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Abstract

The cancer epigenome is fundamentally different than that of normal cells. How these differences
arise in and contribute to carcinogenesis is not known, and studies using model organisms such as
zebrafish provide an opportunity to address these important questions. Modifications of histones
and DNA comprise the complex epigenome, and these influence chromatin structure, genome
stability and gene expression, all of which are fundamental to the cellular changes that cause
cancer. The cancer genome atlas covers the wide spectrum of genetic changes associated with
nearly every cancer type, however, this catalog is currently unidimensional. As the pattern of
epigenetic marks and chromatin structure in cancer cells is described and overlaid on the
mutational landscape, the map of the cancer genome becomes multi-dimensional and highly
complex. Two major questions remain in the field: (1) how the epigenome becomes repatterned in
cancer and (2) which of these changes are cancer-causing. Zebrafish provide a tractable in vivo
system to monitor the epigenome during transformation and to identify epigenetic drivers of
cancer. In this chapter, we review principles of cancer epigenetics and discuss recent work using
zebrafish whereby epigenetic modifiers were established as cancer driver genes, thus providing
novel insights into the mechanisms of epigenetic reprogramming in cancer.
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Major Questions Surrounding the Cancer Epigenome: Answers from

Zebrafish

The genetic landscape of cancer cells is dramatically different from normal cells. Mutations,
chromosomal losses, gains and rearrangements have been described for virtually every type
of cancer in humans [1, 2]. Advances in sequencing technology in the past decade have
provided an exquisitely detailed view of the cancer genome in humans, and these have been
used to identify candidate driver genes in nearly every type of cancer. Documenting the
cancer cell epigenome is more complex, as epigenetics is influenced by DNA modifications,
namely methylation and hydroxymethylation on cytosines, histone variants and histone
modifications. Moreover, epigenetic modifications are clustered, and are influenced by
underlying DNA sequence variations. Thus, integrating the mutational and epigenetic
landscapes to generate a comprehensive genetic map of cancer to identify key regions that
contribute to carcinogenesis remains a major goal of the field. In particular, sorting through
these complex catalogs to identify features that cause or sustain malignancy requires
tractable in vivo systems to allow functional assessment of candidates. Since epigenetic
marks are well conserved in vertebrates, zebrafish represent an excellent system for such
studies.

Those studying cancer epigenomics are addressing similar questions as those studying the
cancer genome, including: (1) How does the epigenome get restructured in cancer cells? (2)
Avre there epigenetic signatures that can be used diagnostically or for identifying specific
tumor sub-classes? (3) Which epigenetic changes contribute to tumorigenesis and, for those
that are carcinogenic, what is the underlying mechanism by which these cause cancer? As
with mutational analysis, epigenetic profiling of cancer cells has documented millions of
differences compared to their normal counterparts. Importantly, many of these are conserved
in zebrafish tumors [3-5]. The functional annotation of epigenetic differences between
normal and cancer cells requires in vivo models. As many such epigenetic signatures are
conserved in zebrafish, they has proven to be an excellent system to complement the more
commonly use models [6].

Epigenetics is implicated in nearly every aspect of embryonic development and, as such, has
been heavily investigated by developmental biologists using zebrafish. These studies are
now being extended to the study of cancer. Work using zebrafish has recently identified
epigenetic modifiers which impact melanoma [7], hepatocellular carcinoma (HCC) [5],
myelodysplastic syndrome (MDS) [8 ] and rhabdomyosarcoma [9]. Here, the fundamental
principles of epigenetic modifications and their relationship to cancer are discussed using
zebrafish as a model organism.

The Complexity of the Epigenetic Code

Epigenetics is an umbrella term referring to factors that influence chromatin structure, which
in turn regulate chromosome structure, permanent gene silencing and tissue-specific patterns
of gene expression. The basic functional unit of chromatin structure is the nucleosome
whereby active (euchromatin) and inactive (heterochromatin) domains dictate access of
proteins that further modify the epigenome, mediate DNA replication and drive
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transcription. Many features of the cancer cell phenotype can arise from changes in the
epigenome, and indeed, it is speculated that the marked differences in gene expression of
malignant cells reflects the massive changes in their epigenome. As cancer cells are typically
defined by the suppression of checkpoints that monitor DNA replication, DNA damage and
cell cycle progression, it is possible that a monitoring system for epigenome integrity is
another one of the checkpoints missing in cancer cells [10, 11].

Epigenetic modifications are added and removed by chromatin-modifying enzymes in a
dynamic and tightly regulated fashion without impacting the underlying nucleotide sequence
of the DNA (Fig. 1). Epigenetic control of gene activity and overall chromatin structure
operates on three levels: DNA, histone proteins, and the nucleosome. Interplay between
permissive and repressive domains dictate differential gene expression profiles and maintain
a central, functional role during differentiation and development. Most notably, zebrafish
research on the developmental functions of epigenetic modifiers has led to discoveries of the
importance of epigenetics in fate decisions, gene expression patterning, and zygotic genome
activation [12-18]. For instance, a large screen using morpholinos to knock down the
expression of 425 chromatin modifiers in zebrafish embryos identified a distinct subset of
modifiers that regulate erythroid cell formation and another that was important for
hematopoietic stem and progenitor cells [19]. This demonstrates that multiple epigenetic
modifiers are required for cell fate decisions and differentiation.

Historically, studies in cancer epigenetics have focused on differences of single epigenetic
modifications at the gene regulatory region of a gene of interest—such as a tumor suppressor
or a key oncogene—and have correlated these marks with gene expression. This has lead to
the conclusions that there is a causative relationship between the mark under study and the
expression level of the gene. However, as genome-wide techniques advance, it is clear that
the relationship can work both ways (i.e. gene expression levels can influence the epigenetic
landscape of the gene) and that the influence of single epigenetic marks is balanced by the
conformation of the region as a whole. For instance, chromatin is not simply open or closed,
but instead there are also intermediate states where epigenetic marks that are cataloged as
repressive co-exist with marks that are associated with gene activation. Such “poised” genes
are thus held in a repressed, but not completely closed, state that can rapidly be triggered
when the signal arrives. Moreover, epigenetic marks have been shown to act at a distance
[20]. Thus, the path forward for understanding how epigenetic modifications impact cancer
gene expression should incorporate multiple epigenetic marks and a wide-angle view of the
genomic region of interest.

Epigenetic readers and writers recognize and target DNA and histone modifications and the
erasers remove these marks. The best-studied modifications of DNA and histones are
predominantly mediated through writers such as methyltransferase enzymes (both DNA- and
histone-methyltransferases; DNMTs and HMTSs, respectively), histone demethylases, histone
acetyltransferases (HATS), and histone deacetylases (HDACS). Furthermore, incorporating
histone variants in place of the canonical histones can impact gene expression, chromatin
structure, and can define specialized regions of the chromatin. Readers of the epigenetic
code serve to target the writers and erasers and serve as a link between DNA and histone
modification to generate a complex and overlapping set of modifications across the genome.

Adv Exp Med Biol. Author manuscript; available in PMC 2017 February 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chernyavskaya et al.

Page 4

DNA methylation is present in all vertebrates, yeast [21] and plants, but not in commonly
used invertebrate animal models. Moreover, the factors that modify DNA are well conserved
from humans to zebrafish, and make zebrafish an ideal model to study DNA methylation.
Histones are over the most highly conserved proteins in vertebrates and conserved from
human to zebrafish [22] and the epigenetic marks that regulate them are also well conserved.
Thus far, all histone modifications described in humans that have been investigated in
zebrafish have been identified, and the readers and writers that mediate these modifications
are well conserved in zebrafish (Fig. 1 [23]).

Genome-wide expression studies have documented that the expression pattern of chromatin
modifiers is dramatically altered in malignant cells (Fig. 2). Interestingly, while some of
genes show similar expression changes across cancer types, others appear more specific. For
instance, expression of Dnmtl and Uhrfl, which are the key components of the DNA
methylation machinery, are elevated across cancer types while TET2, a gene involved in
cytosine demethylation, is down-regulated primarily in leukemia (Fig. 2). Moreover, as
chromatin modifiers are largely regulated by their interacting partners and pre-existing
epigenetic modifications can direct whether the writers are able to make changes at each
locus, altered expression of a single modifier may be less important than the combinatorial
changes for multiple members of a complex.

DNA Methylation

Methylation of cytosine (5-mC) when it is paired with a guanine residue (i.e. CpG) is a
critical mechanism of X-chromosome inactivation, imprinting, silencing repeats and
transposons and heterochromatin formation [24-28]. Additionally, many studies implicate
DNA methylation in transcriptional repression of differentially expressed genes, however
whether DNA methylation is sufficient for fine-tuning gene expression is controversial [25].
The most heavily methylated regions of the genome are in intragenic regions, which are
largely composed of repetitive sequences, transposable elements and the regions of the
chromosome that give it structure (i.e. the centromeres and telomeres). Methylation of these
regions is thought to provide an irreversible mechanism of repression and the ability to form
higher order chromatin structure. Additionally, gene bodies are heavily methylated and this
typically corresponds to actively transcribed genes [24], however, it the function of this
region of DNA methylation is not clear [25]. An excellent graphical overview of DNA
methylation has recently been published [29].

Methyl groups are transferred from S-adenosyl-L-methionine (SAM) to cytosine by
DNMTs. DNMT1 has been extensively studied across species: it preferentially methylates
hemimethylated CpG dinucleotide sequences generated during DNA replication, and is thus
considered the maintenance methyltransferase. This role has been confirmed in zebrafish
through studying anmtZ mutants [11, 30, 31] and in mutants that cannot generate sufficient
SAM [32]. DNMT3A and 3B, however, initiate methylation of those regions that were
previously unmethylated (i.e. de novo DNA methylation), which is best studied in imprinted
genes, which zebrafish do not appear to have. While DNMT1 can bind DNA [33], it is not
very efficient at targeting CpG sites. This is significantly improved accomplished by the
Ubiquitin-like with PAD and RING Finger domains Z (UHRF1) which recognizes
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hemimethylated CpG sequences during DNA replication and directly recruits DNMTL1 to
facilitate DNA methylation [34, 35]. 5mC is removed by the Ten-eleven translocation (TET)
proteins, which convert 5mC to 5-hydroxymethyl cytosine [36].

Patterns of DNA methylation are dramatically different between cancer cells and their
normal counterparts. In non-transformed cells, approximately 2-8 % of the genome is
methylated. Certain regions of the genome contain high frequencies of CpG sites, which are
termed CpG Islands (CGls). CGls occur in approximately 50 % of promoters of human
genes and are largely unmethylated, while CpG sites in gene bodies and intergenic regions
are mostly methylated. DNA methylation is thought to act as a repressive epigenetic mark
and it was first described as a mechanism to assure that some regions of the genome are
always maintained in a transcriptionally inactive state such retrotransposable elements [37]
repeat sequences [38] imprinted genes [27] and centromeric and pericentromeric regions
[39]. Most malignant cells have less DNA methylation than their normal counterparts, and
this is largely attributed to loss of methylation at these regions which are typically heavily
methylated.

Clusters of CpGs are found in some gene promoters (i.e. CpG islands), but methylation in
these gene regulatory regions is largely absent in normal cells. Nevertheless, CpG island
methylation patterns has received the most attention in the field. This is largely based on the
hypothesis that since DNA methylation is required for silencing those regions that are
typically heavily methylated, then DNA methylation in gene regulatory regions must also
lead to formation of ‘closed” chromatin structures rendering the underlying sequence
inaccessible to transcription factors and RNA polymerase Il. The finding that the promoters
of some tumor suppressors are hypermethylated in cancer cells has fueled much of the study
on DNA methylation as a mechanism of regulating gene expression in favor of promoting
cell proliferation and transformation. However, although there are several clear examples
where DNA methylation is inversely correlated with the expression of nearby genes, many
studies also show that methylation in promoter regions can also be positively correlated with
gene expression [40-43]. Moreover, since DNA methylation and other epigenetic
modifications may act at a distance [20], it may be that the focus on differential methylation
of CpG islands may be too narrow.

DNA methylation is frequently found to be co-localized with repressive histone
modifications and histone variants, and thus it may also perform an instructive role for the
recruitment of other chromatin modifiers to promote gene repression and higher order
chromatin structure. Thus, in some cases, the correlation of DNA methylation in the
regulatory regions of repressed genes may reflect the placement of DNA methylation side by
side with other epigenetic marks that play a bigger role in the repression. In such cases,
DNA methylation may serve a supportive role. Indeed, a recent study whereby the TET1
hydroxylase was targeted to methylated regulatory regions of specific genes to specifically
demethylated these loci. In most cases tested, only modest demethylation was achieved and
while demethylation of some sites significantly increased gene expression, this was not a
universal finding [44]. While this exciting study is the first to show that reducing DNA
methylation in specific promoters can increase gene expression, it is clear that other factors
provide important and even dominant regulatory roles.
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DNA Methylation in Zebrafish—Zebrafish mutants in the key genes regulating DNA
methylation all have DNA hypomethylation, including S-adenosylhomocysteine hydrolase
[32], dnmt1[11, 30, 31] and whrf1[11, 45]. Additionally, fet2 mutants show a loss of 5-
HmC [8, 46], illustrating that the machinery that mediates the methylome is highly
conserved.

Methylation patterning of the zebrafish genome is a highly dynamic process during
development of the organism. In a very similar manner to mammals, zebrafish sperm is
hypermethylated compared to its oocyte counterpart, which is then rapidly demethylated
upon fertilization [47]. Following fertilization, the DNA methylation levels of the 1- to 2-
cell stage of the zygote are lower then what is initially observed in the oocyte mediated by a
wave of DNA demethylation [47]. De novo DNA methylation resets DNA methylation levels
to levels seen in terminally differentiated tissues during the mid-blastula transition and in
gastrula [47-49]. Next, a wave of DNA demethylation and remethylation occur during
somitogenesis [49] and tissue specific DNA methylation patterns being established and
maintained as cells differentiate. However, the evidence in support of DNA methylation as a
biochemical system that regulates gene expression during early development through
programmed methylation and demethylation patterns are correlative, at best [14, 50].
Therefore, the functional significance of the dynamic changes in DNA methylation remains
unclear, and is under intense investigation.

In summary, the DNA methylome can be re-patterned during differentiation and
transformation. The global loss of DNA methylation during carcinogenesis is seen across
cancer types, but the mechanism leading to the demethylation of the cancer genome has not
been established. Since DNA methylation impacts the interaction between DNA and
histones within nucleosomes and promotes higher order chromatin formation, it clearly
contributes to gene expression however, it does not appear to be the major mechanism that
resets the transcriptome to favor cancer-promoting genes and suppress tumor suppressors.
Instead, loss of DNA methylation can result in euchromatinization of the genome, which
promotes chromosomal translocations, breaks, transposon activation and could thus serve as
a major mechanism driving genomic instability.

Histone Modification

Histones can be post-translationally modified in a number of ways, including acetylation,
methylation, ubiquitination, and phosphorylation. A large majority of these post-
translational modifications occur on the unstructured N-terminal tails of the core histones,
which are rich in basic amino acid residues lysine (K) and arginine (R), which confer a
positively charged surface that extends out from the nucleosome and interacts with the
negatively charged DNA (Fig. 1). The abundance of lysine and arginine residues on the N-
terminal tails also make the core histone proteins amenable to post-translational
modification by epigenetic enzymes and complexes to modify the local nucleosome
structure. In turn, epigenetic modification of the core histone proteins can serve to recruit
transcriptional repressors and activators to specific loci or maintain a baseline quiescent
state. Here, we review the major types of histone modifications and focus on those that have
been specifically shown to play a prominent role in cancer using zebrafish.
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Histone Methylation—Histone methylation directly impacts chromatin structure and gene
transcription. Lysine (K) and arginine (R) residues along the N-terminal tails of the core
histones are methylated by histone methyl transferases (HMTS). The histone methylome is
extremely complex, as amino acids can be bi or tri methylated, and the various combinations
of the methylated residues ultimately dictate chromatin state. The well- established
correlations between some histone methyl marks and gene expression allows the
categorization of these marks as “activating” or “repressive”. For instance, trimethylation of
H3 on lysine 4 (H3K4Me3) is associated with actively transcribed genes and the di- and tri-
methylation of lysine 9 of H3 (H3K9me2/3) is correlated with heterochromatin formation
and suppression of gene transcription. Interestingly, a recent study found that SMYD3, a
methyltransferase for K3K4Me3, promoted invasion of human tumor cells transplanted into
zebrafish embryos. This was attributed to the induction of a metalloproteinase which aids
tumor cell mobility [51]. H3K9 methylation is mediated by a number of proteins, including
SETDB1 and SUV39H1, which are evolutionarily conserved and expressed in zebrafish [7,
9, 23, 52]. In addition to these, several other epigenetic marks also display a similar
distribution across the zebrafish and mammalian genome [17, 45, 53]. Suv39h1 has been
shown to cooperate with Dnmt1 to regulate the terminal differentiation of the intestine,
exocrine pancreas, and the retina during zebrafish development [52]. Furthermore, Rai et al.
demonstrated that H3K9me3 is also positively correlated with levels of DNA methylation in
heterochromatic regions of the genome. It is thought that these two marks can collaborate to
maintain genes in a repressed state [54]. Histone methyltransferases have been implicated in
a wide range of cancers [55] and we discuss how zebrafish have been used to identify
functional roles for SETDB1 and SUV39HL1 in cancer.

Methylation of H3K27 is another well-studied epigenetic mark that is commonly
incorporated into gene promoters and is mediated by Polycomb group proteins, namely the
PRC2 complex [56]. High levels of H3K27Me3 were identified in zebrafish [3] and in
humans [57]. On its own, H3K27me3 is typically associated with silenced genes and is thus
seen as a repressive mark. However, H3K27 tri- methylation is also associated with
‘bivalent’ transcriptional states. Promoter regions marked with H3K4me3 and H3K27me3
are thought to adopt these “bivalent’ states where transcription is primed and RNA
polymerase 11 occupancy is permitted, yet the gene remains inactive.

Histone methylation plays a critical role during embryonic development. Patterning of
histone methylation regulates zygotic genome activation in zebrafish [13, 14, 17, 58, 59].
Histone methylation directly influences nucleosome dynamics and stability and serves as a
platform for the specific recruitment of transcription factors and remodeling complexes.
Mounting evidence supports the crosstalk between DNA methylation and histone
methylation. H3K4me3 is negatively correlated with DNA methylation, while H3K9me3 is
significantly and positively correlated with DNA methylation. This direct cooperation
indicates that a very fine tuned epigenetic signaling network regulates cell function.

Histone Phosphorylation, Acetylation and Histone Variants—Histone core
particles can be phosphorylated and acetylated. Phosphorylation of serine, threonine, and
tyrosine residues has been found to be critical in regulating chromatin condensation during
mitosis, gene expression, and DNA repair. For instance, H3S10 phosphorylation in some
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contexts, promotes chromatin de-compaction to facilitate transcription, whereas during
mitosis H3S10 phosphorylation is critical for chromatin condensation [60, 61].
Phosphorylation of the histone variant H2A.X marks areas of DNA damage and double-
stranded breaks to facilitate the DNA repair pathway. This has been shown as a robust
marker of DNA damage in mammalian and zebrafish cells [62]. It illustrates the complexity
of the histone code, where the context can dictate the impact of the modification.

Lysine acetylation is a conserved, reversible, and highly regulated post- translational
modification of core histone proteins that is mediated by HATS. The availability of multiple
target sites enables stepwise regulation of acetylation allowing for the fine-tuning of
chromatin remodeling mediating gene transcription. Histone deacetylation is mediated by
HDACs. A large body of work has demonstrated that, most commonly, acetylated histones
lead to an open chromatin configuration and thus HDAC recruitment serves to promote
heterochromatin formation.

Histone acetylation is dynamically regulated during zebrafish embryogenesis [63-67 ].
H3K9ac levels were high at 24 h post fertilization (hpf), but rapidly diminished by 48 and 72
hpf [68 ], suggesting that this mark may play a regulatory role during early embryogenesis,
further supported by findings of failed development in Hdac deficient embryos [64-67, 69 ].
Histone acetylation has also been linked to maintenance of genomic integrity and DNA
repair and the acetylation and de-acetylation of histones has long been a targeted focus of
cancer therapies [70] as disrupted histone acetylation dynamics have been associated with a
number of cancers.

There are a large number of highly comparable forms of histones that are collectively
defined as ‘histone variants’. These variants can be incorporated into the nucleosome,
replacing their canonical counterpart, resulting in changes in structural regions of the
chromatin, gene expression, response to genotoxic events, genomic stability, and DNA
repair. Furthermore, a growing body of evidence has demonstrated that histone variants can
play critical roles during cancer development. Particularly in plants, the DNA wrapped in
nucleosomes tends to be more methylated, suggesting that the position of the nucleosome
influences the methylome pattern [71].

The concept of the ‘histone code’ indicates that the sum of histone modifications at a
specific locus during a particular cellular process dictates nucleosome structure. Indeed, both
developmental biologists and cancer biologists are now utilizing to a more complicated, but
likely more accurate, model whereby the sum of the histone marks, DNA marks, associated
co-factors, and transcription factors that creates a chromatin microenvironment which can
either repress, induce or poise genes for expression. Studying the overlapping roles of
covalent epigenetic marks with histone variant deposition to profile the epigenomic
landscape of various cancers is a daunting, but important goal that has recently been tackled
by the Roadmap Epigenomics Consortium who have generated a reference epigenome for
111 tumors [72]. The conservation of epigenetic marks and mechanisms of carcinogenesis
from humans to zebrafish makes this an accessible and tractable model to study cancer
epigenomics.
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Common Epigenetic Changes in Cancer: Mechanisms and Questions

As the field of cancer epigenomics evolves, common themes are emerging. In nearly every
cancer type, DNA methylation is reduced genome-wide (i.e. global DNA hypomethylation)
yet in the same tumors that display global DNA hypomethylation, specific loci can be
hypermethylated [73]. The use of ChIPSeq, histone array platforms and nucleosome
positioning analysis (i.e. ENCODE) on tumor samples is yielding a rich encyclopedia of the
integrated epigenome of over a 100 cancers [72]. Exciting discoveries combining both in
silico analysis and in vivo functional studies using model organisms have begun to sift
through the differences to uncover mechanisms by which key epigenetic modifiers
contribute to cancer formation. In particular, experiments using the power of zebrafish
genetics have demonstrated that two key epigenetic marks—DNA methylation and
H3K9Me3—are functionally relevant to hepatocellular carcinoma (HCC), myelodysplastic
syndrome (MDS), melanoma and rhabdomyosarcoma. These are reviewed below.

The Cancer Methylome: Causes, Consequences and Insight from Zebrafish

It has long been established that the global DNA methylation is significantly reduced in
cancer cells [73]. This was first observed using techniques that monitor whole genome 5mC
levels [74] which serves as an assay for methylation levels on the most heavily methylated
and abundant regions of the genome: introns, gene bodies and intragenic regions containing
repeats and transposons. However, those regions that are thought to serve regulate gene
expression, such as those for imprinted genes [75] and CpG islands in differentially
regulated genes do not influence the signal derived from global assessment of 5mC levels.
More sophisticated approaches to monitor the cancer methylome has confirmed that it is the
intragenic regions which are less methylated in cancer cells and, in some cases, the
regulatory regions of specific genes within the same tumor become hypermethylated [73].
While it is clear that genome-wide approaches that allow locus specific resolution or base
pair resolution provide the most comprehensive perspective of the cancer cell methylome,
the mechanism by which and the significance of global DNA hypomethylation in cancer are
not well understood.

Studies using zebrafish have both confirmed the loss of methylation in tumors [4] and have
highlighted that proteins which modify the methylome are cancer genes [5]. Moreover, while
it is well established that loss of DNA methylation can promote cancer-causing events, such
as genome instability (Fig. 3), the mechanism of this is not yet clear. Three major questions
in the field are: (1) How is DNA methylation lost during transformation (2) How does
altering the mechanism impact cancer? (3) What is the mechanism of DNA methylation
mediated carcinogenesis? Here, we describe how recent studies using zebrafish have
provided the answers to these questions.

Loss of DNA methylation can occur via a passive mechanism, whereby methylation of a
cytosine is not maintained after DNA replication, or via active demethylation either by the
TET proteins which convert 5mC to 5-hydroxymethylcytosine (5hmC), or by spontaneous
deamination followed by the repair of the deaminated cytosine [49]. TET2 mutation is found
in patients with MDS [76] and it has been proposed that loss of TET2 reduces 5hmC which
thereby promotes a more “stem- like” fate by suppressing the expression genes that promote
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differentiation. One study that used morpholinos to transiently knockdown fetl, tet2and tet3
in zebrafish embryos found that this caused anemia associated with the loss of genes that
promote erythropoiesis, such as sc/, gatal and cmyb. This was associated with a moderate
increase in the 5mC levels on a few CpG sites in the promoters of these genes [46],
suggesting that the failure to convert 5mC to 5hmC resulted in the suppression of these
genes. Another study using gene editing techniques to mutate fe£2in zebrafish demonstrated
reduced 5hmC levels in the kidney, the site of hematopoiesis in zebrafish. Similar to the
phenotype of fetZ, 2and 3 morphant embryos [46], fet2 mutation was associated with a
marked decrease in the number of erythrocytes coupled with an increase in myelomonocytes
by 11 months, leading to the development of myelodysplasia in 2 year old fish [8]. While
these interesting and clinically relevant studies suggest that blocking Tet activity can reduce
the expression of pro- differentiation genes due to retention of DNA methylation marks in
their promoters, it is possible that the loss of 5ShmC could affect erythrocyte development
and MDS by other mechanisms, as 5hmC also can directly affect gene expression [77].

Work in zebrafish has identified a second mechanism by which DNA methylation is actively
removed. In an elegant study that capitalized on the power of zebrafish genetics, Rai et al.
demonstrated that Aid/Apobec deaminates 5mC, and then Mbp and Gadd45a recognize and
excise this aberrant nucleotide [49]. Inappropriate activation of this demethylation program
occurs in zebrafish intestinal epithelial cells that lack Apc, a key tumor suppressor in colon
cancer. Loss of Apc leads to hypomethylation and upregulation of genes controlling
intestinal cell differentiation, including zcffamily members, and the downregulation of the
pathway that generates retinoic acid, a key driving factor for intestinal cell differentiation.
This was shown to be mediated by the failure of Apc mutant cells to activate the Aid/Apobec
demethylase program. They conclude that DNA methylation is retained in the regulatory
region of genes that keep intestinal cells undifferentiated [78], which could lead to cancer. It
is interesting to speculate that demethylation by Aid/Apobec could be one mechanism
contributing to DNA hypomethylation in colon and gastric cancer [79].

It has been proposed that DNA hypomethylation gives rise to cancer through a variety of
mechanisms (Fig. 3). These include activation of retrotransposons, facilitating chromosome
breaks due to loss of heterochromatin, activation of imprinted genes, and deregulation of
gene expression. Many of these changes cause genomic instability, a leading cause of
transformation. Which of these mechanisms contribute to cancer, and whether they vary by
cancer type, remains to be determined.

UHRF1 Overexpression as a Mechanism of Genome Hypomethylation and
HCC Formation—Our work on DNA methylation as a mechanism of carcinogenesis
suggests another mechanism of DNA hypomethylation which relies on passive removal
during cell division. This, we propose, is mediated by overexpression of UHRF1 [5].
UHRF1 overexpression emerged out of the sea of cancer transcriptome analyses as a
common feature of many types of cancer (see Fig. 2 and [80-87]). This suggested that
UHRF1 might be a conserved mechanism of carcinogenesis across cancer types.

uhrfl mutation causes a small liver in zebrafish embryos [11, 88] and haploinsufficiency
reduces liver regeneration in adult zebrafish [88]. We thus tested the hypothesis that
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overexpressing human UHRFL1 in zebrafish hepatocytes would cause HCC. We found that
high UHRF1 levels increased destabilization of Dnmt1, potentially due to its E3 ubiquitin
ligase activity [89, 90], and delocalized Dnmt1 away from the chromatin, resulting in global
DNA hypomethylation. This phenotype was accompanied by p53 mediated senescence of
hepatocytes, a tumor suppressive mechanism that, when overcome, leads to HCC in nearly
all fish younger than 20 days old. Analysis of human HCC samples revealed elevated levels
of UHRF1 and a general downregulation of the p53 senescence program, as predicted by
findings in zebrafish. Moreover, in a classical transformation assay using NIH-3 T3 cells,
UHRF1 overexpression was shown to cooperate with another senescence- inducing
oncogene, Ras, to mediate transformation. These data indicate that UHRF1 is an epigenetic
modifier that acts as an oncogene in HCC and, given its widespread overexpression in a
range of cancers types, it may also function as an oncogene in other cancers. Moreover,
since high levels of UHRF1 paradoxically caused DNA hypomethylation, it is possible that
this is a mechanism by which DNA methylation is lost in cancer cells.

Histone Methyltransferases Discovered as Cancer Genes Using Zebrafish

SETDB1

There are multiple histone methyltransferases which target the same residue for methylation,
for instance, both SETDB1 and SUV39H1 mediate H3K9 trimethylation, and it is unclear
how these two proteins that perform a similar function achieve specificity. Interestingly, each
of these enzymes have a unique expression profile across cancer types (Fig. 2) and have
been implicated in distinct cancers. For instance, down regulation of SETDBL is observed in
metastatic lung cancer [91], yet overexpression of SUV39H1 has been reported in HCC [92].
This suggests that the functional similarity between these two HMTs may become more
distinct depending on cancer type.

SETDB1 was identified as the first epi-oncogene in zebrafish through a screen for genes that
cooperate with the most common mutations in melanoma, activating BRAF and loss of p53
[7]. These mutations are found in nearly 25-60 % of melanomas and a previous study
demonstrated that they cooperate to cause melanoma in zebrafish [93]. Since melanomas
carry more mutations than virtually any other tumor type likely due to the life-long exposure
of melanocytes to UV induced DNA damage and there is a high variability in tumor latency,
even after these mutations occur, it has been proposed that cooperating mutations are
important for tumor onset. A common hypothesis in cancer genomics is that amplicons
which are conserved across tumors harbor oncogenes or other genes required for tumor
survival. Chromosome 121 is commonly amplified in melanoma [94], hence the authors
selected 17 genes in the 1921 region to screen for their capacity to increase tumor- induced
mortality in zebrafish engineered to have melanocytes with deleted p53 and overexpressed
activated BRAF. Of these, only SETDB1 overexpression increased the incidence of
melanoma from 53 to 94 % and decreased survival by nearly half. Importantly, mutant
versions of SETDBLI that lack MT activity were not cancer promoters in this system,
implicating H3K9Me3 in this phenotype. Since human melanoma cells transfected with
SETDB1 show significant enrichment of SETDB1 on the regulatory regions of genes that
are expressed at low levels, but not on those that are upregulated in this system, it is assumed
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that SETDB1 mediates gene repression through H3K9Me3 deposition. However, they report
the unanticipated finding that a subset of the presumed SETDBL1 target genes in human cells
were not marked by H3K9Me3 in cells overexpressing SETDB1, suggesting that this
epigenetic mark alone cannot account for the mechanism by which the genes that are bound
by SETDB1 become repressed. Since SETDBL1 has recently been reported to exist in a
complex with SuV39H1 and other factors [95], there is a possibility that SETDB1 is
primarily required for increased targeting of the HMT complex to H3K9. Moreover,
catalytically inactive SETDB1 was still able to associate with the HMT complex without any
reduction in H3K9me3 and drive the onset of melanoma [7]. This raises the interesting
possibility that all of the cancer causing effects of SETDB1 overexpression in melanoma
may not be all mediated through its function as an H3K9 methyltransferase.

Another of the H3K9 methyltransferases, SUV39H1, was found to repress
rhabdomyosarcoma formation in the zebrafish [9]. Furthermore, SUV39H1 has been
implicated in promoting a number of other cancers including HCC [92], however, the study
in zebrafish was the first to demonstrate the oncogenic potential of this important epigenetic
regulator. In humans, activating mutation in a ras-pathway gene is common in
rhabdomyosarcomas, and overexpressing activated KRAS in zebrafish muscle stem cells
causes a high incidence of tumors with an onset prior to 20 days post fertilization (dpf) with
over 50 % lethality by 2 months of age [96]. These tumors in zebrafish share many common
genetic features with human rhabdomyosarcomas [97], making this a useful model for
translational studies on this cancer type. Albacker et al. evaluated human RMS samples to
identify chromatin modifiers that were commonly overexpressed, and then used zebrafish to
assay the impact of overexpressing 19 of these modifiers on the survival of zebrafish
overexpressing KRAS ©12D in muscle cells. Only SUV39H1 overexpression imparted a
survival advantage compared to controls expressing KRAS ©12D plus GFP. Gene expression
analysis revealed that cell cycle regulator genes were suppressed in the samples expressing
SUV39H1 and KRAS ©12D compared to KRAS ©12D glone [9]. Interestingly, the effects of
SUV39H1 were observed prior to any tumor formation, as early as 7 dpf. It remains unclear
whether the suppression of these genes is mediated by enhanced H3K9Me3 deposition in
their regulatory regions, and the effect of SUV39H1 overexpression on the epigenetic
landscape has yet to be determined.

All of the H3K9 MT proteins—SETDB1 SUV39H1, G9a and GLP—nhave been identified in
a complex [95] raising the possibility that they may work together or co-regulate to control
H3K9Me3 domains. However, the mechanism of loci selection for H3K9 methylation by
individual methyltransferases has not been identified. Interestingly, overexpression of both
SETDB1 and human SUV39H1 was also capable of promoting melanoma in the zebrafish
system, and a mutant of SETDB1 lacking methyltransferase activity was not a pro-cancer
gene [7]. This indicates that H3K9 methylation is pro-tumorigenic in this cancer type,
however, since only SETDBL1 is overexpressed in human melanoma (Fig. 2), it suggests that
some feature of SETDB1 specifically provides a selective advantage for melanoma cells
(Table 1).
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With the tools in hand to manipulate the expression of these and other MTs in several
zebrafish cancer models, it will be possible to assess their impact on gene expression and on
other epigenetic marks. The ability to dissect both their individual and combinatorial effect
on chromatin structure will further contribute to understanding the formation of melanoma
[7] and rhabdomyosarcoma [9], in addition to other cancers where these genes are
overexpressed.

Dissecting the Cancer Epigenome: Benefits and Limitations of Zebrafish

The ability to interrogate the epigenome has been transformed over the past decade with the
advent of next generation sequencing (NGS) technologies. Additionally, using histone
modifications and DNA methylation patterns as biomarkers for diagnosing diseases has
generated new opportunities for the use of epigenome data. Typically, increasing resolution
requires a trade off in genome coverage. An array of techniques for both genome-wide and
locus specific analysis of specific epigenetic marks as well as for the accessibility of the
DNA, reflecting open chromatin have been optimized and are used routinely in mammalian
systems. Most of these approaches have been established in early embryos [4, 116] however,
using samples composed of heterogeneous cells, such as whole embryos at post-cleavage
stages of development or of tissues containing both cancer cells and the normal cells that
surround the tumors can complicate analysis, because it is difficulty to assign the cellular
origin of peaks in the sequencing data. To circumvent this, separating different tissue types
requires the ability to label and isolate cells of interest, which is feasible using transgenic
zebrafish expressing fluorescent proteins in the cell type of interest (Table 2).

Since the structure of epigenetic marks are not species specific, many of the reagents to
probe these marks can be used across phyla. Indeed, several histone marks [3, 4, 58, 128]
and 5mC [14, 17, 48] have been profiled in zebrafish embryos and in tumors [3, 5].
However, antibody resources in zebrafish are a limitation in the field, finding antibodies that
recognize endogenous chromatin modifiers in zebrafish to perform chromatin
immunoprecipitation (ChIP) and other studies are a challenge. There are alternative
approaches that can be applied to zebrafish samples to yield exciting and informative
perspectives on the epigenome. Here, we review some of the common approaches in
epigenomic analysis and discuss their applicability to zebrafish samples.

Methylome Analysis

Approaches for analyzing the methylome are numerous, and selection is based on cost,
sample volume and downstream application, all of which are important considerations when
using zebrafish. Genome-wide base pair resolution is the most informative of all the
approaches, but it is also the most costly and often the most difficult to obtain, since
mapping reads that are comprised entirely of repeat sequences is an informatic challenge
[129], and this is confounded when mapping to the zebrafish genome, which is not as well
assembled as the human or mouse. An alternative is the use of arrays, which provide a quick
and relatively affordable means to investigate a subset of the genomic regions that are pre-
selected, and the read out is as simple as a spreadsheet with relative—but not actual—values
in methylation levels for each locus. On the other end of the spectrum is the use of
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methylation-sensitive restriction enzymes. The range of approaches used to investigate DNA
methylation and hydroxymethylation and their applicability to zebrafish samples is
presented in Table 3.

Briefly, DNA methylation analyses can be subdivided into those that focus on locus-specific
vs. genome-wide assessment (with varying resolutions for each) and the ability to obtain
base pair resolution compared to global genomic DNA methylation status. For a list of
techniques for assessing DNA methylation status please refer to detailed reviews [129, 132,
133] and Table 3.

Identifying whether a cytosine is methylated or unmethylated in the genome relies on the
mutagen, bisulfite, which converts any unmethylated cytosine to an uracil, but 5mC is
protected and remains a C. Thus, sequencing bisulfite converted DNA will provide
information about the methylation status of each cytosine. PCR- based DNA methylation
analyses are the most common way of assessing locus specific methylation patterns and are
routinely used in research using zebrafish. They fall into two categories; methylation
specific PCR (MSP) and bisulfite sequencing PCR (BSP). Methylation status of specific loci
can be presented as total methylation at that locus or as percent methylation for a particular
CpG dinucleotide at a specific position. The utility and advantage of locus specific
assessment of DNA methylation patterns is counterbalanced by the fact that methylation
changes are not isolated events but phenomenon that occur across the entire genome.

Genome-wide analysis of specific base pairs or loci is provided by array and sequencing
platforms. Affinity enriched microarrays provide a detailed, genome- wide look at certain
parts of the genome such as promoters, gene bodies, CpG islands and shores, and have the
advantage of being customizable. MeDIP uses an antibody to 5mC to bind the methylated
regions of the genome and then precipitate them using the standard approaches for
chromatin immunoprecipitation (ChIP). The precipitated DNA can then be used for
microarray or sequencing. The advantages of using MeDIP for arrays are cut short by the
inherent limitation of the array design. Although high-throughput sequencing can eliminate
array based design biases it still faces the shortcomings associated with MeDIP such as
mapping difficulty (see the section “Overcoming Limitations of the Zebrafish Model”), low
coverage and the fact that ChIP only identifies those regions that are enriched for 5mC, but
does not indicate the actual methylation status of CpGs in this region.

The most recent development in DNA methylation analysis, sequence-based profiling,
couples bisulfite conversion with NGS. Since no enrichment is required for this method, all
regions of the genome are equally represented and single base pair resolution can be
achieved. This technology, however, is still costly and often such depth is unnecessary if one
wishes to focus primarily on CpG rich regions. RRBS is one method that utilizes NGS with
methylation enrichment and bisulfite conversion. Since RRBS features a digestion step with
Mspl, which recognizes CpGs, it ensures that the sample is enriched for those dinucleotides
after size selection and PCR amplification. The amount of required input DNA is also a lot
less for RRBS than some of the other methods, which makes this ideal for working with
small sized samples such as zebrafish tissues or tumors. However, it is important to note that
even though the frequency of CpG dinucleotides is more common in zebrafish genome
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relative to human or mouse [131], there are fewer Mspl restriction sites and thus less
enrichment of CpG high regions for these samples.

WGS of bisulfite converted DNA provides the most amount of information, however, this is
a challenge, as it requires 1-5 pg of starting genomic material [73]. Amounts such as these
can be difficult to obtain from zebrafish tissues or tumors unless samples are pooled. In
addition, NGS based approaches often take many weeks to months to carry out, produce
many gigabytes of data and require sophisticated analytic ability that is not available to all
laboratories. Finally, the relative cost is an important consideration: ranging from a few 100
dollars to analyze hundreds of samples by methylation restriction digestion to several 1000
dollars for NGS of a single WGS sample. Therefore, while these approaches are powerful, it
is important to balance the drive to obtain an omics-level perspective of all data with the
ability to generate large sample sizes quickly using zebrafish.

Histone Madifications, Variants and Nucleosome Positioning

Detecting the presence and absence of certain histone marks and positions of nucleosomes
on chromatin can lend insight into the development and nature of different cancers.
Immunofluorescence and Western blotting can give a general overview of histone variant
abundance and epigenetic marks since these are well conserved in zebrafish and most
commercially developed antibodies for histone and DNA modifications cross react with
zebrafish. Thus, analyzing global levels of histone marks or variants are good first approach
methods. However, often times it is necessary to know how certain histone marks change
across the genome, or how they change at specific loci, where these techniques fall short.

ChIP can be used to analyze changes in histone modifications as they relate to certain
regions of the genome, such as promoters or enhancers. ChIP relies on the idea that histones
and DNA are close enough in proximity to become covalently linked. Briefly, cells undergo
formaldehyde cross-linking and sonication to fragment their DNA. An antibody recognizing
the PMT of choice is used to immunoprecipitate the sample followed by cross-link reversal.
The freed DNA can then undergo NGS (ChlP-seq) or microarray analysis (ChIP-chip) to
determine which genomic regions were enriched for that PMT. ChIP-seq can be easily
applied to zebrafish and a methods paper—*“Fish and ChIPs”—has been recently published
[116].

Nucleosome positioning is another useful epigenetic marker when looking at the cancer
genome. Nucleosome occupancy is a critical factor in determining chromatin structure and
density and is thus strongly linked to the balance between hetero- and euchromatin and DNA
methylation [71]. Methods for studying nucleosome positioning, such as MNAse digestion
or DNAse hypersensitivity assay, take advantage of enzymes that are able to cut DNA on
nucleosome barren regions thus generating short fragments that can be subjected to
sequencing and mapped to specific loci.

Additional insights can be gained by combining epigenomics data with previously reported
mRNA expression profiles. Databases, such as ENCODE, allow researchers to overlay
genome-wide epigenetic interrogations with expression profiles to gain a better
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understanding of gene regulation. However, such large-scale, genomic collections are still in
their early phases, with limited sample data.

Overcoming Limitations of the Zebrafish model

Although many epigenetic techniques have been successfully coupled with the zebrafish
model, there are still several limitations that must be overcome before the fish system can
rival the current mammalian standards. The small size of zebrafish, which enables high-
throughput genetic screens, becomes problematic when trying to collect a sufficient amount
of sample to carry out genome-wide epigenome interrogations. Obtaining sufficient genomic
DNA from a larval liver is impossible and thus calls for pooling of samples. This can limit
research applications—for example, pooling samples is acceptable for assessing liver
development, where it is presumed that there is low animal-to-animal variability in
hepatoblasts, but becomes unacceptable for assessing tumors, which are inherently
heterogeneous even within a single animal. Since it is unlikely that the size of the zebrafish
will increase in the near future, resolution to this problem depend on enhancing the
sensitivity of techniques used to generate epigenetic data.

A second problem stems from the limited annotation of the zebrafish genome. This, coupled
with the generation of short DNA fragments from NGS makes it difficult to map repetitive
elements to correct positions in the genome. Only ~30 % of the zebrafish library generated
from RRBS maps to unique sites in the genome—the rest maps to multiple regions [131].
Incomplete annotation results in “orphaned” data that could contain potentially useful
information but cannot be accessed without knowing its genomic address. It is anticipated
that the continual efforts to improve the annotation and assembly of the zebrafish genome—
the tenth version of the assembled genome was just released (GRCz10; http://
www.sanger.ac.uk/resources/zebrafish/genomeproject.html_)—and advances in
bioinformatics approaches and tools for mapping will overcome this limitation.

Clinical Impacts and Future Perspectives

The cancer genomic landscape is complex, and dissecting the functional relevance of
complex genetic and epigenetic changes in cancer cells requires in vivo systems. Zebrafish
provide an excellent system to carry these out, as all epigenetic marks investigated to date
are conserved in zebrafish, and the mechanism for genome editing and tissue specific over-
expression is straightforward, as demonstrated by many of the studies reviewed here.
Moreover, the ability to carry out epigenetic analysis is improving in this system, which
provides a unique opportunity to sort the genome- wide data obtained from human tumors
into a relevant framework. As the ability to screen drugs for efficacy in zebrafish tumor
models advances [6, 134], this provides a tractable system to not only identify important
cancer genes and pathways, but also to screen for drugs that will halt cancer.
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Fig. 1.

Epigenetic modifications are conserved in zebrafish. Representation of the basic structure of

the nucleosome composed of 147 base pairs of DNA wrapped around an octamer of histone
H3/ H4 and histone H2A/H2B dimmers. The core histone proteins have long N-terminal
tails that extend out from the core particle that is rich in basic amino acid residues, lysine
(K) and arginine (R), which can be extensively modified in a reversible, covalent manner.
Lysine residues that are mono-, di-, or tri- methylated on histone H3 and H4 that are
characterized in zebrafish have been indicated and are conserved across species including
H3K4, H3K9, H3K27, H3K36, and H4K20. H3 lysine methylation elicits different
transcriptional and structural responses depending on chromatin context and the residues
that are modified. Histone acetyl marks have also been indicated and are associated with
euchromatic regions amenable to gene transcription. Cytosine residues in DNA can be
methylated in a CpG dinucleotide context throughout the genome by DNA methyl-
transferases (DNMT), which is a conserved process across vertebrate species and plants.
DNA methylation is typically associated with irreversibly silenced regions in
heterochromatin. Methylation of DNA can be reversed passively or actively through
oxidation of the methyl mark. TET family enzymes carry out active demethylation.
Extensive DNA methylation profiling of the zebrafish has been performed in a number of
studies
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Fig. 2.
Epigenetic modifiers discovered as cancer genes in zebrafish show unique expression

patterns in human cancers. Oncomine expression analysis for each of the key DNA and
histone modifying enzymes that have been discovered in zebrafish to play a role in cancer.
Expression of each gene was monitored across a series of cancer samples compared to
normal counterparts and their expression levels (high = red; low = blue) are indicated.
Expression thresholds were set with a fold change of 2 or greater, p value <0.001; gene rank
in the top 10 % of deregulated genes and
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Fig. 3.

Proposed mechanisms by which DNA hypomethylation contributes to cancer. Schematic
depicting several pathways by which hypomethylation of the genome can contribute to
cancer development. Loss of CpG methylation can lead to general genomic instability and
mutation or de-repress typically silenced oncogenes and tumor promoting factors
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