4°C. Samples were then resuspended in 500µL 0.2N
H2SO4 (MilliporeSigma) while vortexing and incubated overnight at 4°C on a
nutator. The next day, samples were centrifuged at 3400rcf for 5 minutes at 4°C
and the supernatant was transferred to a new tube and left at 4°C. Pellets were
resuspended in 500µL 0.2N H2SO4 (MilliporeSigma) while vortexing and
incubated overnight at 4°C on a nutator. The next day, samples were
centrifuged at 3400rcf for 5 minutes at 4°C and the two supernatants were
combined. 250µL of tricholoracetic acid (MilliporeSigma) was added to the
supernatants and incubated at 4°C overnight without shaking. The next day,
samples were centrifuged at 3400rcf for 5 minutes at 4°C. Pellets were
resuspended in 0.1% HCl in acetone (MilliporeSigma) and centrifuged at
4000rcf for 5 minutes at 4°C. Pellets were washed two times in acetone prior to
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air drying and resuspension in 100uL ddH2O. Concentrations were assessed
by Pierce Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific)
and measured using Emax Plus Microplate Reader. Samples were then sent to
the laboratory of Dr. Benjamin Garcia (University of Pennsylvania, Philadelphia,
PA) for mass spectrometry analysis.

Nucleic acid isolation
Tumor-bearing animals were imaged and tumors were microdissected as
described earlier. Tumors were homogenized in Buffer RLT with bmercaptoethanol by pipetting up and down. For concomitant DNA and RNA
extraction, AllPrep DNA/RNA Mini Kit (Qiagen) was used. RNeasy Mini Kit was
used to extract RNA. All concentrations were measured using the Nanodrop
Spectrophotometer. For RNA-seq experiment, RNA was submitted to the Weill
Cornell Epigenomics Core, which prepared libraries. Samples were multiplexed
and sequenced with paired-end 50 base pair reads using the Illumina
HiSeq2000.

Histopathology
Zebrafish with melanomas located between the head and dorsal fin were
selected for histopathologic analysis. Tumor-bearing animals were kept in
isolation for 10 days prior to sacrifice and imaging. Transverse cuts surrounding
the tumor were made using a scalpel, and the tumor was transferred to a
SWINGSETTE M518 Biopsy Processing and Embedding Cassette (VWR) and
fixed overnight in 4% PFA at 4°C. Tumor samples were kept in 70% ethanol
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until embedded and sectioned transversely by the Translational Research
Program (TRP) of the Department of Pathology and Laboratory Medicine (Weill
Cornell Medicine) to assess invasion.

Bioinformatics

RNA-seq
Paired end reads were aligned to the zebrafish genome (GRCz10) using Star
v2.3 (Dobin et al., 2013) using the Ensembl transcriptome. Differential gene
expression was performed using DESeq2 (Love et al., 2014). Orthology to
human genes was determined with Ensembl (Collins et al., 2012) and manually
using DRSC Integrative Orthology Prediction Tool (DIOPT, Hu et al., 2011 BMC
Bioinformatics).

Gene set enrichment analysis (GSEA)
Gene set enrichment analysis (Subramanian et al., 2015) was performed with
pre-ranked gene counts and queried against signatures from the MSigDB.

Genotype-Tissue Expression Data
The Genotype-Tissue Expression (GTEx) Project was supported by the
Common Fung of the Office of the Director of the National Institutes of Health,
and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS. The data used for the
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analyses described in this thesis were obtained from the GTEx Portal on
02/18/18.
Table 2.2 Primer sequences
Gene
H3F3B
EZH2
foxd1
FOXD1

Primer sequence
(F) GTCATGGCCCGAACCAAGCAGACTG
(R) TCAGATCTTATCGTCGTCATCCTTGTAATCAGCTCTCTCTCCCCGTATCCG
(F) ATGGGCCAGACTGGGAAGAA
(R) CTAGGCGTAGTCAGGCACGTCGTAAGGATAAGGGATTTCCATTTCTCT
(F) TGAGTCCGCCGACATGTTTGA
(R) TAATACGACTCACTATAGGGGGCTACTGAGAAGTACAACG
(F) GTCATGGATTACAAGGATGACGACGATAAGATCACCCTGAGCACTGAGATGTCC
(R) TCAGATCTTATCGTCGTCATCCTTGTAATCCTGACAATTGGAAATCCTAGCAG

Use
Notes
TA Cloning 5' with Kozak (GTC)
3' adds FLAG
TA Cloning 3' adds HA
Riboprobe
3' adds T7
TA Cloning 5' with Kozak
5' and 3' add FLAG

Table 2.3 Mutagenesis primers
Gene
H3F3B

Mutation
K27M

Mutagenesis primers
Sense: CCACGAAAGCCGCCAGGATGAGCGCTCCCTC
Antisense: GAGGGAGCGCTCATCCTGGCGGCTTTCGTGG
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Table 2.4 qPCR primers
Gene
btf3
dct
foxd1
foxd3
gapdh
mitfa
sox10
tfap2a
FOXD1
GAPDH
KCNMA1
PDGFRA
PITX1_2
PITX1_3
TBX18

5' primer sequence
AGCTCAGCGATCTAAGCACG
ACTCCGTCAGAGACACGCTT
CTGCTGCGTATGGCTATGGA
GCAACTACTGGACCCT
CCCAATGTCTCTGTTGTGGA
GGTTCATGGATGCAGGACTT
TAACACTGCCGCACTACAGC
TCCGACCCAAACGAACAAGT
ACTTCTCCCGGTAGTAGGGG
GCAAATTCCATGGCACCGTC
CTGGTTTGAGAGTGCCATCC
GCTCAGCCCTGTGAGAAGAC
TGCTTCTTCTTCTTGGCTGG
TTGTGAAGTGCGTACGTTGC
CCAAGCAAGGCAATGCAAGT

3' primer sequence
TTCTTCTTTCTGCGAGCGGT
AGCAGGTGATATCTGTGCCA
CTGCTGTTGCTGCTGAAAGG
CTGGTCCCTGAGAATGTCCG
AACCTGGTGCTCCGTGTATC
GGGCAGGAGTTACTGATGGA
TGGAGTGGGCGTAGTAGGAT
CAGCAGGTCCGTGAACTCTT
TATCGCGCTCATCACTATGG
TCGCCCCACTTGATTTTGG
GCTCAAGTACCTGTGGACCG
ATTGCGGAATAACATCGGAG
GAGTCGTCTGACACGGAGC
CGAGTCGTCTGACACGGAG
GAAGGCAGGAGAGGAGCAAG

Table 2.5 Deletion gRNAs
gRNA designation
btf3.1
btf3.2
btf3.3
foxd1_UCRE1
foxd1_UCRE2
foxd1_en5'
foxd1_en3'
foxd1_UCRE6
foxd1_UCRE7
foxd1_UCRE11
foxd1_UCRE15

gRNA coordinates
chr5: 34393056-34393078
chr5: 34397574-34397596
chr5: 34397084-34397106
chr5: 34400131-34400153
chr5: 34400562-34400584
chr5: 34448514-34448536
chr5: 34452800-34452822
chr5: 34440707-34440729
chr5: 34474331-34474353
chr5: 34490082-34490104
chr5: 34523965-34523987

gRNA sequence
CAAGATGGAAGCGAGAGAGG(GGG)
GACCAGGATTCCAAAGAGGG(CGG)
TTTCCATTACCAATGGCTCG(CGG)
TGTGCTCTTTGAAGGCCATG(AGG)
TGTGGGAAACGGCATATATG(AGG)
AATCACCGAGAAAATTGGAG(AGG)
CAGGCAGGATCAAAGAAGGC(AGG)
TTCCTCTGTCTCATTAACGG(TGG)
TGACGTGGAAACAGGCAGCC(TGG)
ATTATGCAACAGGGAATAAG(GGG)
AATAGCTCATAAAGACGGTG(AGG)
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Primer sequence
(F) GCAATGCTAATCTCACGCGC
(R) ACAGACGCATCCGACATCTC
(F) CAACGACACACCCAGCCTAT
(F) TCACTGAGGCCTCTGACAGA
(R) TACTCCTTTGGACAGGGCCA
(F) CTCTGTGGTCTATTTCTCTCC
(R) CAGAAGGTGAAGCAGCCTCA
(R) AGGACGTTTGTTAGCGCGAT
(F) GGCGGGGTTAGGTGTACATT
(F) GCGTTTGGCGAGCATTAGAG
(R) ACCACGTCTTCAAGGGCTTC

Table 2.6 gRNA sequences
Gene
ezh2

foxd1
foxd3
mitfa

gRNA sequence
gRNA designation Indel detection primers
GCAGCTCAAACGCTTCAGGA(GGG) ezh2.1
(F) AAACCATGGGATTGACCGGG
(R) ACAGGACGTTCACACACACA
ATCAGGAATGGAAACTGAGG(CGG) ezh2.2
(F) TGAGTCCAGTTGCATGTGTGT
(R) ACACTGTGCAGCCAAAACAA
CATCTCAGAGTACTGCGGGG(AGG) ezh2.SET
(F) TCTTTCGGACACGTGCATGA
(R) ACACAGCCCTAATCACATGT
GGAGGAGACCGACATTGACG(TGG) foxd1
(F) TAACACGCAGGCTCAGCAAA
(R) TACTTGCTGGCTTGTAGGGG
GGATATCGACGTGGTCGGGG(AGG) foxd3
(F) AGAGACCCAAGCAAGCCTTC
(R) GCTCTTGGGCTTGTTTTGCA
AGGACTTCAAATGACAAACA(CGG) nacre
(F) GTGGATTGAGGTTCCCTTCA
(R) CGGATAATTCCCTTTTGACG
ATTCTTGGGTTCATGGATGC(AGG) mitfa_0
N/A
GATTGCTGTACATGTCCAGC(AGG)

mitfa_2

N/A

ATGACAGAATTAAGGAGCTG(GGG)

b692_527

slc24a5

GGTCTCTCGCAGGATGTTGC(TGG)

golden

slc45a2

ATCCATGGAGCAGTACCAGG(TGG) albino

tyr

GACATGATGATGAAGAGTCG(AGG)

tyr2

TGAAAGTTACAACCTCCGCG(AGG)

tyr3

GCATCTTTGAGCAGTGGTTG(AGG)

tyr4

TGATACCCCCCACACCCCAA(AGG)

wee1

(F) CAGAGCCCTGGCAAAAGAGA
(R) TGTGTGCCTGCTGGGATTTA
(F) TGCTGGATGCCCTTGTCAAT
(R) AAAGTAGGCGACACTGACGG
(F) AGCACTGGAAGACGTGTGTC
(R) TTGGTCCTGCAGAAACGAGG
(F) GGGGTGTGTCTTTGTGTGTG
(R) GTCCTGACAGAACCCTCGAC
(F) AATGTCGTTCACTCTGCTGTTG
(R) GTGACCGTGCTGTTGTACCTT
(F) CACACACACACACACAGCTTTT
(R) GAAGTATCCGTCGTTGTGTCC
(F) TGGACTCTCCAGTACCTTTGC
(R) GCTCATCCACTAGGTAATGC
N/A

wee1

non-targeting TGCTGATGTCTTGGTTGAAT(TGG)

NT
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CHAPTER 3: CRISPR/Cas9 genome editing in
zebrafish

Introduction
CRISPR/Cas9 has emerged as a powerful tool to rapidly generate loss of
function alleles.
Prior to this technology, targeted mutants were generated in zebrafish using
either zinc finger nuclease (ZFNs) or transcription-activator-like effector
nucleases (TALENs). Using CRISPR/Cas9 has many advantages over these
technologies, including a simple two component system that requires only Cas9
nuclease (common to all experiments) and a single guide RNA (gRNA) specific
to the targeted gene. Several studies have demonstrated that CRISPR/Cas9
results in robust on-target editing in zebrafish (Jao et al., 2013; Shah et al.,
2015).
Loss of function alleles can be generated in zebrafish through injection of Cas9
nuclease complexed with the gRNA into embryos at the one-cell stage. Cas9
nuclease can be delivered as protein, mRNA or expressed off a vector. The
gRNA sequence is designed using algorithms (Montague et al., 2014; Chari et
al., 2017) which predict both targeting efficiency and potential off-target hits.
gRNAs can then be synthesized in vitro or purchased from a commercial source.

Recombinant Cas9 (rCas9) is active in vivo
Mutagenesis at golden (slc24a5) has historically been used in zebrafish to
measure the efficacy of mutagens SLC24A5 encodes a potassium-dependent
42

sodium/calcium exchanger and inactivation in zebrafish causes loss of
pigmentation in the retina and along the body. In humans, variants in SLC24A5
are associated with changes in pigmentation (Lamason et al., 2005).
Successful targeting of slc24a5 can be scored phenotypically at 48hpf based
on the loss of pigmentation in the embryo. We synthesized an established gRNA
targeting slc24a5 (Jao et al., 2013) using the gBlock method (described in
Chapter 2) to examine the efficacy of various methods of Cas9 delivery. We coinjected the slc24a5 gRNA with either: 1. zCas9 mRNA (zebrafish codon
optimized; generated from pcs2 Cas9) 2. rCas9 (purchased from PNA Bio) 3.
Cas9 mRNA (gift from Dr. Mary Goll) or 4. hspCas9 mRNA (human codon
optimized, generated from pcs2+ hspCas9). We used any pigmentation loss at
48hpf as a measure of efficacy. We found no evidence of editing in embryos
injected with zCas9 mRNA or hspCas9 mRNA. We observed phenotypic
evidence of editing in 8/55 (15%) of embryos injected with Cas9 mRNA and
30/67 (45%) of embryos injected with rCas9 (Figure 3.1A). A representative
embryo with editing at slc24a5 is shown in Figure 3.1.B. Embryos injected with
rCas9 had fewer morphological abnormalities than those injected with Cas9
mRNA. These data demonstrate that rCas9 leads to biallelic editing at slc24a5
and can be utilized for CRISPR/Cas9 editing in zebrafish.
We compared the efficiency of editing when microinjection was conducted in
the cell or the yolk. We observed an equivalent rate of phenotypic editing
between embryos injected in the cell and the yolk (Figure 3.1C). When
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Figure 3.1 Targeting golden to assess CRISPR/Cas9 editing activity
A. Embryos were injected golden gRNA with Cas9 mRNA or rCas9. The percent
of edited embryos in each cohort is shown. B. Embryos injected with rCas9 and
golden gRNA show phenotypic evidence of editing. Editing at golden results in
loss of pigmented cells, indicated with red arrows. C. Embryos were injected
with golden gRNA/rCas9 in the cell or the yolk and assessed for editing at 48hpf.
The percent editing in each cohort is shown.
components were injected into the yolk, we saw fewer morphological
abnormalities. Yolk injections are technically easier and can be performed more
rapidly than cell injections, thereby increasing the throughput of our
experiments.
Collectively, these studies demonstrate that rCas9 is highly active in zebrafish
and results in higher targeting efficiency and fewer morphological abnormalities
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when compared to multiple Cas9 mRNA. We have shown that microinjection of
gRNA/rCas9 can be performed in the yolk, accelerating the speed at which we
can test different conditions. Based on these results, we utilized rCas9 to
perform global CRISPR/Cas9 editing.

In vitro synthesized gRNAs (IVTgRNAs) have modest
activity in vivo
After demonstrating that rCas9 is the most effective delivery method, we
examined how alterations to our gRNA synthesis method could increase
targeting efficiency. We targeted tyrosinase (tyr), an enzyme required for
melanin synthesis. As with golden, successful targeting of tyr results in loss of
pigmentation that can be phenotypically scored. We designed three gRNAs
targeting: tyr2 (exon 1, designed with CHOPCHOP (Montague et al., 2014)) and
tyr3 and tyr4 (tyrosinase domain, designed with sgRNA Scorer (Chari et al.,
2017)). We synthesized these gRNAs by directly inputting the gBlock into the in
vitro transcription assay, omitting the PCR and purification steps. We then
injected these gRNAs alone and in combination and measured phenotypic
editing at 48hpf by pigmentation loss. We also compared the effect of
gRNA/rCas9 dose on editing by injecting 1 pump (250pg total gRNA/500pg
rCas9) and 2 pumps (500pg total gRNA/rCas9). Results and images of
representative embryos are shown in Figure 3.2A,B.
Several conclusions can be made from this experiment. We do not observe a
large increase in editing within this range of gRNA/rCas9 doses. Of the tested
gRNAs, tyr3 gRNA is the most active, resulting in 100% editing in injected
embryos. Finally, that increasing the number of gRNAs injected (thereby
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Figure 3.2 Assessing editing of gRNAs targeting tyr
A. Embryos were injected with rCas9 and gRNAs targeting tyr individually or in
combination and were scored for phenotypic editing based on pigmentation
loss. gRNA 3 is the most active, the extent of editing is not dramatically
decreased by injecting multiple gRNAs. B. Embryos injected with tyr3 gRNA
show loss of pigmentation that is not reduced by co-injection of gRNAs with
minimal activity.
To determine the minimal dose of gRNA/rCas9 required for editing, we tested a
range of tyr3 gRNA/rCas9 and assessed editing. We observed phenotypic
evidence of editing when embryos were injected with 3.9pg of gRNA and 7.8pg
of rCas9 (Figure 3.3). At a dose of 62.5pg gRNA and 135pg rCas9, we observed
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editing in 100% of edited embryos, suggesting that we can multiplex gRNAs in
a single injection to target multiple loci simultaneously.

Figure 3.3 Establishing the minimum dose for CRISPR/Cas9 editing
Embryos injected with the indicated dose of tyr3 gRNA and rCas9 were scored
for rescue at 48hpf. The number of edited embryos and representative images
in each condition are shown.
We examined whether the gRNA purification method could improve editing
efficiency. We synthesized the tyr3 gRNAs and purified with ammonium acetate
or over an RNeasy column and compared the rates of editing. Injection of gRNA
purified over the RNeasy column did not increase the rate of editing (Figure
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3.4A), but we did note that there were more edited cells per embryo in
ammonium acetate purification group. Therefore, we continued to use
ammonium acetate for purification.
A.

B.

50

0

C.

100

Percent Edited

Percent Edited

100

Ammonium
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(n=65)

1

2

0

RNeasy
(n=55)

3

50

4

5

gBlock
(n=35)

Annealing
(n=43)

6
1: PCR overhang product, no Phusion
2: PCR overhang product, with Phusion
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5: Gene-specific oligo (tyr3)
6: Common scaffold oligo

Figure 3.4 Comparison of gRNA synthesis methods
A. Embryos were injected with the tyr3 gRNA generated by the gBlock method
and purified by ammonium acetate or RNeasy column. Embryos were scored
for pigmentation loss at 48hpf. B. Embryos were injected with the tyr3 gRNA
generated by the gBlock or annealing method and scored for pigmentation loss
at 48hpf. Both methods have high levels of phenotypic editing. C. A comparison
of the efficiency of the PCR overhang and annealing method of gRNA synthesis.
Full length gRNA is 125bp. For comparison, sizes of gene-specific (lane 5) and
common scaffold (lane 6) oligos are shown. A comparison of the PCR overhang
(lane 2) and annealing (lane 4) method shows an increase in the product of the
correct size in the PCR overhang method.
In order to examine if our gBlock method of gRNA generation was equivalent to
published reports, we also synthesized the tyr3 gRNA using the PCR overhang
(Shah et al., 2015) and annealing (Gagnon et al., 2014) methods. We directly
compared the extent of editing when embryos were injected with the tyr3 gRNA
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generated by our gBlock method or the annealing method. With injection of both
gRNAs, we observed high rates of editing (Figure 3.4B). However, despite
optimization of annealing conditions, we experienced technical variability and
frequently a failure to produce the input required for in vitro transcription. Using
the PCR overhang method, we observed robust generation of the DNA input for
gRNA synthesis (Figure 3.4C) and utilized this method of synthesis after
verification of tyr3 gRNA activity.
Vector-based systems for CRISPR/Cas9 editing in zebrafish have used the U6
Polymerase III promoter to drive prolonged expression of gRNAs (Ablain et al.,
2015). We generated a vector in which the U6 promoter drives expression of
the tyr3 gRNA and co-injected with rCas9 in order to assess editing capacity.
Only 4/110 (3.6%) of injected embryos had phenotypic evidence of editing,
indicating that our method of gRNA synthesis was superior.
Using the optimal conditions for editing, we can raise tyr3 injected embryos to
adulthood and show robust pigmentation loss (Figure 3.5A). Additionally, we
show that CRISPR/Cas9 mediated indels are transmitted to the germline by
incrossing F0 injected animals and observing a proportion of embryos (27/136,
20%) that lack pigmentation (Figure 3.5B).
We also assessed whether other factors could increase our editing. We saw no
increase in editing when using IDT rCas9, incubating the gRNA/rCas9 complex
at 37°C prior to injection, changing the temperature at which embryos were
grown, or adding KCl to the injection solution.
These experiments summarize our extensive efforts to optimize CRISPR/Cas9
editing using IVTgRNAs in zebrafish. We have tested three methods of gRNA

49

synthesis and have shown that all are active and lead to biallelic editing at tyr.
We have compared methods of gRNA purification and driven expression of the
tyr3 gRNA off the U6 promoter. Our studies have shown that as little as 3.9pg
gRNA/7.8pg rCas9 is sufficient for editing at tyr, indicating that multiple gRNAs
can be co-injected with rCas9, enabling the targeting of several loci in one
injection.

A.

B.

Figure 3.5 Editing of tyr in adults and through the germline
A. F0 animals injected with tyr3 gRNA show dramatic pigmentation loss in adults.
B. An incross of two F0 animals yields embryos with complete loss of
pigmentation, indicating that CRISPR-mediated indels are transmitted to the
germline.
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Chemically modified gRNAs (cmgRNAs) result in high
targeting efficiency
Reports have demonstrated that chemically modified gRNAs (cmgRNAs) lead
to increased efficiency of CRISPR/Cas9 editing in human cells (Hendel et al.,
2015; Rahdar et al., 2015) and we hypothesized that cmgRNAs would also be
more active in zebrafish. We attempted to synthesize cmgRNAs by inputting 2’O-methyl NTPs into the in vitro transcription reaction but were unsuccessful. We
then decided to take a synthetic approach and purchased cmgRNAs from IDT
through the Alt-RÒ CRISPR-Cas9 system. We injected rCas9 with tyr3
cmgRNA or IVTgRNA and quantified editing by binning embryos based on the
extent of phenotypic editing. At equal concentration of cmgRNA and IVTgRNA,
we quantified a statistically significant (p<0.001, Chi-square) increase in the
number of embryos with the highest amount of editing (0-50 melanocytes) in
cmgRNA injected embryos (Figure 3.6A). To further quantify the efficiency of
editing, we performed a clonal analysis and observed a higher number of edited
clones in the cmgRNA injected embryos compared to the IVTgRNA injected
embryos (Figure 3.6B). We confirmed the increased targeting efficiency of
cmgRNAs using golden (Figure 3.7). These data demonstrate that cmgRNAs
have higher on-target efficiency compared with IVTgRNAs.
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Figure 3.6 cmgRNAs increase targeting of tyr
A. Left, assessment of editing in embryos injected with rCas9 and tyr3 cmgRNA
or IVTgRNA at the indicated doses. The percentage of embryos in each
category is plotted. Right, representative examples of embryos in each bin. B.
Clonal analysis of embryos injected with either cmgRNA or IVTgRNA. Left panel
shows the specific indels generated. Right panel shows 10/10 clones from
cmgRNA injected embryos have editing compared to 7/10 clones from
IVTgRNA injected embryos. Plot generated with CrispRVariantsLite.
Experiments performed in collaboration with Courtney Balgobin and Isabel
Nelson.
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Figure 3.7 cmgRNAs increase targeting of golden
Left, assessment of editing in embryos injected with rCas9 and golden cmgRNA
or IVTgRNA at the indicated doses. The percentage of embryos in each
category is plotted. Right, representative examples of embryos in each bin.
Experiments performed in collaboration with Courtney Balgobin and Isabel
Nelson.

Generating large chromosomal deletions using
cmgRNAs
We hypothesized that the increased efficiency of cmgRNAs would enable the
generation of chromosomal deletions. CRISPR/Cas9 has been used in
zebrafish to produce deletions of almost 26KB (Varshney et al., 2015). We
selected a region of non-coding DNA between foxd1 and fcho2 to target for
deletions ranging from 500 nucleotides to over 100KB (Figure 3.8A) by
designing gRNAs in this locus. Our workflow was to inject two gRNAs, assess
frequency of deletions by PCR, and verify the deletion by Sanger sequencing.
The first deletion we made was by injecting gRNAs which are 453bp apart. We
observed the presence of a deleted allele (approximately 300bp) in 5/10 (50%)
embryos (Figure 3.9A). Sanger sequencing of the smaller amplicon revealed a
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chr5:34397610-34600530

20kb
fch02

foxd1

Size
Frequency
0.45kb 5/10 (50%)
4.3kb

7/24 (29%)

52kb

3/8 (38%)

124kb

2/23 (9%)

Figure 3.8 Targeting the region downstream of foxd1 for deletions
Top shows the locus between foxd1 and fcho2. Panels below show location of
gRNAs (double purple arrows) and primers for deletion detection (single orange
arrow). Deletion size and frequency shown.
427bp deletion (Figure 3.9B). We then co-injected rCas9 with gRNAs which are
separated by 4,286bp and detected a deletion in 7/24 (29%) embryos (Figure
3.10A). Deletions between 4,297 and 4,451bp were confirmed by Sanger
sequencing. A representative deletion is shown in Figure 3.10B.
We injected rCas9 with two gRNAs separated by 52kb deletion. By PCR, we
identified evidence of a deletion in 3/8 (38%) embryos (Figure 3.11A). We
confirmed these deletions by Sanger sequencing (Figure 3.11B). Finally, we
examined whether we could inject rCas9 with two gRNAs to produce a deletion
of 124KB. Using PCR, we observed a deletion in 2/23 (9%) embryos and
confirmed these deletions by Sanger sequencing (Figure 3.12).
These results highlight that the high efficiency of cmgRNAs can be used to
produce large chromosomal deletions in zebrafish. By injecting 2 cmgRNAs, we
observe robust evidence of deletions at a range of sizes. We have confirmed
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deletions of 124KB, which is 100KB larger than previous reports in zebrafish
(Varshney et al., 2015).

A.

rCas9 + cmgRNA 1 + cmgRNA 2
rCas9 + 0.45kb deletion gRNAs

B.

5’ sequence

3’ sequence

Figure 3.9 Generating a 0.45kb deletion
A. Assessment of deletion by PCR from single embryos. First lane, uninjected.
Lanes 2-11, embryos injected with rCas9 and 0.45KB deletion gRNAs. Wildtype amplicon is indicated with a blue arrow. Embryos with evidence of a
deletion have the appearance of a smaller band at 300bp (red arrow). Deletion
detected in 5/10 (50%) embryos. B. Sanger sequencing of a smaller allele
shows a 427bp deletion.
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Figure 3.10 Generating a 4.3kb deletion
A. PCR to assess the frequency of deletion. Embryos were injected with 4.3KB
deletion gRNAs. Deletions were detected using primers that will only fire in the
presence of a deletion. Deletion detected in 7/24 (29%) embryos. B. Sanger
sequencing of a deleted allele reveals a deletion of 4309bp.
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Figure 3.11 Generating a 52kb deletion
A. PCR to assess the frequency of deletion. Embryos were injected with 52KB
deletion gRNAs 2 and 3. Deletions were detected using primers that will only
fire in the presence of a deletion. Deletion detected in 3/8 (38%) embryos. B.
Sanger sequencing of a deleted allele reveals a deletion of 52262bp.

57

c

a

A.

c

rCas9 + cmgRNA 2 + cmgRNA 3
rCas9 + cmgRNA 1 + cmgRNA 5

rCas9 + 124kb deletion gRNAs

e

B.

rCas9 + cmgRNA 2 + cmgRNA 3
rCas9 + cmgRNA 3 + cmgRNA 4 d

rCas9 + cmgRNA 1 + cmgRNA 5

e

f

b
52262 bp deletion + 0bp insertion
52266 bp deletion4297bp
+ 12bpdeletion
insertion+ 21bp insertion
4298bp deletion + 15bp insertion
4302bp deletion + 34bp insertion
4316bp deletion + 0bp insertion
4451bp deletion + 40bp insertion
d
52262 bp deletion + 0bp insertion
52266 bp deletion + 12bp insertion
123847bp deletion + 9bp insertion

f
123847bp deletion + 9bp insertion

5’ sequence

3’ sequence

Figure 3.12 Generating a 124kb deletion
A. PCR to assess the frequency of deletion. Embryos were injected with 124KB
deletion gRNAs. Deletions were detected using primers that will only fire in the
presence of a deletion. Deletion detected in 2/23 (9%) embryos. B. Sanger
sequencing of a deleted allele reveals a deletion of 123847bp with a 9bp
insertion.

A strategy to perform melanocyte-restricted genome
editing (MeRGE)
Using miniCoopR, we have the technology to examine how gain of function
alterations impact the rate of melanoma formation through melanocyte-specific
overexpression; yet we have no comparable system to perform loss of function
studies. Because the global loss of PRC2 components and other genes is
embryonic lethal (O’Carroll et al., 2001; Pasini et al., 2004; Faust et al., 1995;
Faust et al., 1998), we sought to develop a system to conduct CRISPR/Cas9
editing in a lineage restricted manner.
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We used miniCoopR to limit the expression of Cas9 to melanocytes and coinjected miniCoopR Cas9 (25pg) with miniCoopR GFP (10pg) and tyr IVTgRNA
(250pg) in Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 embryos. Injecting
miniCoopR in this line rescues melanocytes, programs these cells to express
Cas9 and GFP and will lead to the formation of melanomas. By injecting a ratio
of miniCoopR Cas9: miniCoopR GFP at 2.5:1, we ensured that any GFP
positive melanocyte would also express Cas9. Based on these conditions, the
appearance of a GFP positive, amelanotic melanocyte would be indicative of
successful editing at tyr. Phenotypically we observed evidence of what
appeared to be tyr targeted melanocytes in injected embryos (Figure 3.13) and
in scale-associated melanocytes from adults (Figure 3.14).

Figure 3.13 Phenotypic evidence of MeRGE in embryos
Embryos were injected with miniCoopR Cas9, miniCoopR GFP and tyr gRNA
and scored for rescue at 48hpf. Left, brightfield image of rescued embryo shows
pigmented melanocytes. Center, fluorescent image shows GFP positive cells
with morphology of melanocytes. Right, image shows pigmented melanocytes
adjacent to amelanotic, GFP positive cells.
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miniCoopR Cas9 +
MiniCoopR GFP

miniCoopR Cas9 +
miniCoopR GFP +
tyr gRNA

Figure 3.14 Phenotypic evidence of MeRGE in scale-associated
melanocytes
Scale-associated melanocytes from embryos injected with MC Cas9 and MC
GFP (A-C) or MC Cas9 + MC GFP + tyr gRNA (D-I). A, D, and G are fluorescent
images. B, E, and H are brightfield images. C, F, and I are merged images. G,
H, and I show a representative example of an amelanotic, GFP positive
melanocyte.

MeRGE targeting efficiency is minimal
In order to obtain molecular confirmation that MeRGE leads to indels in
melanocytes, we assessed melanomas which arose on injected animals for
evidence of editing. For embryos injected with the tyr2 gRNA, we identified 1/7
(14%) of tumors with evidence of editing by T7 endonuclease (T7EI) assay
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(Figure 3.15). However, clonal analysis from this tumor showed only 1/100 (1%)
clones was edited.

A.

B.
miniCoopR Cas9
tyr2 gRNA

+
-

+
+

Figure 3.15 Evidence of targeting in a MeRGE tyr melanoma
A. Tumor-bearing Tg(mitfa:BRAFV600E);tp53zdf1/zdf1;mitfaw2/w2 animal injected
with miniCoopR Cas9, miniCoopR GFP and tyr2 gRNA. Arrow points to
amelanotic melanoma on the dorsal posterior part of the animal. B. T7EI of
tumor in A shows editing at tyr compared to melanoma from miniCoopR Cas9;
miniCoopR GFP injected animal.
We also performed T7EI assay using melanomas derived from embryos
injected with miniCoopR Cas9 and gRNAs targeting setd2 (n=2), tp53 (n=1),
ptena/b (n=11), or tyr3 (n=2). In these analyses, we found 0/16 (0%) tumors with
evidence of editing. We analyzed an additional 31 tyr3 targeted tumors by TIDE
(Brinkman et al., Nucleic Acids Research 2014), which identifies the presence
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of indels through analysis of bulk PCR products and found 26/31(84%) had no
evidence of editing. However, clonal analysis of a TIDE-positive melanoma did
not identify any edited alleles, indicating that clonal analysis is a more sensitive
indel detection method and that TIDE might lead to false positive results.
In total, we analyzed 54 tumors by T7EI, TIDE and/or clonal analysis and 6
(11%) had molecular evidence of editing. Importantly, 5 of these 6 tumors were
analyzed by TIDE analysis, which we demonstrated can lead to false positive
results. These data indicate that, despite phenotypic evidence of editing, we
could not demonstrate a substantial level of editing at multiple loci.
We proposed several hypotheses as to why we observed phenotypic but
minimal molecular evidence. First, we know that the mitfa promoter in
miniCoopR is somewhat leaky, leading to expression in other cell types.
Because of this, some GFP positive cells that we observe in embryos are not
melanocytes, resulting in an overestimation of phenotypic editing. Second, our
phenotypic targeting observed in embryos might not be consistent with targeting
of adult melanocytes that will develop into melanoma. This is because of a
characterized process known as the second wave of melanocyte development,
which occurs between 2 and 4 weeks post fertilization and leads to an increase
in melanocytes (Johnson et al., Developmental Biol, 1995). Although Cas9 will
be expressed during this process, the gRNA is no longer present. Therefore, if
the melanocytes which form at that time are not derived from cells harboring
indels, there is no opportunity for new indels to occur.
Because the majority of tumors we assessed for editing were targeted with the
tyr3 gRNA, we decided to target other genes. We validated a gRNA targeting
wee1, a G2 checkpoint kinase that is required for cell viability (Amsterdam et
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al., 2004 PNAS) by injecting with rCas9 (Figure 3.16). Because wee1 is required
for viability of cells, inactivation of wee1 with miniCoopR should cause
melanocyte death, leading to loss of pigmentation. We co-injected miniCoopR
Cas9 with wee1 IVTgRNA but did not observe phenotypic evidence of editing in
embryos and larval animals.
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Figure 3.16 Validating of gRNA targeting wee1
A. Embryos injected with wee1 gRNA/rCas9 at indicated doses were scored at
24hpf and 48hpf for phenotypes. Graphs show the percentage of embryos in
each category. B. Embryos injected with wee1 gRNA/rCas9 at 24hpf have
severe morphological defects. C. T7EI shows evidence of editing in embryos
injected with gRNA targeting wee1.
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In order to determine why MeRGE was not functioning, we made alterations to
the two components of the system: the gRNA and the Cas9. As described
previously, we discovered that cmgRNAs were significantly more active than
IVTgRNAs, which we had been using for these studies. We therefore
exclusively utilized cmgRNAs for all subsequent experiments.
One hypothesis we generated was that there was minimal gRNA remaining by
the time Cas9 was expressed in melanocytes. We then attempted experiments
where we injected a large amount of cmgRNA into the yolk after we injected
miniCoopR into the cell. We targeted albino (slc45a2), which results in
pigmentation loss when injected with rCas9 (Figure 3.17). We injected
miniCoopR Cas9 at the one-cell stage, and then injected between 1 and 3ng
albino cmgRNA into the yolk at the 4- to 16-cell stage into wild-type (AB)
embryos. By injecting into AB embryos, we could not use rescue to select
embryos, but reasoned that highly efficient editing would result in pigmentation
loss. However, we did not observe phenotypic evidence of editing. We also
injected miniCoopR Cas9 at the one-cell stage and then injected 2ng of tyr3
cmgRNA at 24hpf, but again did not observe pigmentation loss in injected
embryos. This indicates that a later injection of cmgRNA does not result in
robust targeting.
Although we verified expression from a melanoma derived from a miniCoopR
Cas9 injected animal (Figure 3.18), we could not definitively prove that the Cas9
we utilized was functionally active. We generated two additional miniCoopR
Cas9 vectors: miniCoopR hspCas9-2A-EGFP and miniCoopR hspCas9-2AVenus. Because these vectors contain fluorophores, we did not need to coinject with miniCoopR GFP. We injected these vectors with cmgRNAs into wild-
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type (AB) embryos, selected positive embryos based on fluorophore expression

albino gRNA
rCas9

Uninjected

and observed embryos for dramatic phenotypic evidence of editing.

Figure 3.17 cmgRNA targeting albino has activity
AB embryos were injected with albino gRNA/rCas9 and were scored for
pigmentation loss at 48hpf. Embryos injected with the albino gRNA have
complete loss of pigmentation.
We injected miniCoopR hspCas9-2A-EGFP or miniCoopR hspCas9-2A-Venus
at the one-cell stage and then injected the albino cmgRNA into the yolk between
the 4- and 16-cell stage. Again, we observed no loss of pigmentation in EGFP
or Venus positive embryos. Finally, we injected miniCoopR hspCas9-2A-Venus
with albino cmgRNA but did not detect any Venus positive embryos with loss of
pigmentation.
Collectively, we have shown that the system we have developed for MeRGE is
minimally efficient. By analyzing tumors from injected animals, we detected
indels in a small percentage (11%) of analyzed tumors. However, this is likely
an overestimation of efficiency because of false positive results generated with
TIDE, the method of analysis used for some tumors. We then altered several
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parameters: additional targets (wee1, albino), later injections of cmgRNAs, and
different types of Cas9 with fluorophore markers. Despite these adjustments,
we did not observe phenotypic evidence of editing in these experiments and did
not attempt to use these tools to perform MeRGE of PRC2 components.

Cas9
β-actin
Figure 3.18 Cas9 expression in miniCoopR Cas9 melanoma
Verification of Cas9 protein in miniCoopR Cas9 melanoma. Left, Rescued adult
animal injected with miniCoopR Cas9. Arrow indicates location of the melanoma
on the caudal peduncle. Right, Western blot showing Cas9 expression in
miniCoopR Cas9 melanoma.

Homology-directed repair (HDR) to fix the mitfa(w2)
allele
We hypothesized that the increased activity of cmgRNAs would facilitate
homology-directed repair (HDR). Recent reports have successfully performed
HDR in zebrafish at a range of efficiencies using vectors as templates (Irion et
al., 2014; Hoshjima et al., 2016). In contrast, we decided to pursue a synthetic
approach by utilizing double-stranded gBlock gene fragments for HDR
templates and co-injecting with a cmgRNA and rCas9. To examine if HDR would
work in this system, we utilized the mitfa(w2) allele (nacre), which harbors a
nonsense mutation in mitfa, resulting in embryos that lack pigmentation. We
used a nacre-specific gRNA and designed templates that restore wild-type mitfa
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sequence. With this strategy, we can phenotypically score integration of the
template based on the appearance of one or more pigmented melanocytes at
48hpf.
With injection of rCas9, nacre gRNA and 225bp gBlock HDR template, we see
phenotypic evidence of template integration (Figure 3.19A, B). We also injected
PCR amplified gBlock template and observed a decreased rescue rate than
those injected with pure gBlock (Figure 3.19C). We then compared the rate of
rescue in embryos injected with either a single- or double-stranded 130bp
template. We observed no difference in the rate of rescue based on the number
of strands of the template (Figure 3.20A, B). Because there is also melanocyte
rescue in embryos injected with only gRNA and rCas9, it was difficult to assess
if changes to the template altered the rate of HDR.
Given the role of tp53 in double-strand DNA breaks, we hypothesized that loss
of tp53 might increase the rate of HDR. We compared the rate of rescue
between mitfaw2/w2; mpv17a9/a9 and tp53zdf1/zdf1; mitfaw2/w2; mpv17a9/a9 injected
embryos. Surprisingly, we found a modest increase in the rate of melanocyte
rescue in embryos with functional tp53 (Figure 3.21).
Within our template, we altered the gRNA site by making silent mutations which
prevented further cutting after integration and enabled us to verify that HDR
occurred by Sanger sequencing. We identified 3/6 (50%) embryos which had
the nucleotide changes from our template (Figure 3.22), indicating that the
template did integrate, but that our background rescue rate precluded us from
using melanocyte rescue as a readout for successful HDR using the nacre
gRNA.
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Figure 3.19 Homology-directed repair of the nacre allele
A. Schematic of the mitfa locus. The location of the w2 missense mutation is
shown in black in exon 3. Below, location of the nacre gRNA and the 225bp
template are shown. B. Tg(mitfa:BRAFV600E);tp53zdf1/zdf1;mitfaw2/w2 embryos
injected with nacre gRNA, rCas9 and 225bp gBlock template were scored for
rescue at 48hpf. Representative rescued embryos are shown. C. The
percentage of rescued embryos injected with the indicated components are
shown. p=0.0226, Fisher’s exact test.
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Figure 3.20 Comparison of efficiency of single or double stranded HDR
template
A. Schematic of the mitfa locus. The location of the w2 missense mutation is
shown in black in exon 3. Below, location of the nace gRNA and the 130bp
template are shown. B. Tg(mitfa:BRAFV600E);tp53zdf1/zdf1;mitfaw2/w2 embryos
were injected with the nacre gRNA/rCas9 without template, with a 130bp ssDNA
template or a 130bp dsDNA template. Embryos were scored at 48hpf for
melanocyte rescue. The percentage of embryos with one or more melanocytes
is shown.
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Figure 3.21 Wild-type tp53 increases rate of HDR
A. Schematic of the mitfa locus. The location of the w2 missense mutation is
shown in black in exon 3. Below, location of the nacre gRNA and the 225bp
template are shown. B. Rescue rate was compared between mitfaw2/w2;
mpv17a9/a9 and tp53zdf1/zdf1; mitfaw2/w2; mpv17a9/a9 embryos injected with nacre
gRNA/rCas9 and the 225bp repair template.
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Reference

Figure 3.22 Verification of template integration
Sanger sequencing to verify integration of 225bp HDR template. Top line shows
the reference mitfa gDNA sequence. Highlighted sequence is part of the nacre
gRNA. Below, alignment of mitfa gDNA sequence with three rescued embryos
injected with nacre gRNA/rCas9/HDR template. Residues shown are those that
differ from the reference. Sanger traces of three rescued embryos show
sequence changes consistent with integration of the template.
Although there is a higher percentage of rescue in embryos injected with
template, our results were confounded by the fact that injection of the nacre
gRNA/rCas9 alone results in rescue. Previous observations in our lab described
the existence of animals we termed mitf revertants; these are zebrafish with the
nacre mutation that spontaneously developed pigmented melanocytes. Caitlin
Bourque, a previous lab member, analyzed the mitfa sequence in one of these
animals, and discovered a 39bp deletion (40bp deletion plus 1bp insertion) that
deleted the premature stop codon, restored the reading frame and produced
functional protein (Figure 3.23A, B). Based on this work, we hypothesized that
indels generated by the injection of the nacre gRNA with rCas9 could have a
similar consequence as spontaneous indels in restoring functional protein. We
performed a clonal analysis of rescued embryos injected with the nacre
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gRNA/rCas9 and observed indels that likely restore mitfa function (Figure
3.23C).
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Because we showed that small indels around the nacre mutation can restore
mitfa function, we designed gRNAs further away from the mutation,
hypothesizing that these would decrease the background rescue rate. The
mitfa_0 gRNA is 5bp upstream of the nacre mutation, but injection of the gRNA
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with rCas9 leads to melanocyte rescue at levels similar to the nacre gRNA
(Figure 3.24A, B). We therefore did not
any HDR experiments with this
mitfa_zfipursue
sh
gRNA.

nacre gRNA
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Figure 3.24 Injection of mtifa_0 cmgRNA restores gene function
A. Schematic of the mitfa locus. The location of the w2 missense mutation is
shown in black in exon 3. Below, the location of the mitfa_0 gRNA in relation to
the mutation is shown. The gRNA is 5bp upstream of the mutation. B.
Tg(mitfa:BRAFV600E);tp53zdf1/zdf1;mitfaw2/w2 embryos were injected with the
mitfa_0 gRNA and rCas9 at the indicated doses. Embryos were scored for
melanocyte rescue at 48hpf. The percentage of rescued embryos are shown.
We next tested the mitfa_2 gRNA, which is 137bp downstream of the nacre
mutation in the following exon. We observed melanocyte rescue in a small
percentage of embryos injected with mitfa_2 gRNA/rCas9 (Figure 3.25A, B).
Because the rescue rate was lower than with the nacre gRNA, we proceeded
with HDR experiments and designed a 467bp template to fix the nacre mutation.
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However, we observed a minimal increase in the rate of melanocyte rescue in
embryos injected with template compared
to those injected with only
mitfa_zfish
gRNA/rCas9 (Figure 3.26).
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Figure 3.25 Decreased rescue rate with injection of mitfa_2 gRNA
A. Schematic of the mitfa locus. The location of the w2 missense mutation is
shown in black in exon 3. Below, the location of the mitfa_2 gRNA in relation to
the mutation is shown. The gRNA is 137bp downstream of the mutation. B. The
percentage of rescued embryos in each injection condition is shown.
Through these studies, we can harness the increased activity of cmgRNA to
perform homology-directed repair in zebrafish. We can repair the nacre
mutation using HDR by supplying a synthetic template during injection and
score integration phenotypically by melanocyte rescue. However, we observed
a background rescue rate in embryos injected without template, thereby
confounding our analyses and making it difficult to directly compare the
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efficiency of multiple HDR templates. mitWe
fa_zfish therefore concluded that this allele
was not optimal for further HDR experiments.
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Figure 3.26 Low rate of HDR using mitfa_2 cmgRNA
A. Schematic of the mitfa locus. The location of the w2 missense mutation is
shown in black in exon 3. Below, the location of the mitfa_2 gRNA in relation to
the mutation is shown. The gRNA is 137bp downstream of the mutation. B. The
percentage of rescued embryos in each injection condition is shown.

The mitfa(b692) allele is ideal for optimization of HDR
Because indels around the nacre mutation are sufficient to restore mitfa function
in the absence of supplied template, we pursued the mitfa(b692) allele for HDR
optimization. This allele results in non-functional mitfa protein because of an
inactivating missense mutation within exon 7. We synthesized a gRNA within
exon 7 and injected with rCas9 into AB (wild-type) and mitfab692/b692 embryos.
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Injection into AB embryos results in loss of pigmentation (Figure 3.27),
indicating the gRNA is active. In mitfab692/b692, we found no evidence of
melanocyte rescue (Figure 3.27) in injected embryos. Based on these
experiments we concluded that the b692 allele is superior for conducting HDR
and using melanocyte rescue as a marker of template integration.
mitfab692/b692

AB

mitfab692/b692

mitfa cmgRNA

b692 gRNA
Uninjected
Uninjected
rCas9

AB

Figure 3.27 The b692 mutation is suitable for HDR optimization
Left, AB embryos injected with b692 gRNA and rCas9 have loss of
pigmentation, indicating the gRNA is active. Right, injection of the b692
gRNA/rCas9 into mitfab692/b692 embryos does not lead to melanocyte rescue.
Experiments to optimize HDR were then performed by Caitlin Gribbin, a medical
student in the lab. Caitlin has examined an exhaustive set of conditions using
the b692 allele and found that a double-stranded 951bp template where the
gRNA site is asymmetric within the template results in the highest level of
integration (approximately 10% integration in injected embryos). Based on
Caitlin’s efforts, other members of our lab have used this information to perform
HDR with fluorescent tags at other loci.
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A strategy to rescue melanocytes using a gRNA
targeting mitfa
miniCoopR allows us to select embryos with genomic incorporation of the
construct based on melanocyte rescue. With CRISPR/Cas9, we have no
analogous method of phenotypically selecting injected embryos which have
been edited. Although we found that the nacre gRNA was not suitable for HDR
experiments, we proposed using the gRNA as a way to positively select injected
embryos using melanocyte rescue. When the nacre gRNA is injected into
Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 embryos, rescued melanocytes
will develop melanoma. With the nacre gRNA we can co-inject a gRNA targeting
any gene of interest, select rescued embryos and perform tumor analyses in
adult animals. We have termed this method Single gRNA To Rescue
Melanocytes (SToRM). In Chapter 4, we will use SToRM to perform PRC2 loss
of function studies.

Discussion
In this Chapter, our efforts to develop CRISPR/Cas9 editing technology have
been summarized. We have identified the optimal conditions for global editing.
Through direct comparisons, we have shown that rCas9 is more active that
Cas9 mRNA and that cmgRNAs are more efficient than IVTgRNAs. Injection of
rCas9 with cmgRNAs results in highly robust on-target editing. Although
cmgRNA activity has been reported in human cells (Hendel et al., 2015; Rahdar
et al., 2015), this is the first report of cmgRNA activity in zebrafish.
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By injecting 2 cmgRNAs together, we can generate chromosomal deletions of
124KB, which is 100KB larger than previously shown in zebrafish (Varshney et
al., 2015). Although we did not attempt to delete larger regions, we anticipate
that this might be feasible, albeit at a low frequency. In Chapter 5, we will delete
regions of non-coding DNA to map the enhancer of the PRC2 target gene foxd1.
Deletions can also be generated to model human diseases which are
associated with copy number variations (CNVs) in order to determine what gene
or genes within the region are responsible.
We have attempted to develop a system to perform Melanocyte-restricted
genome editing (MeRGE) by co-injected miniCoopR Cas9 with IVTgRNAs and
cmgRNAs. Across multiple loci and with several Cas9 types, we observed
minimal phenotypic and molecular evidence of editing. Although miniCoopR
Cas9 has been reported to be efficient with the gRNA expressed using the U6
promoter (Kaufman et al., 2013), we saw very low editing with the U6 promoter
with rCas9. In the future, we could test miniCoopR Cas9 with other types of
modified cmgRNAs or driving gRNA expression with alternative Pol III
promoters.
Another possibility is that our miniCoopR vector is not driving levels of Cas9 that
are high enough for editing. Recently, a report described using the Gal4-UAS
system for tissue-restricted Cas9 editing (Di Donato et al., 2016). The Gal4-UAS
system is known to lead to high levels of expression and is an approach that
could be worth examining in the future.
Finally, we have utilized cmgRNA activity to perform and optimize HDR in
zebrafish. We used mitfa loss of function mutants and used HDR to restore gene
function, allowing us to phenotypically score successful HDR by melanocyte
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rescue. We compared our ability to perform HDR in two different mutants: w2
(nacre) and b692. Our ability to assess the rate of HDR was hampered in the
w2 mutants because indels in the region can lead to the restoration of mitfa
function. We did not observe restoration of mitfa function in b692 embryos
injected with the gRNA/rCas9 and used this allele for extensive optimization of
HDR. Based on these results, we have expanded our work to knock-in
fluorophores in frame at multiple loci in zebrafish.
Through these experiments, we have shown several novel uses for cmgRNAs
in zebrafish. We anticipate that these studies will expand upon the repertoire of
experiments that can be conducted using CRISPR/Cas9 in zebrafish and other
systems.
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CHAPTER 4: PRC2 function in development and
melanoma

Introduction
Studies of multiple cancer types have demonstrated that PRC2 has context
dependent functions as a tumor suppressor or oncogene. Recent analyses of
human melanoma samples have revealed that some cases have increased
PRC2 activity and others have reduced PRC2 activity. At the time we initiated
these studies, there was limited data about genomic alterations of PRC2 in
melanoma, as TCGA melanoma data was not published until 2015 (Akbani et
al., 2015). In vivo studies examining PRC2 alterations in mouse melanoma
models were published after we generated the results from our miniCoopR
experiments (Zingg et al., 2015; Souroullas et al., 2016). In this chapter, we
summarize the results of our experiments investigating PRC2 function in
development and disease.

PRC2 is gained and lost in human melanoma
In order to examine the role of PRC2 in melanoma, we queried publically
available data of sequenced human melanoma cases and identified a range of
alterations indicative of both gain and loss of function. 58% of melanoma cases
harbor chromosomal amplifications or gains that include EZH2, 16% harbor
amplifications or gains that encompass SUZ12 and 11% include amplification
or gain of EED (Figure 4.1A). Cases which contain these alterations exhibit
increased mRNA levels of the amplified gene (Figure 4.1A). The EZH2
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activating mutation Y641F/N/S is also found in 1% (8/682) sequenced human
melanoma cases (Figure 4.1C). These data indicate that components of PRC2
are gained in human melanoma.
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Figure 4.1 Gain and loss of function PRC2 alterations in human melanoma
A. Oncoprint of TCGA melanoma cases generated from cBioPortal (Cerami et
al., 2012; Gao et al., 2013). Top, chromosomal amplifications or gains in the
components of PRC2 are shown. Below, heatmap with mRNA levels of
indicated genes in the same samples. Oncoprint output generated from TCGA
melanoma data with cBioPortal. Top, Chromosomal deletions of PRC2
components are shown. Deep deletion, shown in dark blue, is a homozygous
deletion. Shallow deletions shown in light blue, are heterozygous deletions.
Below, heat map showing mRNA levels of PRC2 components. C. Lollipop plot
depicting EZH2 mutations in TCGA human melanoma generated with
cBioPortal. Activating Y641F/H/N/S and P132S mutations with decreased
catalytic activity are found in melanoma.
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Figure 4.2 Decreased EED and SUZ12 mRNA levels lead to decreased
human survival
Stratification of survival of human melanoma patients based on EED mRNA
(left) and SUZ12 mRNA (right). Patients with lower levels of EED or SUZ12
mRNA (shown in red) have decreased survival.
We also identified cases of human melanoma which exhibit PRC2 loss of
function alterations. 40% of cases have homozygous or heterozygous deletions
in EED, 22% contain heterozygous deletions in SUZ12, and 6% harbor biallelic
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or monoallelic deletion of EZH2 (Figure 4.1B). Heterozygous deletions of
SUZ12 are sufficient to decrease H3K27me3 levels (De Raedt et al., 2014), and
cases with deletions in EED and SUZ12 also exhibit decreased mRNA levels.
The EZH2 mutation P132S with reduced methyltransferase activity (Cohen et
al., 2015) is found in 2/821 (0.2%) cases (Figure 4.1C). Recently published
sequencing analysis of over 10,000 tumors of different origins included primary
melanoma cases (Zehir et al., 2017), and we identified a single case of primary
melanoma (1/27, 4%) containing the K27M mutation within histone H3.1
(HIST1H3D). Human melanoma patients with decreased EED or SUZ12 mRNA
levels have decreased overall survival (Figure 4.2). These data demonstrate
that PRC2 activity is reduced in cases of human melanoma.

H3.3K27M accelerates melanoma onset
In order to elucidate the role of PRC2 in melanoma, we utilized the miniCoopR
(Ceol, Houvras et al., 2011) system to overexpress PRC2 gain and loss of
function alleles in Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 zebrafish. We
overexpressed EZH2, EZH2-Y641F and EZH2-Y641N for gain of function
alterations and H3.3K27M for loss of function. We utilized GFP and wild-type
H3.3 as our controls. Overexpression of EZH2 or tumor-derived mutants failed
to accelerate melanoma onset (Figure 4.3A, EZH2 mean onset 17.5 weeks,
p=0.5 log-rank; EZH2-Y641F mean onset 17 weeks, p=0.3; EZH2-Y641N mean
onset 18 weeks, p=0.2). We verified overexpression of our constructs by
Western blot (Figure 4.3B). We found that H3.3K27M accelerates melanoma
onset as compared with wild-type H3.3 (Figure 4.3C, mean onset 13 weeks,
p=2.42 x 10-11 log rank). H3.3K27M failed to initiate melanoma formation in
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tp53zdf1/zdf1; mitfaw2/w2 animals. Our results demonstrate that gain of PRC2
activity has no effect on tumor formation, but reduced PRC2 activity accelerates
melanoma onset.
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Figure 4.3 H3.3K27M accelerates melanoma onset
A. Melanoma-free survival curves for cohorts of Tg(mitf:BRAFV600E);p53zdf1/zdf1;mitfaw2/w2 zebrafish injected with miniCoopR EZH2 (n=23),
EZH2-Y641F (n=26), EZH2-Y641N (n=49) and GFP (n=48). Transgenic
zebrafish were subject to tumor monitoring. There is no increase in melanoma
onset for EZH2, EZH2-Y641F or EZH2-Y641N compared to GFP controls. B.
Anti-HA western blot of tumors derived from embryos injected with the indicated
vector. EZH2, EZH2-Y641F and EZH2-Y641N vectors included HA tag for
verification
of
expression.
C.
Transgenic
Tg(mitf:BRAFV600E);p53zdf1/zdf1;mitfaw2/w2; Tg(miniCoopR H3.3)(n=34) and Tg(mitf:BRAFV600E);p53zdf1/zdf1;mitfaw2/w2; Tg(miniCoopR H3.3K27M)(n=26) were subject to
tumor monitoring. Expression of H3.3K27M leads to increased rate of
melanoma initiation compared with wild-type H3.3, p=2.42 E-11, log rank.
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At the time we generated this data, it was the first evidence demonstrating that
deregulation of PRC2 activity accelerated melanoma onset in an animal model
and the first in vivo evidence demonstrating that H3.3K27M promotes
tumorigenesis. In our lab, it was the first time we observed a phenotypic
difference in melanoma onset from a single amino acid substitution and the most
robust acceleration of tumor onset since SETDB1.

H3.3K27M leads to genome-wide changes in chromatin
structure
Reports have demonstrated that H3.3K27M leads to alterations in the
epigenome, particularly loss of H3K27me3. There is some evidence that the
K27M mutation leads to increased H3K27Ac levels (Lewis et al., 2013) but other
studies have not found an increase in acetylation (Chan et al., 2013). While
K27M leads to dramatically decreased levels of H3K27me3, ChIP-seq studies
have demonstrated that H3K27me3 is gained at some loci across the genome
(Chan et al., 2013; Mohammad et al., 2017). These studies have shown that the
K27M mutation leads to changes in the level and localization of histone marks.
In order to examine changes in epigenetic marks in our H3.3K27M melanomas,
we assessed changes in histone marks by Western blot and by histone mass
spectrometry. By Western blot, we observed a decrease in H3K27me3 in
tumors which arose on mosaic animals injected with miniCoopR constructs
(Figure 4.4A) and miniCoopR transgenic lines (Figure 4.4B). There was no
change in the level of H3K27Ac (Figure 4.4B). In H3.3K27M melanomas we
observed a decrease in H2AK119Ub (Figure 4.4B), a mark catalyzed PRC1 that

85

can work coordinately with PRC2 for gene repression (Blackledge et al., 2014).
To our knowledge, this is the first evidence that PRC1 activity is deregulated
with H3.3K27M. These data demonstrate that PRC1 and PRC2 activity are
decreased in H3.3K27M melanomas.
C.

B.

H3S28p
12000

8000

H3S28p

time (min)

12000

8000

400
300
200
100

6000

H4
18
0

60

0

0

time (min)

Figure 4.4 Changes in histone modifications in H3.3K27M melanomas
A. Western blot analysis from miniCoopR H3.3 and H3.3K27M melanomas from
F0 mosaic animals. B. Western blot analysis from H3.3 and H3.3K27M
melanomas from transgenic lines. C. Quantitative flow cytometric analysis of
A375 human melanoma cells treated with the MSK inhibitor SB74765A1 (5uM)
to assess non-mitotic levels of H3S28P. Experiments in C performed in
collaboration with Steven Josefowicz.
A majority of histone 3 serine 10 (H3S10) and histone 3 serine 28 (H3S28)
phosphorylation (H3S10P, H3S28P) is catalyzed by Aurora kinases during
mitosis. H3S10P and H3S28P can also have a signaling function when
catalyzed independently of mitosis by MSK1/2 (Dunn and Davie, 2005; Dyson
et al., 2005). In collaboration with the Allis lab (Rockefeller University), we have
found that inhibition of MSK1/2 in human melanoma cell lines decreases nonmitotic H3S28P (Figure 4.4C). MSK1/2 are downstream of BRAF in the MAPK
signaling cascade, where they can be phosphorylated by ERK and p38
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(Cargnello et al., 2011). MSK mediated phosphorylation of H3K27me3 marked
loci

results

in

the

combinatorial

H3K27me3

and

H3S28P

mark

(H3K27me3S28P), which causes transient de-repression of PRC2 target genes
(Gehani et al., 2010). Based on these data, we hypothesized that H3S10P,
H3S28P and H3K27me3S28P might be altered in H3.3K27M melanomas. By
Western blot, we observed a slight increase in H3S10P and no change in
H3S28P (Figure 4.4B). There is a very modest decrease of the combinatorial
H3K27me3S28P in H3.3K27M melanomas, which has not been reported and
indicates that not all H3K27me3 is lost in these tumors (Figure 4.4B). Our work
further characterizes changes to the epigenome caused by H3.3K27M that have
not been reported.
To identify alterations in an unbiased manner, we collaborated with the Garcia
lab (University of Pennsylvania, Philadelphia, PA) to perform histone mass
spectrometry analysis of miniCoopR H3.3 and H3.3K27M melanomas. Histone
mass spectrometry analysis is a quantitative method to assess changes in the
levels of histone methylation and acetylation without the use of antibodies. In
miniCoopR H3.3K27M melanomas, we discovered changes in mono-, di- and
tri-methylation at histone 4 lysine 20 (H4K20) (Figure 4.5A). We attempted to
validate this finding by Western blot but did not observe a difference (Figure
4.5B), likely because histone mass spectrometry is a more sensitive detection
method. Because of the close proximity of residues on the histone tail, it is
possible to uncover differences in combinatorial histone marks and changes in
modifications on different histone variants. We found that methylation at histone
3 lysine 36 (H3K36) is deregulated in H3.3K27M melanomas; there is an
increase in monomethylation at H3K36 and decreases in combinatorial H3K27
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methylation/H3K36 methylation and H3.3K27 methylation/H3K36 methylation
(Figure 4.5C). The results show that H3.3K27M results in global changes in
epigenetic marks, including unappreciated changes in methylation at H4K20
and H3K36.
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Figure 4.5 Histone mass spectrometry analysis
of H3.3K27M melanomas
0
A. H3.3K27M leads to changes in the levels of mono-, di-, and trimethylation at
H4K20 (p<0.05) B. Western blot analysis of melanomas derived from transgenic
miniCoopR H3.3 and H3.3K27M lines. C. Changes in the levels of H3K27
methylation and H3K36 methylation in H3.3K27M tumors (p<0.05). D. Left,
within the H3.3K27M, only 2% of the histone pool is mutant with methionine at
position 27. Right, histones with methionine at position 27 have increased
H3K36me3 (p<0.05).
Because of the location of the lysine-to-methionine mutation within the histone
tail, we can also understand epigenetic dynamics within the H3.3K27M
melanoma. Only 2% of the histone pool within the H3.3K27M melanomas are
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mutant at position 27 (Figure 4.5D), which is in accordance with published data
that the allele acts in a dominant manner. Within the H3.3K27M melanoma,
histones with methionine at position 27 have increased levels of trimethylation
at H3K36 (H3K36me3, Figure 4.5D). These results demonstrate that H3.3K27M
is a dominant allele that leads to a local increase in H3K36me3. To our
knowledge this is the first report of histone mass spectrometry analysis of
zebrafish tumors.
Using Western blot and histone mass spectrometry, we have characterized the
epigenetic changes that result from H3.3K27M expression in melanomas. We
reproduced published reports that a small percentage of mutant H3.3K27M is
sufficient to cause a global loss of H3K27me3 (Lewis et al., 2013). We have
characterized previously unappreciated chromatin changes caused by
H3.3K27M, including maintained levels of the combinatorial H3K27me3S28P
mark and decreased H2AK119Ub. These studies provide insight into the
complex epigenetic changes resulting from H3.3K27M.

Differential gene expression of H3.3K27M melanomas
In order to identify gene expression changes induced by H3.3K27M, we
performed RNA-seq analysis of miniCoopR H3.3 and H3.3K27M melanomas.
An unsupervised clustering of RNA-seq data from miniCoopR GFP and H3.3
melanomas demonstrated that H3.3 tumors cluster within the GFP samples,
signifying that overexpression of H3.3 does not dramatically alter gene
expression (Figure 4.6). By principal component analysis we find that H3.3 and
H3.3K27M tumors cluster separately (Figure 4.7A). The majority of differentially
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expressed genes are upregulated in H3.3K27M melanomas, consistent with the
loss of a repressive histone modification (Figure 4.7B). To uncover pathways
altered in H3.3K27M melanomas, we performed gene set enrichment analysis
(GSEA). Genes downregulated with EED loss are similarly downregulated in
H3.3K27M (Figure 4.8A). In accordance with reduced PRC2 activity, we
observed a significant decrease in the expression of ezh2 in H3.3K27M
melanomas (Figure 4.8B). Our top GSEA hit in the C3 motif set revealed
downregulation of genes with FOXD3 binding sites within 4KB of the
transcription start site (Figure 4.8C). Although FOXD3 is known to be a
transcriptional repressor (Ignatius et al., 2008; Pohl and Knochel, 2001), we did
not observe a significant change in the expression of foxd3 in H3.3K27M
melanomas (Figure 4.8D). These results demonstrate that PRC2 and FOXD3
target genes are deregulated in H3.3K27M melanomas.
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Figure 4.6 H3.3 overexpression does not alter gene expression profile of
melanomas
miniCoopR H3.3 (n=4) and miniCoopR GFP (n=15) were analyzed by RNA-seq
and unsupervised clustering was performed. Alignment and differential gene
expression analyses performed using kallisto/sleuth.
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Figure 4.7 Differential gene expression analysis of H3.3K27M melanomas
A. Principal component analysis of H3.3 and H3.3K27M melanomas analyzed
by RNA-seq. B. Heat map depicting the top differentially expressed genes (pvalue < 1E-05) between H3.3 and H3.3K27M melanomas. Heat map generated
with shinyheatmap (Khomtchouk et al., 2017).
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Figure 4.8 Expression of PRC2 and FOXD3 target genes are decreased in
H3.3K27M tumors
A. GSEA plot of PRC2 signature significantly deregulated in H3.3K27M
melanomas. B. RNA-seq data reveals a significant downregulation of ezh2 in
H3.3K27M melanomas. C. GSEA plot of genes with FOXD3 binding sites
show decreased expression in H3.3K27M melanomas. D. RNA-seq data
reveals no significant difference in the expression of foxd3 in H3.3K27M
melanomas.
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H3.3K27M gene expression signature predicts survival of
human melanoma patients

Previous work from our lab has demonstrated that gene expression signatures
generated from zebrafish tumors can be used to stratify survival of human
patients (Anelli et al., 2017). Because H3.3K27M accelerates the rate of tumor
formation in our model, we hypothesized that the gene expression changes in
zebrafish H3.3K27M melanomas would predict survival of human patients. In
collaboration with the Elemento lab (Weill Cornell Medicine), we generated gene
expression signatures utilizing genes upregulated in our H3.3K27M melanomas
and stratified survival of human TCGA melanoma cases based on expression
of the signature. In human melanoma cases we find that high expression of
genes upregulated in H3.3K27M is associated with decreased overall and
disease-free survival (Figure 4.9). Using Roadmap, we find that 33/50 (66%) of
genes in the signature have some H3K27me3 enrichment and 36/50 (72%) are
silenced in melanocytes (Table 4.1), indicating that the majority of the genes are
PRC2 targets which are repressed in melanocytes. This analysis demonstrates
that gene expression changes in H3.3K27M zebrafish melanomas predict
survival of human melanoma patients.
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Disease-free Survival
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p=0.0261

p=0.0453
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Months

Figure 4.9 H3.3K27M signatures predict survival of human melanoma
patients
Kaplan-Meier survival analysis of overall survival (left) and disease-free survival
(right) in 478 melanoma patents stratified by median rank of H3.3K27M
signature. Analysis performed by Akanksha Verma.
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Table 4.1 Roadmap analysis of H3.3K27M signature genes
Gene
Log2 FC
p-adj
GRK1
7.8893584
1.29E-49
SLC18A1
5.671571
1.01E-19
TTPA
5.0806864
1.49E-16
NDNF
4.8318208
1.34E-15
BNIP3
4.8189894
6.57E-37
HNMT
4.4423405
1.56E-15
PHOX2B
4.3971773
2.36E-10
GPAT2
4.2295182
7.23E-15
HINT2
4.1422303
6.47E-09
TDRD6
4.0867207
1.11E-15
SLC52A1
3.9988971
6.66E-10
HOXB3
3.9635341
2.37E-10
TFPI
3.8815505
8.62E-30
ESRRG
3.867495
1.41E-09
ACTN2
3.8498975
7.54E-11
CLEC17A 3.8465438
1.40E-10
RET
3.7846467
9.60E-09
KCNF1
3.6705596
7.21E-07
GRM8
3.5751573
2.07E-06
GSTT2
3.567246
2.76E-29
HLA-DMA 3.5409226
4.53E-06
HOXB7
3.5168724
2.48E-07
CUTA
3.4593193
3.25E-07
PKDCC
3.430974
1.85E-11
HOXB2
3.400939
8.76E-06
IGF2BP3
3.3965625
1.41E-09
CPXM1
3.3689731
2.61E-09
FCGRT
3.3543751
2.12E-05
DAPL1
3.3364807
8.49E-09
EFNA2
3.3251837
2.47E-08
PDE9A
3.3108499
6.46E-07
SPINK2
3.2602044
3.63E-05
DLK2
3.2593196
4.30E-07
C2CD4C
3.2503866
2.96E-06
ANXA1
3.237182
6.46E-07
BAALC
3.2247382
1.91E-06
KIF3C
3.2024369
1.27E-07
LPIN1
3.1734061
6.32E-08
SLC30A1
3.1714166
8.30E-05
SLC3A2
3.1700954
3.79E-07
RASSF2
3.1589919
1.86E-11
AS3MT
3.1565321
2.02E-08
S100A5
3.1451187
2.26E-06
SH2D4A
3.1450602
6.25E-06
SCHIP1
3.1432883
1.46E-06
TRIM54
3.0963303
1.49E-04
S100A4
3.0952003
1.01E-05
NPR1
3.0619625
8.66E-07
FOXF1
3.0314546
2.18E-06
SEMA3G
3.0100841
3.74E-05

H3K27me3
yes
yes
yes
yes
yes
no
yes
no
yes
no
yes
no
yes
yes
yes
yes
yes
yes
yes
no
no
no
no
yes
no
yes
yes
no
no
yes
yes
no
yes
yes
no
yes
no
yes
yes
yes
yes
no
no
yes
yes
yes
no
yes
yes
yes

95

Expressed
no
no
no
no
yes
yes
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
yes
yes
yes
no
yes
yes
no
yes
no
no
no
no
no
no
yes
no
yes
yes
no
yes
no
yes
no
no
no
no
no
no
no
no

Strategies to genetically activate ezh2 in melanoma models
Based on published studies and our data demonstrating H3K27me3 loss, we
have used H3.3K27M to model PRC2 loss of function. Initial studies
investigating H3.3K27M have shown that H3.3K27M directly interacts with the
active site of EZH2 and inhibits methyltransferase activity (Lewis et al., 2013).
Crystallography work demonstrated that H3.3K27M is in direct contact with
EZH2 (Justin, Zhang, Tarricone et al., 2016). However, recently published
reports have suggested that H3.3K27M may promote tumorigenesis through
other mechanisms. ChIP-seq data has demonstrated that H3.3K27M colocalizes with regions of high H3K27Ac, resulting in sensitivity of H3.3K27M
cells to the bromodomain and extra-terminal domain (BET) inhibitor JQ1 (Piunti
et al., 2017). Other studies have shown that H3.3K27M cells are sensitive to
EZH2 inhibition because the loci which retain H3K27me3 are responsible for
the tumorgenicity of H3.3K27M (Mohammad et al., 2017). These reports
indicate that the exact mechanism by which H3.3K27M is tumorigenic is
unclear.
Methyltransferases are known to have functions that are distinct from their roles
as histone methyltransferases. Reports have shown that EZH2 can have a
function in regulation of actin polymerization in the cytoplasm (Su et al., 2005),
as a transcription co-activator of androgen receptor in prostate cancer (Xu et
al., 2012), as a transcriptional co-activator in complex with estrogen receptor
and b-catenin in breast cancer (Shi et al., 2007) and can methylate non-histone
proteins (Sbirkov et al., 2017). Given the fact that there are hundreds of proteins
that can complex with PRC2, it is likely that there are many unappreciated roles
of PRC2 within and outside of its histone methyltransferase functions. These

96

studies suggest that H3.3K27M may not be equivalent to genetic inactivation of
PRC2 components.
We undertook a multifaceted approach to examine the consequences of genetic
EZH2 inactivation in melanoma. In Chapter 3, we described our work to perform
CRISPR/Cas9 genome editing in zebrafish. We attempted to restrict
CRISPR/Cas9 editing to melanocytes but observed minimal molecular evidence
of editing and did not pursue this approach for inactivation of ezh2. We utilized
SToRM

(described

in

Chapter

3)

to

inactivate

ezh2

globally

in

Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 embryos. Because loss of ezh2
is embryonic lethal, we used a sub-threshold dose of ezh2 gRNA to preserve
viability. Representative rescued embryos are shown in Figure 4.10. Our efforts
to examine how ezh2 inactivation alters melanoma onset in this system are
ongoing.

Figure 4.10 Genetic inactivation of ezh2 using SToRM
Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 embryos were injected with
rCas9, ezh2 gRNA and the nacre gRNA to rescue melanocytes. A
representative rescued animals is shown.
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Our final approach was to generate mice with conditional Ezh2 loss in an
existing melanoma model. Melanoma is generated in mice with conditional
expression of BrafV600E and Ptenfl/fl using the melanocyte specific Tyr promoter
to drive expression of CreER (Dankort et al., 2009). Tamoxifen is painted on the
flank, ears or tail of transgenic animals, which induces recombination and
results in melanoma formation with 100% incidence. In collaboration with the
Melnick lab (Weill Cornell Medicine), we bred a conditional Ezh2fl/fl allele onto
the transgenic melanoma model to generate Tyr:CreER; BrafV600E/wt; Ptenfl/wt;
1. Ptenfl/fl X Ezh2fl/fl
fl/fl fl/wt
100% Pten
; Ezh2fl/wt
Ezh2
animals.
To

generate this strain, we employed a two arm, multi-step

breeding
scheme
outlined
in Figure 4.11. We have Tyr:CreER; BrafV600E/wt;
fl/wt
fl/wt
fl/fl
2. Pten ; Ezh2
Ezh2
1. Ptenfl/flX X
Ezh2fl/fl
fl/fl
fl/wt
1/4 Ptenfl/wt; Ezh2
100% Pten ; Ezh2fl/wt
Genotyping: Pten, Ezh2

fl/wt
2. Ptenfl/wt; Ezh2
X Ezh2fl/fl
V600E/V600E
fl/wt
fl/fl
1. Tyr:CreER 1/4 X
Braf
Pten
;
Ezh2
1/2 Tyr:CreER; BrafV600E/wt
Genotyping: Pten, Ezh2

Genotyping: Tyr:CreER

1. Tyr:CreER
X
BrafV600E/V600E
V600E/wt
fl/fl
V600E/wt
2. Tyr:CreER;1/2
Braf
;
X
Ezh2
Tyr:CreER; Braf
V600E/wt
fl/wt
1/8 Tyr:CreER; Braf
; Ezh2 Tyr:CreER
Genotyping:

1. Ptenfl/fl X Ezh2fl/fl
100% Ptenfl/wt; Ezh2fl/wt

Genotyping: Tyr:CreER; Braf; Ezh2

2. Tyr:CreER; BrafV600E/wt; X Ezh2fl/fl
V600E/wt
fl/wt
fl/wt fl/fl
3. Tyr:CreER;1/8
Braf
; Ezh2
Ezh2
Tyr:CreER;
BrafV600E/wtX
; Ezh2
V600E/wt
fl/fl
Genotyping:
1/8 Tyr:CreER; Braf
; Ezh2 Tyr:CreER; Braf; Ezh2

2. Ptenfl/wt; Ezh2fl/wt X Ezh2fl/fl
1/4 Ptenfl/wt; Ezh2fl/fl

Genotyping: Tyr:CreER; Braf; Ezh2
V600E/wt

Genotyping: Pten, Ezh2
fl/wt

fl/fl

3. Tyr:CreER; Braf
; Ezh2
X
Ezh2
Final Cross: 1/8 Tyr:CreER; BrafV600E/wt; Ezh2fl/fl
1. Tyr:CreER
X
BrafV600E/V600E
wt/wt
Tyr:CreER;
Braf; Ezh2-/-; Brafwt/wt; Ptenfl/wt; Ezh2fl/fl
V600E/wt
Tyr:CreER; Braffl/wt; PtenGenotyping:
; Ezh2fl/fl
X Tyr:CreER
1/2
Tyr:CreER;
Braf
1/8 Tyr:CreER; Braffl/wt; Ptenfl/wt; Ezh2fl/fl
Genotyping: Tyr:CreER
Genotyping: Tyr:CreER; Braf; Pten

Final Cross:
Tyr:CreER; Braffl/wt; Ptenwt/wt; Ezh2fl/fl X
1/8 Tyr:CreER; Braffl/wt; Ptenfl/wt; Ezh2fl/fl
Genotyping: Tyr:CreER; Braf; Pten

wt/wt
fl/fl
Tyr:CreER-/-; Braf
; Ptenfl/wt
; Ezh2
V600E/wt
2. Tyr:CreER;
Braf
;

X Ezh2fl/fl
1/8 Tyr:CreER; BrafV600E/wt; Ezh2fl/wt
Genotyping: Tyr:CreER; Braf; Ezh2

fl/wt
Figure 4.11 Breeding scheme to generate Tyr:CreER;
BrafV600E/wt
; Pten
3. Tyr:CreER;
BrafV600E/wt
; Ezh2fl/wt;
X
Ezh2fl/fl mice
1/8 Tyr:CreER; BrafV600E/wt; Ezh2fl/fl
Genotyping: Tyr:CreER; Braf; Ezh2
Crosses are shown with the proportion of progeny with the desired
genotype
and the genotyping required at each step. Breeding, genotyping and animal
Final Cross:
monitoring performed by Hao Shen.
fl/wt
wt/wt
fl/fl

Tyr:CreER; Braf ; Pten
; Ezh2
X
1/8 Tyr:CreER; Braffl/wt; Ptenfl/wt; Ezh2fl/fl

Genotyping: Tyr:CreER; Braf; Pten
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Ezh2fl/fl

Tyr:CreER-

Ptenfl/wt animals as controls. In collaboration with the Zippin lab (Weill Cornell
Medicine), we have treated animals with tamoxifen, are observing animals for
melanoma formation, and have processed several tumors. A representative
image of a tumor-bearing animal is shown in Figure 4.12. Because Ptenfl/wt
develop melanoma at an attenuated rate compared to Ptenfl/fl animals (Dankort
et al., 2009), we are also generating Tyr:CreER; BrafV600E/wt; Ptenfl/fl; Ezh2fl/fl
animals with their respective controls. These studies will allow us to examine
the results of Ezh2 loss in melanoma.

Figure 4.12 Transgenic mice develop melanoma
Transgenic mice are treated with tamoxifen to induce recombination and
expression of oncogenic BrafV600E with loss of Pten and, in some animals, Ezh2.
Melanoma designated with red arrow.
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Perturbing PRC2 activity during development
PRC2 activity is critical to development and has an important function in
specification of many lineages, including neural crest cells. Inactivation of Ezh2
in neural crest cells in mice results in loss of craniofacial bone and cartilage
structures (Schwarz and Varum et al., 2013). Within this study, how Ezh2 loss
altered melanocyte specification was not studied. Developmental pathways are
known to be aberrantly regulated in many cancers. In melanoma, deregulation
of critical melanocyte genes including SOX10 (Kaufman et al., 2016) and MITF
(Garraway et al., 2005) has been shown. Because PRC2 activity is deregulated
in melanoma and is necessary to development and lineage specification, we
hypothesized that alterations to PRC2 during zebrafish embryogenesis might
disrupt neural crest and melanocyte specification. For loss of function studies
we utilized small molecule inhibitors, morpholino antisense oligonucleotides and
CRISPR/Cas9. To increase PRC2 activity in development we utilized EZH2
mRNA.
Due to the oncogenic role of PRC2 in many tumor types, small molecule
inhibitors of the complex are currently in clinical development. We treated wildtype embryos with characterized PRC2 inhibitors, including A-395 (He et al.,
2017), EPZ-6438 (Knutson et al., 2014), GSK343 (Verma et al., 2012), GSK503
(Beguelin et al., 2013) and UNC1999 (Konze et al., 2003). Because loss of
EZH2 results in early embryonic lethality, we anticipated that treatment at high
doses would be toxic. We performed dose finding experiments to determine the
maximum tolerated dose of each inhibitor. However, with treatment up to 100µM
we did not observe any toxicity (Table 4.2). Because injection of GSK343 at the
one-cell stage causes morphological abnormalities and toxicity, we concluded
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that it was likely that the compounds we tested were not penetrating the embryo.
Because of this technical challenge, we did not attempt to optimize treatment
conditions further.
Table 4.2 PRC2 inhibitor treatment
Compound Doses
A-395
1ηM- 100µM
10µM-100µM
EPZ-6438 0.01ηM- 100µM
GSK343
1ηM- 10µM
1µM-50µM
1µM-25µM
0.1µM-50µM
N/A
GSK503
1µM-100µM
UNC1999 1µM-100µM

Treatment conditions
6-8hpf, in chorion
6-8hpf, dechorionated
6-8hpf, in chorion
6-8hpf, in chorion
6-8hpf, in chorion; dechorionate at 24hpf and continue treatment
24hpf, dechorionated
3hpf, dechorionated
Injected into cell at one-cell stage
6-8hpf, in chorion; dechorionate at 30hpf and continue treatment
6-8hpf, in chorion

Results
No toxicity
No toxicity
No toxicity
No toxicity
No toxicity
No toxicity
No toxicity
Highly toxic
No toxicity
No toxicity

Morpholinos are antisense oligonucleotides which have been used in zebrafish
to perform transient loss of function studies (Bill et al., 2009). There are two
types of morpholinos: splice blocking, which bind to splice sites and result in
intron inclusion or exon exclusion, and translation blocking, which bind around
the ATG and prevent translation of the target mRNA. We injected splice and
translation blocking morpholinos and assessed survival at 24hpf (Figure 4.13A).
We verified activity of the splice blocking morpholino by RT-PCR (Figure 4.13B).
With injection of splice blocking and translation blocking morpholinos targeting
ezh2, we did not observe dramatic changes in the expression of PRC2 target
foxd1 or neural crest and melanocyte markers (Figure 4.13B). These data
suggest that transient ezh2 loss of function may not be suitable to perform these
analyses.
To understand ezh2 function in development, we sought to generate an ezh2
mutant utilizing CRISPR/Cas9. We designed gRNAs targeting the 5’ end of the
gene (Figure 4.14A). We validated efficacy of the gRNAs by T7EI (Figure 4.14B,
D) and clonal analysis (Figure 4.14C, E). We have attempted to generate ezh2
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Figure 4.13 Injection of ezh2 morpholinos does not alter melanocyte
specification
A. Embryos were injected with splice blocking (Splice MO) or translation
blocking (ATG MO) morpholinos and survival was assessed at 24hpf. B.
Assessment of splicing changes in embryos injected with splice blocking
morpholino. Appearance of larger bands that are absent in mock embryos is
indicative of changes caused by morpholino. C. Embryos were injected with
splice blocking (0.25ng) or translation blocking (0.5ng) morpholinos targeting
ezh2, with mock injected as control. Gene expression changes were assessed
by ISH at 24hpf.
mutants, but a majority of F0 injected animals die around 2-3 weeks post
fertilization. Despite numerous attempts, we were unable to generate F1 animals
by incrossing injected animals. We performed ISH on embryos injected with
non-targeting or ezh2 gRNAs and find that embryos injected with either ezh2
gRNA have decreased expression of the melanocyte marker dct but opposite
changes in the expression of foxd3 and sox10 (Figure 4.15). Off target analysis
of the two gRNAs indicates that gRNA 1 has zero hits with 2 mismatches and
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three hits with 3 mismatches; gRNA 2 has two hits with 1 mismatch and six hits
with 3 mismatches. It is possible that our contrasting results are caused by
editing at off target loci, indicating that the generation of mutants or examining
other gRNAs with fewer off targets is warranted. Toward this end, we have
validated the efficacy of a gRNA targeting the SET domain of ezh2 by T7EI
(Figure 4.16). Future work to examine how injection of this gRNA alters gene
expression will be performed.
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Figure 4.14 Targeting ezh2 with CRISPR/Cas9
A. Schematic of ezh2 with location of gRNAs 1 and 2 shown. B, D. Verification
of gRNA activity with T7EI assay. C, E. Clonal analysis of edits generated with
injection of ezh2 gRNAs. Plots generated with CrispRVariantsLite.
Finally, we explored the consequences of gain of PRC2 activity in development
through EZH2 mRNA injection. We established a dose of EZH2 mRNA at which
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a majority of injected embryos were phenotypically normal (Figure 4.17A). By
ISH we find no dramatic changes in expression of neural crest or melanocyte
markers or foxd1 (Figure 4.17B). These data suggest that gain of PRC2 may
not alter neural crest specification.
These data describe our efforts to perturb PRC2 function during zebrafish
embryogenesis. We examined the effects of several established PRC2
inhibitors, but our data suggest that these small molecules may not permeate
the embryo. With analysis of embryos injected with gRNAs targeting ezh2 we
found opposing changes in the gene expression, indicating that future work
developing lines or utilizing additional gRNAs needs to be performed. By
performing these analyses, we will be able to uncover how loss of PRC2 activity
alters specification of the neural crest and melanocytes.
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Figure 4.15 Discordant changes in gene expression with ezh2 gRNA
injection
Embryos were injected with rCas9 and gRNAs targeting ezh2 (ezh2 gRNA 1
and ezh2 gRNA 2) or non-targeting gRNA and were assessed for changes in
gene expression by ISH at 10hpf (A-F) and 24hpf (G-L).
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A.
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ezh2
SET gRNA
B.

ezh2 SET gRNA/rCas9

Figure 4.16 Validation of gRNA targeting SET domain of ezh2
A. Schematic of ezh2 with location of SET gRNA shown. B. Verification of ezh2
SET gRNA by T7EI.

105

100

A.

Deformed

Percentage

Normal
50

0

25pg
(n=78)

50pg
(n=96)

75pg
(n=94)

100pg
(n=95)

150pg
(n=84)

300pg
450pg
(n=104) (n=100)

600pg
(n=96)

EZH2 mRNA injection

B.

EZH2
mRNA

Mock

foxd1

sox10

mitfa

dct

13/13

12/12

11/12

9/11

15/18

10/12

14/16

12/13

Figure 4.17 EZH2 overexpression does not alter melanocyte specification
A. Embryos were injected with the indicated dose of EZH2 mRNA and
morphological abnormalities were assessed at 24hpf. B. Embryos were
injected with 50pg EZH2 mRNA and ISH was performed to assess gene
expression changes at 24hpf.

Inactivation of ezh2 leads to MPNST formation
Embryos injected with gRNAs targeting ezh2 were raised to adulthood. At 11
months post fertilization, we identified one animal with evidence of a malignant
peripheral nerve sheath tumor (MPNST, Figure 4.18A). NF1, EED and SUZ12
are commonly inactivated in MPNSTs (Lee et al., 2014) and our zebrafish
tp53zdf1/zdf1 mutants develop MPNSTs at an incidence of 28% at 16.5 months
(Berghmans, Murphey et al., 2005). We sequenced tp53 around the mutant site
(M214K) in normal (tail fin) and malignant cells and found no evidence of
mutated tp53 (Figure 4.18B). We validated targeting at ezh2 by clonal analysis
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B.
tp53 Reference
MPNST 5’

MPNST 3’

Normal 5’

Normal 3’

C.
ezh2 Reference

MPNST clones
Figure 4.18 Inactivation of ezh2 leads to MPNST formation
A. F0 animal injected with ezh2.2 gRNA and rCas9 found with malignant
peripheral nerve sheath tumor at 11 months post fertilization. B. Sequencing
around the tp53zdf1/zdf1 mutation site. Highlighted residue encodes M214, the
wild-type allele. Sequencing of both strands in the tumor (MPNST 5’; MPNST
3’) and tail fin (Normal 5’; Normal 3’) show that tp53 is wild-type. C. Clonal
analysis of ezh2 edits from MPNST. Top, reference sequence shown.
Highlighted residues are of the ezh2 gRNA 2 sequence. Below, 5/5 sequenced
clones show evidence of editing.
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and found 6/6 (100%) clones are edited (Figure 4.18C). These results are very
preliminary and suggest that inactivation of PRC2 components may be sufficient
to induce MPNST formation in zebrafish. Future work will include a
comprehensive analysis of MPNST formation in animals with inactivation of
PRC2 components and examining if PRC2 inactivation in tp53zdf1/zdf1 zebrafish
accelerates MPNST formation.

Discussion
In this Chapter, we describe our work investigating the consequences of altering
PRC2 activity in melanoma and during zebrafish development. Based on
sequencing analysis of human cases, we find evidence for both gain and loss
of PRC2 function in melanoma, suggesting that the complex may function as a
tumor suppressor in some cases and an oncogene in others. Melanoma is the
only solid tumor with evidence of activating Y641 mutations. We identified a
single primary melanoma case with the H3 K27M mutation, which has only been
reported in pediatric GBM (Schwartzentruber et al., 2012) and acute myeloid
leukemia (Lehnertz, Zhang et al., 2017).
Using our zebrafish Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 melanoma
model, we find that overexpression of EZH2 or EZH2-Y641F/N fail to accelerate
melanoma formation. This contrasts with published data demonstrating that
Ezh2-Y641F accelerates BrafV600E; Ptenfl/wt melanoma in mice (Souroullas et al.,
2016). Our studies differ in the tumor suppressor lost and the promoter which
drives expression of oncogenic BRAF, which may explain the differences in
tumor onset. The same study found that Ezh2-Y641F cooperates with BrafV600E;
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Ptenfl/wt but not NrasQ61K; Ink4a-/- to promote melanoma formation, indicating that
the specific oncogenes and tumor suppressors play a critical role in the
tumorigenic function of PRC2 in melanoma.
We find that ectopic expression of H3.3K27M cooperates with BRAFV600E to
accelerate melanoma formation. In the NrasQ61K; Ink4a-/- mouse melanoma
model, loss of Ezh2 delays tumor onset (Zingg et al., 2015). These data again
suggest that the genomic alterations that occur with PRC2 may contribute to
tumor suppressive or oncogenic functions. When we generated our H3.3K27M
survival curves, it was the first evidence in an animal model that changes in
PRC2 activity could alter melanoma formation and the first in vivo evidence that
H3.3K27M promotes tumorigenesis. H3.3K27M is the most potent allele that
we’ve tested in our lab, and the first instance of a single amino acid substitution
causing phenotypic changes in the rate of tumor formation. These studies
indicate that not all melanoma patients may benefit from small molecules
targeting PRC2 and that inhibition may even be detrimental to some patients.
Because PRC2 inhibitors are currently in clinical development, these data
demonstrate that further study is needed to understand which patients with
melanoma will respond to treatment. The only molecular subclassification of
melanoma which currently dictates treatment is the presence of BRAFV600E; it is
possible that PRC2 genomic alterations could provide additional classification
that guides treatment for patients with melanoma in the future.
We have conducted a comprehensive analysis of the epigenetic changes
induced by H3.3K27M in melanoma. In accordance with public data, we
observed loss of H3K27me3 in H3.3K27M tumors. We found no difference in
the level of H3K27Ac, which has been reported by some (Lewis et al., 2013) but
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not others (Chan et al., 2013). It is possible that we do not observe increased
H3K27Ac because the level of the mark is high in control tumors. In H3.3K27M
melanomas, we found decreased H2AK119Ub and a small decrease in the
combinatorial H3K27me3S28P levels, both of which have not been previously
reported. These data indicate that PRC1 activity is deregulated in H3.3K27M
tumors and that some H3K27me3 is retained. We have profiled H3.3 and
H3.3K27M melanomas by histone mass spectrometry. This is the first example
of a zebrafish tumor being analyzed by this method. Our most striking finding
from this analysis was that only 2% of the histone pool within H3.3K27M tumors
were mutant at position 27, and that histones with methionine at position 27
have increased H3K36me3 levels. These data indicate that H3.3K27M is a
dominant allele that results in local and global changes in chromatin structure
that extend beyond the published reports of decreased H3K27me3. An analysis
of how the localization of H3K27me3 and other altered marks differ in H3.3K27M
tumors may provide more insight into specific loci that are deregulated.
By RNA-seq and GSEA we have examined gene expression changes in
H3.3K27M melanomas. Genes with decreased expression in EED knockout
cells have decreased expression in H3.3K27M melanomas, validating
H3.3K27M as an allele with reduced PRC2 activity. In contrast with published
reports (Lewis et al., 2013; Venneti et al., 2013; Bender et al., 2013), H3.3K27M
melanomas have decreased ezh2 levels. The mechanism through which ezh2
expression is decreased is unclear. We also found decreased expression of
FOXD3 target genes in H3.3K27M, which may suggest deregulation of neural
crest target genes and altered cellular state in these tumors. Examining this
finding in melanomas with genetic inactivation of ezh2 will be performed. We
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have utilized gene expression changes from H3.3K27M melanomas to predict
survival of human melanoma patients. High expression in human patients of the
50 top upregulated genes in H3.3K27M zebrafish tumors is associated with
decreased disease-free and overall survival. Although H3.3K27M mutations are
rare in melanoma, this indicates that the gene expression changes which
promote aggressive melanoma in zebrafish are conserved to humans. These
genes may be deregulated by PRC2 loss or other epigenetic mechanisms in
melanoma. We have employed strategies in zebrafish and mouse melanoma
models to determine if genetic inactivation of ezh2 is equivalent to H3.3K27M.
We will analyze tumors for changes in histone modifications and gene
expression to determine if alterations in H3.3K27M are found in melanomas with
loss of ezh2. Our efforts to address this question are currently ongoing.
We have utilized small molecule inhibitors, ezh2 morpholino, ezh2 gRNAs and
EZH2 overexpression in zebrafish embryos to ascertain the consequences of
PRC2 deregulation in development. Based on our data, we concluded that
PRC2 inhibitors do not permeate zebrafish embryos. As more inhibitors of the
complex are developed, they should be examined to determine if they are able
to permeate embryos. We did not observe changes in expression of neural crest
or melanocyte markers by ISH in embryos injected with ezh2 morpholinos or
EZH2 mRNA. This may indicate that PRC2 activity is not critical to neural
crest/melanocyte specification or that we are not perturbing PRC2 activity at a
level sufficient to observe changes in this pathway. Future assessment of
H3K27me3 in embryos in these settings will be necessary to address this
concern. With injection of gRNAs targeting ezh2, we observed discordant
changes in gene expression, indicating that development of mutants or
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selecting gRNAs with fewer off target hits is necessary. These studies will
contribute to our understanding of PRC2 function in the process of melanocyte
differentiation.
These studies provide critical insight into the role of PRC2 in melanoma. We
have

expanded

upon

published

data

characterizing

the

epigenetic

consequences of H3.3K27M expression and have developed tools to
genetically inactivate ezh2 in zebrafish and mouse melanoma models. We have
shown that loss of PRC2 activity accelerates melanoma onset in zebrafish;
these data indicate that PRC2 may function as a tumor suppressor in
melanoma. Work from other labs has implicated PRC2 as an oncogene in
melanoma, indicating that the complex may have multifaceted function in
melanoma and that PRC2 inhibition is not likely to be a universal therapeutic
option for all melanoma patients.
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CHAPTER 5: Regulation of the PRC2 target
FOXD1

Identification of PRC2 targets in melanocytes
The NIH Roadmap Epigenetics Consortium published a comprehensive
analysis of the epigenetic state of an expansive set of normal human tissues,
including melanocytes (Kundaje et al., 2015). We utilized this dataset to identify
melanocyte specific PRC2 target genes by comparing H3K27me3 enrichment
and gene expression between melanocytes and fibroblasts. We took the top
100 H3K27me3 peaks in melanocytes and assessed H3K27me3 and
expression in fibroblasts. Our goal was to identify genes which were: 1. marked
by H3K27me3 and not expressed in melanocytes and 2. had reduced
H3K27me3 and higher expression in fibroblasts (Figure 5.1A). We hypothesized
that genes which fit these criteria could be important genes in melanocyte
differentiation and in melanoma. Of the top 100 H3K27me3 peaks, we identified
5 genes which fit the criteria (Figure 5.1B).
To further examine these genes, we queried publically available data to assess
RNA levels in zebrafish embryos by in situ hybridization (ISH; www.zfin.org) and
normal human tissues (www.gtexportal.org). We also used microarray
expression data from 94 human melanoma cell lines that had been performed
previously in our lab.
The forkhead transcription factor FOXD1 was the top hit from our Roadmap
analysis. FOXD1 has the seventh highest H3K27me3 enrichment in
melanocytes and much lower H3K27me3 enrichment in fibroblasts. In
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accordance with the H3K27me3 data, the locus is silent in melanocytes but
expressed in fibroblasts (Figure 5.2A). An analysis of GTexPortal data reveals
that FOXD1 is silenced in a majority of cell types but is expressed in the neural
crest derived tibial nerve (Figure 5.2B). ISH expression in zebrafish embryos
demonstrates that foxd1 is expressed in the retina, branchial arches and in
neural crest cells (Figure 5.2C). From our 94 melanoma cell line data, we find
that FOXD1 is silenced in a majority of human melanomas but expressed in a
subset (Figure 5.2D).

A.

B.
Highest H3K27me3 enrichment in melanocytes
(n=100)

Transcriptionally silenced in melanocytes
(n=96)

FOXD1
TBX18
PITX1
PDGFRA
KCNMA1

Decreased H3K27me3 enrichment and
transcriptionally active in fibroblasts
(n=5)

Figure 5.1 Identification of PRC2 targets
A. Workflow to identify melanocyte-specific PRC2 targets. B. Genes which fit
the criteria listed in (A).
From our Roadmap analysis, we identified T-box 18 (TBX18) as a differentially
methylated and expressed gene (Figure 5.3A). TBX18 is not expressed in most
normal human tissues but is expressed in arteries and the tibial nerve (Figure
5.3B). In zebrafish embryos, tbx18 expression is primarily observed in the head
and pectoral find buds (Figure 5.3C). Paired-like homeodomain transcription
factor 1 (PITX1) had differential gene expression and H3K27me3 enrichment
between melanocytes and fibroblasts (Figure 5.4A). From GTexPortal data, we
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Figure 5.2 FOXD1 is a PRC2 target in melanocytes
A. Roadmap data comparing H3K27me3 enrichment and gene expression
between melanocytes and fibroblasts. B. RNA-seq analysis of normal human
tissue (GTexPortal). C. ISH data showing restricted expression of foxd1 to the
retina, branchial arches and neural crest cells. C. FOXD1 expression levels in
94 human melanoma cell lines.
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find that PITX1 is silenced in a majority of normal tissues but is highly expressed
in the pituitary and esophagus (Figure 5.4B). Zebrafish embryo data
demonstrates that pitx1 expression is spatially restricted to the anterior placode
and adenohypophyseal placode (Figure 5.4C). PITX1 is expressed at low levels
in human melanoma cell lines (Figure 5.4D).
Platelet derived growth factor receptor alpha (PDGFRA) exhibited differential
H3K27me3 and gene expression levels between melanocytes and fibroblasts
(Figure 5.5A). GTexPortal data indicates that PDGFRA is expressed in a larger
set of normal tissues, with highest expression in ovary and appreciable levels
in the tibial nerve (Figure 5.5B). In zebrafish embryos, pdgfra is expressed in a
subset of cell types, including neural crest, somites and the lens (Figure 5.5C).
PDGFRA is expressed at low levels in a majority of samples but is highly
expressed in a small percentage of human melanoma cell lines. (Figure 5.5D).
The final gene that showed differential H3K27me3 and gene expression was
the potassium calcium-activated channel subfamily M alpha 1, KCNMA1 (Figure
5.6A). In normal human tissues, KCNMA1 is highly expressed in uterus and
colon, but is broadly expressed in other tissues (Figure 5.6B). In human
melanoma, KCNMA1 is not expressed at appreciable levels (Figure 5.6C).
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A.

B.

C.

Figure 5.3 TBX18 is a PRC2 target in melanocytes
A. Roadmap data comparing H3K27me3 enrichment and gene expression
between melanocytes and fibroblasts. B. RNA-seq analysis of normal human
tissue (GTexPortal).
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Figure 5.4 PITX1 is a PRC2 target in melanocytes
A. Roadmap data comparing H3K27me3 enrichment and gene expression
between melanocytes and fibroblasts. B. RNA-seq analysis of normal human
tissue (GTexPortal). C. In situ hybridization of pitx1 in developing zebrafish
embryos. API: anterior placode. AhPI: adenohypophyseal placode. Adapted
from Askary et al., 2017 D. Microarray data from 94 human melanoma cell lines.
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Figure 5.5 PDGFRA is a PRC2 target in melanocytes
A. Roadmap data comparing H3K27me3 enrichment and gene expression
between melanocytes and fibroblasts. B. RNA-seq analysis of normal human
tissue (GTexPortal). C. In situ hybridization of pdgfra in developing zebrafish
embryos. Adapted from Thisse et al., 2008 D. Microarray data from 94 human
melanoma cell lines.
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Figure 5.6 KCNMA1 is a PRC2 target in melanocytes
A. Roadmap data comparing H3K27me3 enrichment and gene expression
between melanocytes and fibroblasts. B. RNA-seq analysis of normal human
tissue (GTexPortal). C. Microarray data from 94 human melanoma cell lines.
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In collaboration with the Allis laboratory, Doug Barrows, PhD generated A-375
melanoma cell lines that expressed H3.3 or H3.3K27M. We hypothesized that
the expression of candidate PRC2 target genes would increase in H3.3K27M
cells. By qPCR, we find that the expression of FOXD1, TBX18, PITX1, and
PDGFRA increases with expression of H3.3K27M (Figure 5.7A). These data
suggest that these genes are direct targets of PRC2 in a human melanoma cell
line. We examined whether PRC2 target gene expression was deregulated in
miniCoopR H3.3 and H3.3K27M melanomas. We find that expression of pitx1
increases in H3.3K27M melanomas, but expression of foxd1, tbx18, pdgfra and
kcnma1a are decreased in H3.3K27M (Figure 5.7B-F). Although there are
differences between model systems, these data demonstrate that PRC2 target
gene expression is deregulated in human melanoma cell lines and zebrafish
melanomas programmed to express H3.3K27M.
Utilizing Roadmap Epigenomics profiling, we identified five candidate genes
with differential gene expression and H3K27me3 enrichment in melanocytes
and fibroblasts. We assessed the expression of these genes in zebrafish
development and normal human tissues using publically available data. We also
examined the expression in human melanoma cell lines with our lab’s existing
microarray data. A majority of the genes have spatially restricted gene
expression patterns in zebrafish embryos and human tissues, suggesting that
PRC2 may be silencing these loci in multiple lineages.
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Figure 5.7 H3.3K27M leads to changes in expression of PRC2 target genes
A. A-375 human melanoma cell lines were programmed to express H3.3 or
H3.3K27M (generated by Doug Barrows). qPCR was performed to assess gene
expression changes in PRC2 target genes. B-F. RNA-seq read counts of PRC2
target genes in miniCoopR H3.3 and miniCoopR H3.3K27M melanomas.

foxd1 expression is spatially restricted during development
From our Roadmap analysis, we decided to focus on FOXD1 for further
analyses. We selected this locus for several reasons: 1. FOXD1 is expressed
in neural crest but silenced in melanocytes, suggesting that PRC2 might be
important in silencing the locus during melanocyte specification. 2. FOXD1 is
silenced in most tissues, suggesting that PRC2 might play a role in silencing the
locus in multiple lineages. 3. FOXD1 family member FOXD3 is a transcription
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factor that is critical for specification of the neural crest. 4. FOXD1 is expressed
in a subset of human melanoma cell lines, suggesting that it might be aberrantly
upregulated in these cases, possibly by epigenetic mechanisms.
Forkhead transcription factors are characterized by a highly conserved winged
helix structure DNA-binding domain with little sequence conservation outside of
the domain (Hannenhalli et al., 2009). Mice which lack Foxd1 die within 1 day
of a birth as a result of abnormal kidney structure and function (Hatini et al.,
1996). In addition to critical functions in the kidney, loss of Foxd1 also leads to
defects in development of the retina and the optic chiasm (Levinson et al., 2004;
Herrera et al., 2004). FOXD1 is not known to play a role in neural crest or
melanocyte specification.
We examined where foxd1 is expressed during development over time by ISH.
We find that foxd1 expression is spatially restricted to the retina, branchial
arches and neural crest cells (Figure 5.8A). Based on our ISH data and
deposited RNA-seq data (http://www.ebi.ac.uk/gxa/experiments/E-ERAD-475),
foxd1 has little to no expression before 12hpf and expression peaks during
somitogenesis (Figure 5). We find that the pattern of expression with our ISH
probe to similar to published results in Thisse et al., 2004. These studies
demonstrate that foxd1 expression is spatiotemporally restricted during
embryogenesis.
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Figure 5.8 foxd1 expression is spatially restricted during embryogenesis
In situ hybridization for foxd1 throughout development at 8hpf (A), 12hpf (B),
16hpf (C), 20hpf (D) and 24hpf (E). F. RNA-seq data depicting foxd1 expression
during
zebrafish
development.
RNA-seq
data
from
http://www.ebi.ac.uk/gxa/experiments/E-ERAD-475.

Overexpression of FOXD1 during development is toxic
Because foxd1 expression is spatially restricted, we hypothesized that
overexpression would be detrimental to normal development. To test this, we
injected FOXD1 mRNA at a range of doses and examined the effect on
zebrafish embryogenesis. We found that embryos are very sensitive to ectopic
FOXD1 expression. At mRNA doses above 40pg, we observe 100% lethality by
24hpf (Figure 5.9). When embryos are injected with as little as 2pg of FOXD1
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mRNA, the majority of embryos have severe developmental abnormalities. The
highest dose at which most embryos were phenotypically normal was 1pg.
These data indicate that global overexpression of FOXD1 is toxic to
development in zebrafish and suggests that silencing of foxd1 in most tissues
is critical to maintain normal embryonic development.
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Figure 5.9 FOXD1 overexpression during development is toxic
FOXD1 mRNA was injected into AB (wild-type) embryos and survival was
recorded.

foxd1 regulates expression of foxd3
Based on ISH patterns and GTexPortal data, foxd1 is expressed in a population
of neural crest cells. We hypothesized that loss of foxd1 might alter the
expression of other neural crest or melanocyte markers. We utilized
CRISPR/Cas9 and designed a gRNA targeting the 5’ end of foxd1 (Figure
5.10A). We validated the efficacy of the gRNA by T7EI (Figure 5.10B) and clonal
analysis (Figure 5.10C). We examined if inactivation of foxd1 altered the
expression of neural crest or melanocyte specific genes. We performed ISH in
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embryos injected with rCas9 and the foxd1 gRNA or a non-targeting gRNA. We
found that loss of foxd1 results in upregulation of foxd3 and a mild decrease in
the expression of melanocyte marker dct (Figure 5.10D). We characterized the
foxd1 sequenced from embryos that had increased foxd3 expression and found
20/20 (100%) of sequenced clones from 5 embryos harbored indels in foxd1.
These results demonstrate that inactivation of foxd1 leads to increased
expression of foxd3.
In humans, FOXD3 expression is limited to the tibial nerve (Figure 5.11) and
foxd3 is used as a marker of neural crest cells in zebrafish (Lister et al., 2005;
Stewart et al., 2006; Curran et al., 2009). foxd3 overexpression in Xenopus
leads to a reduction of neural crest formation and migration (Pohl and Knochel,
2001). These data demonstrate the importance of maintaining appropriate foxd3
levels during neural crest specification. Our data showing increased foxd3 levels
in embryos with foxd1 inactivation suggests that foxd1 has an unappreciated
role during the differentiation of the neural crest. Fox family members have been
shown to regulate each other, including increased foxg1 expression in the retina
of mice lacking foxd1 (Herrera et al., 2004). Our data demonstrate that foxd1
may repress expression of foxd3 in development. By restricting foxd3
expression, foxd1 may promote neural crest identify and prevent aberrations
that occur with elevated levels of foxd3.
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Figure 5.10 Loss of foxd1 increases expression of foxd3
A. gRNA targeting the 5’ end of foxd1. Double purple arrow designates the
location of the gRNA. B. Verification of gRNA activity by T7EI assay in embryos
injected with foxd1 gRNA/rCas9. C. Clonal analysis verifies indels generated
with foxd1 gRNA/rCas9 injection. Top, reference sequence. Sequenced indels
are shown below, with the number of clones with designated indel shown to the
right. NT, non-targeting gRNA. D. Embryos injected with foxd1 gRNA/rCas9
have increased foxd3 levels by ISH. A smaller number of embryos also have
decreased dct levels.
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Figure 5.11 FOXD3 is expressed in neural crest cells
GTexPortal data shows that FOXD3 is expressed in tibial nerve but is not
expressed in other lineages.

The chromatin state of FOXD1 in melanocytes
We identified FOXD1 as a locus with high levels of H3K27me3 in melanocytes
but not fibroblasts. In order to understand how FOXD1 expression might be
regulated, we examined the chromatin state around the locus using Roadmap
data. There is extensive H3K27me3 enrichment in the region downstream of
FOXD1 in melanocytes; in fibroblasts the level of H3K27me3 in this region is
much lower (Figure 5.12). Within this region, we identified 15 elements with
sequence conservation from human to zebrafish (Figure 5.13). We termed
these non-coding ultra-conserved elements (UCEs). We examined the
chromatin state of these elements and find that they tend to be marked by
H3K4me1, H3K27me3 and, to some extent, H3K27Ac (Figure 5.14).
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Enhancers are defined as cis-acting regulatory elements that promote the
expression of their target genes and have traditionally been characterized by
H3K4me1 and H3K27Ac enrichment. More recently, a subclass known as
poised enhancers were discovered (Rada-Iglesias et al., 2017; Zentner et al.,
2011; Cruz-Molina et al., 2017). Poised enhancers are marked by H3K4me1
and H3K27me3 but not H3K27Ac. A majority of poised enhancers are for
developmental genes that are inactive in embryonic stem cells but become
activated during differentiation. Based on the presence of H3K4me1 and
H3K27me3 at UCEs downstream of foxd1, we postulated that these elements
might be functioning as enhancers.
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Figure 5.12 H3K27me3 is enriched downstream of FOXD1 in melanocytes
Top, H3K27me3 enrichment in melanocytes. Ranks below show the rank of
enrichment within the genome. Below, H3K27me3 enrichment in fibroblasts.
The location of genes is shown with orientation. RNA-seq data for melanocytes
and fibroblasts is shown below.
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Figure 5.13 Localization of H3K27me3, H3K4me1 and H3K27Ac in
melanocytes
Enrichment of H3K27me3, H3K4me1 and H3K27Ac in melanocytes is shown.
Below, regions of conservation to zebrafish are shown in gray.

132

Figure 5.14 Conserved elements tend to be enriched in H3K27me3,
H3K4me1 and H3K27Ac
Zoomed analysis of H3K27me3, H3K4me1 and H3K27Ac enrichment at
conserved elements. Conserved elements with their designations are shown
below.
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Non-coding ultra-conserved elements regulate expression of
foxd1
Non-coding ultra-conserved elements have been shown to regulate the
expression of nearby genes by acting as enhancers (Dickel et al., 2018).
Downstream of foxd1 we have identified 15 non-coding UCEs which tend to be
marked by H3K4me1, H3K27me3 and minimal H3K27Ac. We hypothesized that
these UCEs are important for the regulation of foxd1 expression by functioning
as enhancers. To determine the significance of these elements, we utilized
CRISPR/Cas9 to delete UCEs in zebrafish embryos and assess changes in
gene expression by ISH and/or qPCR.
We deleted the UCE closest to the 3’ end of foxd1 by co-injecting two cmgRNAs
which bind to the ends of the 481bp element (Figure 5.15A). We find a
proportion of embryos (44/61, 72%) have decreased expression of foxd1 by ISH
(Figure 5.15B). Of these embryos, we identified a deletion in 12/16 (75%)
embryos (Figure 5.15C). By qPCR there is a modest but insignificant decrease
in the expression of foxd1 (Figure 5.15D). We performed transcription factor
binding analysis and identified two tfap2a sites on the 5’ and 3’ ends of the
UCE.TFAP2A is a transcription factor that is required for neural crest
specification (Barrallo-Gimeno et al., 2003; Li et al., 2007; Wang et al., 2011).
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Figure 5.15 Conserved non-coding elements regulate expression of foxd1
A. Schematic of region between foxd1 and fcho2 in zebrafish. Conserved noncoding elements are designated in gray. Below, Schematic of region targeted
for deletion. Location of gRNAs designated with double purple arrows and
primers for deletion detection are shown in orange arrows. B. Assessment of
foxd1 expression by ISH in embryos injected with non-targeting or deletion
gRNAs. C. Assessment of deletion in embryos injected with deletion gRNAs
with decreased foxd1. 12/16 embryos have evidence of a deletion. D. Embryos
injected with deletion gRNAs have decreased foxd1 expression by qPCR.
We hypothesized that deleting a larger portion of the downstream region would
produce more dramatic changes in foxd1 expression and might also alter
expression of other neural crest genes. We targeted the 5’ end of the region for
deletion by injecting gRNAs which are 40.5kb apart and performed ISH for
foxd1, foxd3 and sox10. (Figure 5.16A). We found 4/32 (13%) embryos had
decreased sox10 expression, 5/63 (8%) had decreased foxd1 expression and
9/52 (17%) had decreased foxd3 expression (Figure 5.16B). Genotyping after
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ISH indicated that a majority of embryos with decreased expression (sox10, 4/4;
foxd1, 4/5; foxd3, 8/9) did not harbor deletions in the region. These data suggest
that larger deletions in the region do not dramatically alter expression of foxd1
and other neural crest markers. We attempted to delete the 3’ half of the noncoding region downstream of foxd1. With injection of multiple gRNAs targeting
the 3’ end of the region, we were unable to identify embryos with molecular
evidence of deletions (Figure 5.17). Studies have demonstrated that the ability
of Cas9 nuclease to cleave DNA is affected by the local chromatin structure
(Chen et al., 2016; Daer et al., 2017). Based on these data, we believe that the
chromatin configuration in this region might be precluding us from generating
targeted deletions.
Here we have shown that deletion of the UCE closest to foxd1 leads to a mild
decrease in expression of foxd1. We have identified tfap2a binding sites within
this element. These data suggest that UCEs are poised enhancers of foxd1 and
that tfap2a binding within this element are likely important for regulation of
enhancer activity.
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Figure 5.16 Deletion of a large non-coding region does not alter foxd1
expression
A. Schematic of region between foxd1 and fcho2 in zebrafish. Conserved noncoding elements are designated in gray. Below, Schematic of region targeted
for deletion. Location of gRNAs designated with double purple arrows and
primers for deletion detection are shown in orange arrows. B. Assessment of
sox10, foxd1 and foxd3 expression by ISH in AB embryos injected with rCas9
and non-targeting or deletion gRNAs. A majority of embryos with altered
expression of sox10 (4/4), foxd1 (4/5) and foxd3 (8/9) did not have molecular
evidence of a deletion.
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Figure 5.17 Attempting to delete the 3’ end of the non-coding region
Schematic of region between foxd1 and fcho2 in zebrafish. Conserved noncoding elements are designated in gray. Below, Schematic of regions targeted
for deletion. Location of gRNAs designated with double purple arrows and
primers for deletion detection are shown in orange arrows.

Identification of a distal foxd1 enhancer
The spatial and temporal expression of foxd1 during zebrafish development
suggests that cis-acting DNA regulatory sequences may be required. We
hypothesized that long range interactions with enhancer sequences in the
downstream non-coding region may be critical for foxd1 expression. Trapping
of enhancers have been performed in zebrafish using Tol2 transposase
integration of GFP reporters and identifying lines with GFP positivity that mimic
expression of a gene of interest (Kawakami et al., 2010). Using this method, an
enhancer trap line (HGn42A) with GFP expression similar to foxd1 was
identified (Picker et al., 2009). HGn42A integration was mapped 52KB
downstream of foxd1 in a region devoid of UCEs (Figure 5.18A). A
representative embryo with the GFP reporter integration is shown in Figure
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5.18B. These data suggest that HGn42A has integrated at or near an enhancer
for foxd1.
A.

foxd1

fch02

B.

Figure 5.18 An enhancer trap line that recapitulates foxd1 expression
A. Integration of HGn42A (shown in green) is 52KB downstream of foxd1.
Conserved elements are shown in gray. B. GFP expression in this transgenic
line recapitulates foxd1 expression. Image in B courtesy of www.ztrap.com;
Kawakami et al., 2010.
In order to functionally characterize a potential enhancer in this region, we
designed gRNAs to delete 4.3KB around the site of HGn42A integration (Figure
5.19A). With co-injection of the gRNAs/rCas9 we identify a proportion of
embryos (8/33, 24%) with decreased expression of foxd1 by ISH (Figure 5.19B).
Genotyping of embryos with decreased foxd1 expression reveals 7/8 (88%)
embryos harbor a deletion in this region (Figure 5.19C). We performed an
analysis of putative foxd3 binding sites in the non-coding region and find sites
within the deleted region. These data demonstrate that the region around
HGn42A is an enhancer of foxd1.
Using an established enhancer trap line, we have identified a distal enhancer
which is 52KB downstream of foxd1 within the non-coding region. We have
utilized CRISPR/Cas9 to delete the enhancer and demonstrate that this region
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is required for appropriate spatial and temporal expression of foxd1. Within the
deleted region, we have identified foxd3 binding sites, suggesting that critical
neural crest transcription factors are involved in regulating expression of foxd1.
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Figure 5.19 Identification of a distal foxd1 enhancer
A. Schematic of region between foxd1 and fcho2. Location of the HGn42A
vector shown in green. Below, Schematic of region targeted for deletion. Double
purple arrows show location of gRNAs and primers for deletion detection
designated with orange arrows. B. ISH for foxd1 in AB embryos injected with
rCas9 and non-targeting gRNA or deletion gRNAs. C. Deletion to assess
frequency of deletion in embryos injected with non-targeting (NT, lanes 1-2) or
deletion gRNAs (lanes 3-10). The presence of a band is indicative of a deletion.
D. Sanger sequencing of deleted allele.
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Characterization of the foxd1 5’ regulatory region
Having uncovered a distal enhancer 52KB downstream of foxd1, we next
investigated how the non-coding region upstream was involved in regulation of
expression. BTF3 is the neighboring gene upstream of FOXD1 and is part of
RNA polymerase IIB complex. In both humans and zebrafish, BTF3 is
ubiquitously expressed (Figure 5.20A,B). BTF3 and FOXD1 are oriented in a
head-to-head manner, and we observed that the distance between them
increases from zebrafish to humans (Figure 5.21). In zebrafish, only 133bp is
between the untranslated regions. The genes are separated by 37KB in mice
and 50KB in humans. The genomic organization of these genes suggest that
there was selective pressure to separate these genes during evolution.
In order to uncover how upstream regulatory sequence might regulate
expression, we examined the transcription factor binding sites between btf3 and
foxd1 in zebrafish. Within the btf3 5’ UTR and in the region between the 5’ UTRs,
there is enrichment of SOX binding sites (Figure 5.22A). This includes SOX10,
which is a critical transcription factor in neural crest and melanocyte
specification. In the region between the 5’UTR and the first exon of btf3, there
are TFAP2, FOXD3 and retinoic acid receptor (RXR) binding sites (Figure
5.22B). This suggests that this region and these transcription factors might be
important in the regulation of foxd1.
We designed gRNAs within the 5’ region to generate deletions (Figure 5.23A).
With deletion of two sizes within this region, we observed robust decrease in
foxd1 and btf3 (Figure 5.23B,C). We verified that a majority of embryos with
decreased foxd1 expression by ISH (5/6 injected with Deletion 1; 11/13 injected
with Deletion 2) had evidence of a deletion by PCR (Figure 5.23D,E). In
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embryos injected with Deletion 2, there were deleted alleles of various sizes.
These data indicate that a range of deletion sizes is capable of altering foxd1
expression.

A.

btf3

B.

Figure 5.20 BTF3 is ubiquitously expressed
A. RNA-seq data of normal human tissues from GTexPortal. B. In situ
hybridization for btf3 from zebrafish embryos at several stages. ISH from Thisse
et al., 2004.
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BTF3
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Figure 5.21 Genomic organization of BTF3 and FOXD1 across species
Top, zebrafish btf3 and foxd1 are separated by 133bp. Middle, mouse Btf3 and
Foxd1 are separated by 37KB. Bottom, human BTF3 andbtf3
FOXD1 are separated
foxd1
by 50KB. A window of approximately 60KB is shown for each species.
A.

btf3

foxd1
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btf3 UTR
foxd1 UTR

btf3 UTR

B.

btf3

foxd1

foxd1 UTR

TFAP2 binding site
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Figure 5.22 Transcription factor binding in the region between btf3 and
foxd1
A. Transcription factor binding analysis of the region from the btf3 5’ UTR to the
foxd1 start codon shows an enrichment of SOX binding factors within the region.
Location of SOX binding sites shown in pink. B. Transcription factor binding
analysis of the region between the first btf3 exon to the 5’ UTR of btf3 shows an
enrichment of TFAP2, FOXD3 and RXR binding sites.
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Figure 5.23 Upstream deletions decrease foxd1 and btf3 expression
A. Embryos were injected with indicated gRNAs and ISH was performed for
foxd1. Representative embryos are shown. B. qPCR to assess changes in foxd1
and btf3 in embryos injected with indicated gRNAs. C. Embryos injected with
gRNAs 1 and 2 with decreased foxd1 expressed were assessed for evidence of
a deletion after ISH. 5/6 embryos with decreased foxd1 expression have a
deletion. D. Embryos injected with gRNAs 2 and 3 with decreased foxd1
expression were assessed for evidence of a deletion after ISH. 11/13 embryos
show evidence of a deletion. Black arrow points to the wild-type band. Smaller
bands are demonstrative of a deletion.
Because of the enrichment of transcription factor binding sites in the region, we
hypothesized that indels might be sufficient to disrupt foxd1 expression. With
injection of single gRNAs/rCas9, we observed variable expression of foxd1 by
ISH (Figure 5.24A,B). These data indicate that foxd1 expression is affected by
alterations in transcription factor binding sites. The change in expression is likely
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a result of the precise nucleotide changes, indicating that these experiments
need to be conducted in a mutant line rather than a mosaic setting.
Here we have shown that that region between btf3 and foxd1 is enriched with
transcription factor binding sites including SOX factors, TFAP2 and FOXD3.
Using CRISPR/Cas9 we have demonstrated that deletion of or indels in binding
sites leads to changes in the expression of btf3 and foxd1. Future work
generating utilizing mutant lines will allow us to better understand how this
region regulates expression of btf3 and foxd1.
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Figure 5.24 Indels in the region between btf3 and foxd1 cause variable
changes in foxd1 expression
A. Schematic of region between btf3 and foxd1. Location of gRNAs designated
with double purple arrows. B. Embryos were injected with rCas9 and the
indicated gRNAs and were assessed for changes in foxd1 by ISH.
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FOXD1 overexpression in melanoma
We have demonstrated that the PRC2 target FOXD1 is silenced in melanocytes
but upregulated in a subset of human melanoma cell lines (Figure 5.2). To
examine the consequences of FOXD1 expression in melanoma, we used
miniCoopR to overexpress FOXD1 in Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1;
mitfaw2/w2 animals. With overexpression of FOXD1 we observe some embryos
with altered melanocyte morphology and migration (Figure 5.25A). Our
preliminary data suggest that FOXD1 overexpression may accelerate
melanoma onset (Figure 5.25B). Future studies will be performed to understand
how FOXD1 overexpression alters melanocyte development and melanoma
gene expression and pathology.

147

A.

Melanoma-free survival (% of animals)
0.25
0.50
0.75
1.00

1.00
0.75
0.50
0.25
0.00
5
0
50
100
150
200
Age
FOXD1_2018
GFP_YHL
Melanoma-free
0 (days)
2000-01-03
2017-12-0
survival (% of animals)

p=0.00262

0.00

B.

0

50

100
Age (days)

FOXD1_2018 2017-12-0

150

200

GFP_YHL 2000-01-03

Figure 5.25 FOXD1 overexpression in a zebrafish melanoma model
A. Tg(mitfa:BRAF(V600E)); tp53zdf1/zdf1; mitfaw2/w2 embryos were injected with
miniCoopR FOXD1. Rescued embryos were imaged at 5dpf. Inset below shows
altered melanocyte morphology, including small round pigmented cells on the
head. Melanocytes with atypical migration location are denoted with red arrows.
B. Kaplan-Meier survival analysis of miniCoopR GFP (n=168) and miniCoopR
FOXD1 (n=17).
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Figure 5.26 Working model of foxd1 chromatin structure
Our working model of the chromatin state at the foxd1 locus in neural crest cells
and melanocytes. Top, proposed chromatin structure in neural crest cells, which
express foxd1. Conserved elements shown in gray; distal enhancer shown in
green. Below, proposed chromatin structure in melanocytes, which do not
express foxd1. Right, an example of the epigenetic marks found at the
conserved elements in each cell type.

Discussion
In this chapter, we have utilized Roadmap data to identify PRC2 targets in
melanocytes. From the top 100 H3K27me3 peaks in melanocytes, we identified
5 with differential H3K27me3 and gene expression in fibroblasts. These top hits
show tissue restricted expression in humans and zebrafish, suggesting that
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PRC2 might be important in limiting their expression in multiple lineages. We
decided to focus on our top hit, FOXD1, but our other hits will be worth
examining in more detail in the future.
By ISH we have shown that foxd1 expression is spatially restricted during
development, with expression in the retina, branchial arches and neural crest
cells. This is consistent with human gene expression data showing expression
in the tibial nerve. We have demonstrated that inactivation of foxd1 leads to
increased expression of foxd3, a critical neural crest transcription factor. These
data indicate that foxd1 represses foxd3 and suggests a previously unknown
role for foxd1 in neural crest specification and in regulation of foxd3. Future work
to generate mutant zebrafish with foxd1 inactivation will be useful to further
examine this interaction. Identifying other foxd1 targets within the neural crest
and other lineages will be another avenue of study.
We investigated how the non-coding region downstream of foxd1 regulates its
expression. We identified multiple evolutionarily conserved elements marked by
H3K27me3 and H3K4me1. Deletion of one UCE results in a mild decrease in
foxd1 expression, suggesting that it may function as a poised enhancer. A
recent report has demonstrated that enhancers can have redundant functions
in regulation of gene expression (Osterwalder et al., 2018), which may be why
we only observed mild changes in foxd1 expression. We have identified a distal
foxd1 enhancer 52KB downstream of the gene. A 4KB deletion in this area leads
to a robust decrease in foxd1 expression, and future work can be performed to
test smaller deletions within this region. Based on the magnitude of the
decrease in foxd1 expression, we can conclude that poised enhancers have
decreased enhancer activity. Future studies testing the sufficiency of individual
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elements to drive expression similar to foxd1 using GFP reporters can be
performed to gain a more comprehensive understanding of the downstream
regulatory elements.
We observed that the genomic separation between ubiquitously expressed btf3
and spatially restricted foxd1 has increased throughout evolution. Because
ectopic FOXD1 expression is toxic during development, it is possible that the
distance between these genes has increased over time to prevent
transcriptional activity at btf3 from aberrantly driving foxd1 expression in
lineages where it needs to be silenced. These data point to an interesting
paradigm of how 133bp upstream of two genes could regulate ubiquitously
expressed btf3 and spatially restricted foxd1. Future work exploring this region
is warranted.
Upstream of foxd1 we have examined how deletions in the shared btf3 and
foxd1 promoter alter expression of both genes. Deletion of elements between
btf3 and foxd1 causes decreased expression of both genes. Indels within the
region lead to variable changes in foxd1 by ISH, indicating that we likely need
to generate mutant zebrafish to better investigate the consequences of indels
in this region. By including ISH for btf3 we will gain more insight into the spatial
changes in gene expression with deletions and indels.
Within UCE1 and the distal enhancer, we identified binding sites for neural crest
transcription factors tfap2a and foxd3. Upstream of foxd1 we have identified
multiple sox binding sites, including the neural crest factor sox10. This further
indicates that foxd1 might have an unappreciated role during neural crest
specification. Studies assessing how foxd1 might be altered in mutant zebrafish
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with inactivation of tfap2a, foxd3, sox10 and other neural crest factors will
provide more insight into the role of foxd1 in these lineages.
Our working model (Figure 5.26) compares the chromatin state at the foxd1
locus in neural crest cells and melanocytes. In neural crest cells, which express
foxd1, the chromatin structure is such that the distal enhancer is brought in
contact with the promoter. In melanocytes, the chromatin structure is altered,
preventing the enhancer from interacting with the promoter and activating
transcription. We propose that PRC2 activity at conserved elements leads to
increased H3K27me3 levels and causes changes in chromatin structure that
lead to silencing of foxd1 in melanocytes.
To gain greater understanding about the regulation of foxd1, future studies such
as circular chromosome conformation capture (4C) can be performed. This
would allow us to discover chromatin interactions within and outside of the
downstream region. These experiments could be done in sorted neural crest
cells and melanocyte at different time points throughout specification. In that
setting we can discover chromatin changes that occur over time as foxd1
changes from expressed in neural crest cells to silenced in melanocytes.
We have performed these studies in Fo mosaic setting through direct analysis
of injected embryos. In this manner, each analyzed embryo has a different
spectrum of indels or deletions. By performing experiments in mosaic embryos,
the throughput at which we can examine alterations is much higher than if we
generated mutant zebrafish lines. This enabled us to test multiple conditions but
may confound our studies because of the different alleles between and within
embryos. A more comprehensive analysis by generation of mutant lines will be
important in the future.
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Because FOXD1 is upregulated in a subset of human melanoma cell lines, we
used miniCoopR to overexpress FOXD1. Melanocytes programmed to
ectopically express FOXD1 had altered morphology and migration. We also
found that FOXD1 overexpression accelerates melanoma formation, which is
the first evidence that FOXD1 promotes tumorigenesis in any lineage. This data
also demonstrates that deregulation of PRC2 targets in melanocytes can also
promote melanoma formation.
The broader implications of these data extend beyond the scope of this chapter.
First, that the top H3K27me3 targets in melanocytes (and other lineages) might
represent genes with unappreciated functions in those cells. Second, that ultraconserved non-coding elements are important for the regulation of nearby
genes. While we have shown that UCEs function as poised enhancers, these
regions could also function as repressive elements (Kushawah et al., 2017) or
be important in chromatin looping. Finally, by harnessing the advantages of
zebrafish development we can delete non-coding elements to study gene
regulation, examine how genes in close proximity with distinct spatiotemporal
expression are regulated, and uncover novel roles of genes in new lineages.

Concluding Remarks
In this dissertation, we have examined the function of PRC2 in melanoma. When
we started this project the role of PRC2 function in melanoma was unclear.
Using our zebrafish melanoma model, we have found that overexpression of
H3.3K27M accelerates melanoma formation but gain of function EZH2 mutants
do not. At the time, this was the first in vivo evidence that loss of PRC2 activity
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accelerated melanoma formation and that H3.3K27M promoted tumorigenesis.
We have characterized the epigenetic and gene expression changes induced
by H3.3K27M in tumors. In addition to corroborating published reports that
H3.3K27M leads to loss of H3K27me3, we have identified new changes induced
by the allele. In H3.3K27M tumors, we identified decreased H2AK119Ub,
demonstrating that PRC1 activity is also deregulated in these tumors. We have
developed systems to perform genetic inactivation of PRC2 in melanoma, and
future work will determine how loss of PRC2 compares with H3.3K27M. We
have also shown that high expression of PRC2 targets in human melanoma
patients leads to poor prognosis. This work demonstrates that loss of PRC2
activity accelerates melanoma, that aberrant upregulation of PRC2 targets is
associated with poor patient prognosis and suggests that PRC2 inhibition may
not be a therapeutically useful strategy for all melanoma patients.
We have utilized NIH Epigenomics Roadmap data to identify PRC2 targets in
melanoma and have nominated FOXD1 as critical target. Loss of foxd1 in
zebrafish embryos results in increased expression of foxd3, a critical neural
crest transcription factor. This result demonstrates that foxd1 has an
unappreciated role in neural crest specification. We have mapped the local and
distal elements which regulate expression of foxd1 by deleting critical regions
using CRISPR/Cas9 and have identified neural crest transcription factor binding
sites in those elements. These findings suggest that foxd1 may have a function
during neural crest specification. Future work will be done to perform a more
comprehensive analysis of the regulation of foxd1.
Finally, we have optimized CRISPR/Cas9 genome editing in zebrafish. We have
demonstrated that chemically modified gRNAs have higher on-target efficiency
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compared to in vitro transcribed gRNAs. Utilizing the activity of chemically
modified gRNAs we can generate large chromosomal deletions over 100kb. We
have also performed homology-directed repair using cmgRNAs, and work is
ongoing to further optimize this technology. We anticipate that the increased
activity of cmgRNAs will increase the repertoire of experiments that can be
performed with CRISPR/Cas9 in zebrafish.
Collectively, this dissertation has expanded our understanding of the role of
epigenetic mechanisms in melanoma, mapped the elements that regulate
expression of foxd1 and developed the ability to rapidly perform genome editing
in zebrafish. Our studies demonstrate that deregulation of PRC2 components
and aberrant upregulation of critical melanocyte PRC2 targets promote
melanoma formation in zebrafish and in humans. Despite knowing little about
the specifics of epigenetics, Conrad Waddington wrote in 1942 that “a
disturbance at an early stage may gradually cause more and more far reaching
abnormalities in many different organs and tissues.” Through these experiments
we have demonstrated the veracity of this statement: that deregulation of PRC2
activity and target genes leads to alterations in melanocyte development and
disease.
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