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Abstract
Zebrafish embryos are an exceptional system for studying vertebrate development. Historically,
studies using zebrafish to uncover key players in developmentally regulated gene expression have
entailed detailed analysis of transcription factors. It is now apparent that epigenetic modifications
of both DNA and histone tails are equally important in the regulation of gene expression during
development. As such, blocking the function of key epigenetic modifiers impairs development,
albeit with surprising tissue specificity. For instance, DNA methylation is an important epigenetic
mark that is depleted in embryos lacking dnmt1 and uhrf1. These embryos display developmental
defects in the eye, liver, pancreas, and larval lethality. Interestingly, human tumors derived from
these same organs have aberrant changes in DNA methylation and altered expression of genes that
are thought to contribute to formation of these cancers. These observations have provided a
mechanistic basis for treating cancer with drugs that block the enzymes that facilitate DNA and
histone modifications. Thus, it is important to understand the consequences of targeting these
factors in a whole animal. We review the use of zebrafish for probing the genetic, cellular, and
physiological response to alterations in the epigenome and highlight exciting data illustrating that
epigenetic studies using zebrafish can inform and impact cancer biology.
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INTRODUCTION
Embryonic development is largely driven by changes in gene expression, and patterns of
developmentally regulated genes are frequently recapitulated in cancer cells. As such, there
are numerous analogies between organogenesis and tumorigenesis. In rare but celebrated
cases, a single gene, such as a potent oncogene, can drive cells to completely change their
fate, proliferation status, or migratory behavior. However, more typically, these changes are
driven by the collective effect of a constellation of genes. Thus, in both development and in
cancer, the cumulative effects of gene activation and silencing impact cell identity,
proliferative capacity, survival, and fate.

Alterations in the epigenetic landscape and chromatin structure are major, yet incompletely
understood, mechanisms that can simultaneously activate and repress the expression of
multiple genes. Histone modifications and DNA methylation alter nucleosome positioning,
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chromatin compaction, and transcription factor access to DNA. It is now clear that
epigenetic marks collaborate with the underlying genetic code to dictate whether a gene is
active, silenced, or inactive, but poised for activation when the appropriate conditions fire
the transcriptional machinery.

The complex molecular and biochemical interactions between epigenetic players have been
elucidated using genetic and biochemical tools that are extremely useful in tissue culture
cells. However, as drugs that target enzymes that write the epigenetic code, such as DNA
methyltransferases (DNMTs) and histone deacetylases (HDACs), are now used in patients, it
is important to study how systemic inhibition of select epigenetic modifiers impacts the
epigenome in a whole animal. Moreover, the demonstrated teratogenic potential of these
drugs (Branch et al., 1996; Rosen and Chernoff, 2002; Gurvich et al., 2005; Menegola et al.,
2006) underscores the importance of understanding the effects of these drugs not only on the
diseases they are designed to treat but also on embryogenesis.

Zebrafish are an excellent vertebrate system to study embryonic development and, as such,
have proven useful for probing the requirement of individual epigenetic modifiers in
embryogenesis. Imprinted genes aside, studies from zebrafish and other organisms
unambiguously provide data demonstrating that altering the epigenome disrupts
development. Epigenetic marks are sprinkled throughout the genome, and as such, mice
lacking the key mediators of many of these marks die very early in development, many
before implantation. The hefty maternal contribution of many of these factors in zebrafish
embryos enables their prolonged survival despite bearing mutations in embryonic essential
genes. This attribute of zebrafish, combined with the use of pharmacological inhibitors and
the many advantages of this system for studying development, allows investigation of the
role for epigenetic mediators in developmental processes occurring both early and later in
embryogenesis. Interestingly, few of these processes, such as the rapid cell division that
occurs during outgrowth and morphogenesis of the liver, are reminiscent of events that
occur during neoplastic transformation. As more zebrafish mutants are evaluated and as
increasingly sophisticated tools for identifying epigenetic marks are developed and applied
to zebrafish, it is becoming evident that although all tissues have loci which are regulated by
DNA methylation and histone modifications, some cells are more sensitive than others to
losing key epigenetic regulators.

We speculate that some common epigenetic themes contribute to embryonic development
and to cancer, and here we highlight relevant studies using zebrafish. We emphasize how
findings in zebrafish embryos can provide insight into the teratogenic potential of epigenetic
modifiers and the mechanism of action of chemotherapeutics that inhibit epigenetic
modifiers and impact cancer biology.

ZEBRAFISH AS A TOOL TO UNDERSTAND HUMAN DISEASE:
ADVANTAGES AND CHALLENGES

Zebrafish embryos develop ex vivo and thus can be manipulated, injected, and imaged as
they develop. The use of fluorescent transgenes enables analysis of developmental processes
with spectacular detail. Forward and reverse genetics are powerful tools that are widely used
and growing in sophistication. Embryos can be easily bathed in compounds, providing an
easy and even automatable means of identifying the toxicity, teratogenic, and therapeutic
potential of water soluble drugs. Thus, the attributes of zebrafish and the tools available to
manipulate the factors that modulate the epigenome during development are unparalleled.

Zebrafish development is extremely rapid. Important developmental milestones can be
observed in the course of a day using a simple microscope: gastrulation and axis formation
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are complete within a few hours post-fertilization (hpf) and the brain, eyes, heart, trunk
muscle, fins, germ cells, and many other structures have formed by 24 hpf. Patterning,
differentiation, growth, and morphogenesis are complete for most organs and the brain by 5
days postfertilization (dpf). Although there are a few cases, such as adipose tissue (Flynn et
al., 2009; Imrie and Sadler, 2010), where entire organs form during the postembryonic
period, tissue remodeling and expansion on existing structures typically occurs in larval and
juvenile zebrafish (Parichy et al., 2009).

The many advantages of using zebrafish as a tool for understanding human disease include
(i) the use of genetic and pharmacological agents, (ii) the high genetic homology between
zebrafish and humans, and (iii) the similarity in tissue architecture and organ development,
function, and cellular composition. However, there are also some drawbacks. Developing
models of chronic diseases is difficult because the main advantage of zebrafish is based on
the use of embryos and larvae. There are also obvious physiological differences between
aquatic and terrestrial species. Although fish are afflicted with many of the same diseases
found in humans, including developmental defects and cancer, it remains to be determined
whether the pathophysiological processes are the same in both species. Clearly, in many
cases, they are: human and zebrafish embryos exposed to alcohol develop cyclopia (Blader
and Strahle, 1998), and oncogenes such as MYC (Yang et al., 2004; Langenau et al., 2005)
and RAS (Davison et al., 2008) drive cancer in both species. Moreover, the gene expression
profiles of liver cancers are similar (Lam et al., 2006; Mirbahai et al., 2011), as is the
histopathology of several liver diseases (Sadler et al., 2005; Passeri et al., 2009). Thus, there
are several aspects of zebrafish that can inform our understanding of human disease.

Genetic Tools
The technologies to manipulate gene expression in zebrafish are evolving. Many approaches
to study epigenetics have been used successfully in zebrafish. Knockout/knockdown
approaches used in other animals, such as homologous recombination and RNA
interference, are not yet developed in zebrafish. Instead, emerging technologies for gene
targeting including Targeting Induced Local Lesions in Genomes (TILLING), gene traps,
and zinc-finger nucleases (Moens et al., 2008; Foley et al., 2009; Urasaki and Kawakami,
2009), combined with conventional mutagenesis screening, have generated a vast collection
of mutants. While most of these have not been characterized, a few thousand mutants have
been cataloged at the Zebrafish Model Organism Database (ZFIN; http://zfin.org) and the
stocks are maintained in the Zebrafish International Resource Center (ZIRC; http://
zebrafish.org/zirc/home/guide.php). In many of these, the disrupted gene has been identified,
revealing the existence of zebrafish mutants in several chromatin modifying genes (Table 1).

Many mutations that cause early embryonic lethality in mammals are not as severe in
zebrafish because wild-type mRNA or protein deposited into the egg by the mother can
support early development of the embryo. Zygotic transcription begins during the mid-
blastula transition around 3.5 hpf, and thus the mutant phenotype is only revealed after the
maternal supply is depleted. Therefore, while early embryonic lethality occurs in mammals
with null mutations in the genes required for DNA methylation, such as DNMT1, DNMT3A,
DNMT3B, and UHRF1 (Li et al., 1992; Okano et al., 1999; Muto et al., 2002), zebrafish
which lack these same genes survive to later stages of development (Sadler et al., 2007;
Anderson et al., 2009; Tittle et al., 2011). This unique aspect of zebrafish development
allows investigation of the requirement for DNA methylation in later developmental events,
such as organogenesis. Depleting both maternal and zygotic gene products using
morpholinos is the standard zebrafish approach to carrying out reverse-genetics experiments.
Not surprisingly, morpholinos targeting dnmt1 (Rai et al., 2006) and uhrf1 (J. Chu and K.C.
Sadler, unpublished data) display earlier and more severe phenotypes than their respective
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mutants. Finally, transgenics are widely used to express specific genes at a given time and
cell type during development. This has been particularly useful for creating a zebrafish line
that serves as a reporter for defects in DNA methylation (Goll et al., 2009; Feng et al.,
2010a; Akitake et al., 2011).

Genetic Conservation
The zebrafish genome has been assembled at high resolution (http://www.sanger.ac.uk/
Projects/D_rerio/ and http://www.ensembl.org/Danio_rerio/Info/Index). Most zebrafish
genes have mammalian orthologs, and most epigenetic regulators are highly conserved:
there is 75 and 92% identity between zebrafish and human DNMT1 and HDAC1,
respectively. However, genome duplication occurred during evolution of the ray-fin
phylogeny, and over 20% of these genes are retained in zebrafish (Postlethwait et al., 2000).
This presents a difficulty in using in silico analysis to identify some of the zebrafish
orthologs of human genes. For instance, there are two human DNMTs involved in de novo
DNA methylation, whereas there are six corresponding genes in zebrafish (Table 1). Further
experimentation is required to decipher which are orthologs and which are paralogs.

Despite the improved quality of the zebrafish genome, some issues remain a challenge for
comparative genomics. Bioinformatics analysis of promoters is widely used to determine the
transcriptional potential of a gene of interest. For instance, clusters of cytosines 5′ to
guanosines (i.e., CpG islands) in a gene promoter are conserved from human to zebrafish
and algorithms to detect these CpG islands can indicate potential genes that may be
repressed by DNA methylation. However, while coding sequences are typically highly
conserved from zebrafish to human, the noncoding regions of genes are not. Therefore,
although the quality of the zebrafish genome has greatly improved, some issues remain a
challenge. The lack of complete genomes from fish with a close evolutionary proximity to
zebrafish impairs our ability to identify all but the most highly conserved DNA sequences.

It is clear that many genes, pathways and, especially, histone modifications are conserved
from humans to zebrafish. As such, many of the antibody reagents to identify these
modifications work equally well in fish and mammals (Fig. 2B; Anelli et al., 2009;
Lindeman et al., 2010a; Vastenhouw et al., 2010). Thus, zebrafish provide an opportunity to
use biochemical and genetic approaches to study the requirement for epigenetic
modifications during embryonic development, with the hope that insight from such studies
may inform work to use epigenetic drugs to treat cancer.

EPIGENETICS OVERVIEW
DNA or histone modifications, that is, epigenetic marks, are complex, interdependent, and
not fully understood. It is now appreciated that epigenetic mechanisms of gene regulation
control embryogenesis, cell fate, and carcinogenesis. As these marks are not coded for in the
DNA sequence, vary among cell types, and are mediated in large part by enzymes, they are
attractive targets for therapies. Epigenetic marks can be roughly divided between those that
occur on the DNA—namely, DNA methylation—and those that occur on histone tails (Fig.
1). We briefly review these here and direct the reader to recent reviews which cover these
topics in more depth (Bonasio et al., 2010; Chi et al., 2010; Feng et al., 2010b).

DNA methylation is the best studied epigenetic mark. DNMT3A and DNMT3B carry out de
novo methylation of DNA, whereas DNMT1 carries out maintenance of the DNA
methylation pattern from mother to daughter cell. De novo DNA methylation is essential for
X-inactivation and genomic imprinting, whereas maintenance DNA methylation is required
for cell fate decisions, differentiation, and potency. In maintenance methylation, DNMT1
and UHRF1 cooperate to create the stable attachment of a methyl group to CpG sites
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(Bostick et al., 2007; Sharif et al., 2007; Arita et al., 2008; Avvakumov et al., 2008;
Hashimoto et al., 2008; Qian et al., 2008). The CpG islands found in the promoters of
approximately 60% of genes tend to be unmethylated in normal cells but upon methylation
are silenced. DNA methylation frequently occurs in tandem with other repressive epigenetic
marks. The two mechanisms postulated for how DNA methylation represses gene
transcription are that methyl groups hinder the binding of transcriptional activators or that
methyl groups signal recruitment of transcriptional repressor complexes to methylated CpGs
(Jones et al., 1998).

Posttranslational modifications of histone tails also serve to regulate chromatin structure and
gene expression (Fig. 1). Histones are among the most highly conserved proteins in
eukaryotes. The four core histones (H2A, H2B, H3, and H4) form an octomer around which
147 base pairs of DNA is wrapped. Multiple residues on histone tails can be modified by
acetylation, methylation, phosphorylation, ubiquitination, SUMOylation, and ADP-
ribosylation. However, the most well investigated histone modifications include histone
acetylation and methylation. Histone acetylation results in opening of chromatin structure,
whereas histone deacetylation causes chromatin compaction resulting in transcriptional
repression. In contrast, histone methylation marks can be repressive or activating, depending
on which lysine residues are methylated and to what degree (Fig. 1). For instance, addition
of three methyl groups to the lysine at position 9 in the tail of histone H3 (i.e., H3K9me3) is
a common repressive mark mediated primarily by the methyltransferases Suv39h1 and G9a
(Peters et al., 2001; Tachibana et al., 2001), whereas a dimethylation of lysine at position 4
(H3K4Me2) is a mark associated with gene activation. These same marks can occur at a
single locus, indicating that the function of these modifications in gene activation or
repression are context dependent.

Epigenetic Changes in Cancer
Dynamic changes in epigenetic modifiers during development help to regulate tissue
specific gene expression and cell fate decisions, but in cancer, aberrant establishment of
these same epigenetic marks drive tumorigenesis. Multiple changes in most epigenetic
marks have been documented in human cancers (Berdasco and Esteller, 2010). The complex
crosstalk between histone modifications has made it difficult to draw general conclusions
about these marks and cancer development or progression. However, DNA methylation
changes in tumors are better characterized and understood. Tumors tend to exhibit genome
wide hypomethylation, which can result in chromosomal instability (Eden et al., 2003), loss
of genomic imprinting (Jirtle, 2004), and activation of oncogenes (Cheah et al., 1984). Thus,
DNA hypomethylation in cancer cells may reflect both their undifferentiated state and also
contribute to transformation. Additionally, regional hypermethylation at CpG islands results
in tumor suppressor silencing (Jones and Baylin, 2002).

For instance, in human hepatocellular carcinoma (HCC), promoter methylation of the cell
cycle regulatory gene CDKN2A (also called p16INK4a) is a common occurrence and
hypermethylation is the primary mechanism underlying the transcriptional repression of
CDKN2A, whereas deletions and mutations of the gene are rarely seen (Ko et al., 2008;
Tischoff and Tannapfe, 2008). Other frequently hypermethylated tumor suppressor genes in
HCC include the key apoptotic genes, Caspase 8 and TMS1 (Tischoff and Tannapfe, 2008),
the cell adhesion molecule, E-cadherin (Lee et al., 2003), and a regulator of the Janus
Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) pathway, Suppressor
of Cytokine Signaling 1 (SOCS-1) (Yoshikawa et al., 2001). Interestingly, in zebrafish HCC
samples, changes in the expression levels of many genes are correlated with DNA
methylation changes at their promoters, and many of these genes are also similarly altered in
human HCC (Mirbahai et al., 2011). This suggests that DNA methylation changes in HCC
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might be similar in both humans and zebrafish and supports the use of zebrafish to study
epigenetic alterations in cancer.

Given that epigenetic modifications are both heritable and reversible makes them attractive
targets for cancer therapy. Treating zebrafish embryos with the DNMT inhibitor, 5-
Azacytidine (5-Aza), results in some lethality and abnormal development (Fig. 2A; Martin
et al., 1999). 5-Aza and its deoxycitidine analog, Decitabine, have thus been used in the
clinic to treat myelodysplastic syndromes (Oki et al., 2007; Vigna et al., 2011) and are also
being investigated as chemotherapy for solid tumors (Aparicio and Weber, 2002). However,
genome hypomethylation resulting in nonspecific gene activation can be a serious side effect
of using these drugs to treat cancer patients. Recently, two HDAC inhibitors have also
received approval from the Food and Drug Administration (FDA) for use in treating T-cell
lymphoma (Shabason et al., 2010), and many more HDAC inhibitors are being evaluated as
anticancer agents. However, our understanding of histone modification aberrations in cancer
is incomplete. The effects of such inhibitors on the acetylation status of nonhistone proteins
and on animal development and physiology must also be taken into account.

EPIGENETICS AND ZEBRAFISH
There is such variety in the changes in chromatin structure and epigenetic marks across loci
in a single cell, that on first glance, the feasibility of identifying important epigenetic marks
in the four dimensions of embryonic development appears intractable. Moreover, crosstalk
between epigenetic marks, the duplicitous roles of some marks as both activating and
silencing and the dynamic changes in gene expression during development all present
challenges. Nevertheless, advances in our understanding of how epigenetics controls
development have been made using zebrafish. Additionally, a few recent reports have
described epigenetic changes in zebrafish cancers (Anelli et al., 2009; Mirbahai et al., 2011).
Thus, zebrafish may prove useful for studying the epigenetic factors that control both
development and cancer. Here, we describe the phenotypes resulting from changes in the
epigenetic marks that are best studied in zebrafish: DNA methylation, histone acetylation,
and some histone methylation marks (Fig. 1).

Genome wide studies have been used to describe the epigenetic landscape in zebrafish
embryos (Wardle et al., 2006; Lindeman et al., 2010a, 2010b; Vastenhouw et al., 2010) and
many approaches are being developed in zebrafish to study epigenetics. For instance, several
epigenetic modifiers have been mutated (Table 1) or targeted by morpholinos or inhibitors.
However, only a subset of their phenotypes has been described, which is partially attributed
to the nature of forward genetic screening. For instance, we identified uhrf1 in our screen for
mutants that have a defect in hepatic outgrowth (Sadler et al., 2007). Although these mutants
clearly have other abnormalities, we focused only on the hepatic phenotype. At the same
time, another group identified this same line in a screen for defects in eye development
(Gross et al., 2005; Tittle et al., 2011), but have not investigated the phenotypes in the liver
or other organs. Whether the same mechanism cause these two phenotypes has yet to be
established.

DNA Methylation
DNA methylation is typically correlated with gene repression. There is a striking similarity
in the methylation pattern of genomic DNA isolated from whole mouse and zebrafish
embryos, with a distinct dip in methylation at the beginning of genes and an enrichment in
the body of protein coding genes and in repeated sequences (Feng et al., 2010a). This
indicates that zebrafish are an excellent vertebrate model to study the role of DNA
methylation in development.
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In early embryogenesis, the methylation pattern of the genome is erased and entirely reset by
the process of de novo DNA methylation. This results in the silencing of imprinted genes,
such as no tail, which is suppressed by dnmt7 (a homolog of mammalian DNMT3; Table 1;
Shimoda et al., 2005). The mechanisms of DNA demethylation have recently been
uncovered through elegant experiments using zebrafish (Rai et al., 2008, 2010b) and have
been expertly reviewed elsewhere (Fritz and Papavasiliou, 2010; Goll and Bestor, 2005).
Here, we focus on studies using zebrafish that provide insight into the function of
maintenance DNA methylation, as this is likely to be the predominant DNA methylation
pathway that is altered in cancer. We predict that findings from studies in zebrafish embryos
will provide a unique perspective to our understanding of the regulation and function of the
factors that control DNA methylation.

Maintenance DNA methylation requires two factors: DNMT1, which catalyzes the
methyltransferase reaction on the unmethylated cytosine of the CpG pair, and UHRF1,
which recruits DNMT1 to the DNA (Bostick et al., 2007; Sharif et al., 2007) and flips the
methylated cytosine of the parental strand out of the way so that DNMT1 can access the
unmethylated cytosine on the opposite strand (Arita et al., 2008; Avvakumov et al., 2008;
Hashimoto et al., 2008; Qian et al., 2008). Zebrafish dnmt1 and uhrf1 mutants are strikingly
similar. Embryos depleted of Dnmt1, either by morpholino injection (Rai et al., 2006) or
mutation (Anderson et al., 2009), have developmental defects in the eye (Rai et al., 2006;
Tittle et al., 2011) and endodermal organs (Rai et al., 2006; Anderson et al., 2009). The early
stages of development of these tissues are normal, but failure in their growth and
morphogenesis is accompanied by massive apoptosis (Rai et al., 2006; Sadler et al., 2007;
Anderson et al., 2009; Tittle et al., 2011). This is strikingly similar to the phenotype in uhrf1
mutants (Sadler et al., 2007; Tittle et al., 2011) but different from the phenotype induced by
morpholino knockdown of dnmt3 (Rai et al., 2010a). Although there are many similarities
between uhrf1 and dnmt1 loss in zebrafish, some embryos with simultaneous mutation of
both genes display a more severe phenotype than either mutant does alone (Tittle et al.,
2011). Therefore, while it is likely that Dnmt1 serves a single, primary function in
maintenance DNA methylation, Uhrf1 has been implicated in mediating other epigenetic
marks, and therefore could have multiple, Dnmt1-independent roles in the embryo.

It is difficult to envision how studies using whole embryos, which are rapidly undergoing
development, may be used to probe biochemical interactions between different chromatin
modifying enzymes. However, epistatic interaction analyses in zebrafish embryos
demonstrate that the phenotype caused by loss of Dnmt1, but not Dnmt3, can be reversed by
providing excess of the histone methyltransferase, Suv39h1 (Rai et al., 2006, 2010a), which
catalyzes the repressive H3K9 methylation mark in heterochromatic regions (Peters et al.,
2001). Conversely, a different histone methyltransferase G9a, which also trimethylates
H3K9, but selectively in euchromatic regions (Tachibana et al., 2001), acts downstream of
Dnmt3 and rescues the brain and retinal defects induced by dnmt3 knockdown (Rai et al.,
2010a). This suggests that the phenotypic consequences of wiping out DNA methylation
may not be directly due to the methylation defect, per se, but instead could be a secondary
consequence of altered histone methylation.

Transgenesis in zebrafish is a widely used and excellent means of marking cells of interest
by expressing a fluorescent protein, for labeling subcellular structures with fluorescent
proteins and for expressing proteins that may alter a developmental process. Transgenic
reporters that are silenced by DNA methylation are being used to examine mutants which
fail to methylate DNA (Goll et al., 2009; Feng et al., 2010a; Akitake et al., 2011), including
dnmt1 (Anderson et al., 2009) and uhrf1 (Feng et al., 2010a). Such tools will make it
possible to carry out screens for other modifiers of DNA methylation.
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Histone Acetylation and Deacetylation
Histone deacetylation is carried out by HDACs and is typically associated with gene
silencing. Histone acetyltransferases (HAT) act to neutralize the positively charged lysines
on the tails of core histones (Fig. 1) and reduce the interaction between histones and DNA.
This forces the chromatin into an open configuration that allows transcription factors to
more easily bind their target sequences. There are four different HDAC classes. HDAC1 and
HDAC3 are nuclear proteins that belong to class I. Their ability to remove acetyl groups
from the lysines of histone tails is well defined but it must be noted that they can also
deacetylate other nonhistone proteins.

Newly synthesized histones are acted on by HATs just after synthesis in the cytoplasm and
are then deacetylated when they are incorporated into the nucleosome. Mutation of the HAT,
myst3, in zebrafish causes patterning defects in the facial skeleton (Miller et al., 2004;
Crump et al., 2006). The myst3 phenotype is thought to result from the inappropriate
acetylation and silencing of hox genes. Interestingly, expression of these genes and the
skeletal defects are partially rescued by incubating myst3 mutants in an HDAC inhibitor
(HDACi) (Miller et al., 2004). Although non-histone acetylated proteins could contribute to
this rescue of the myst3 phenotype, these data underscore the importance of proper histone
acetylation in regulating tissue development.

Mutants, morphants, and inhibitors have been used to investigate the role of histone
deacetylation in zebrafish development. An increase in global histone acetylation is
observed in all of these cases (Fig. 2A; Noel et al., 2008). Many hdac1 mutant alleles have
been identified in screens for embryonic essential genes (Amsterdam et al., 2004),
hematopoietic stem cells (Burns et al., 2009), development of the liver, pancreas (Noel et al.,
2008), retina (Stadler et al., 2005), neural crest (Nambiar et al., 2007; Harrison et al., 2011),
and oligodendrocytes (Cunliffe and Casaccia-Bonnefil, 2006). Among other phenotypes,
hdac1 mutants have a small liver and expanded foregut (Noel et al., 2008), raising the
intriguing possibility that alterations in chromatin structure as a result of persistent histone
acetylation directs cell fate decisions.

hdac1 morphants phenocopy most mutant alleles, although in several cases morphants have
a more severe phenotype (Cunliffe, 2004; Pillai et al., 2004; Stadler et al., 2005; Yamaguchi
et al., 2005; Harrison et al., 2011). This demonstrates that both maternally and zygotically
provided Hdac1 contributes to embryonic development. The phenotypes of hdac1 mutants
and morphants reflect the first developmental events that require Hdac1 activity. On the
other hand, HDACis provide the flexibility of blocking Hdac activity at any stage of
development and reveal stage-specific functions. For instance, adding the HDACi valproic
acid (VPA) to early embryos at 6 hpf results in a small liver phenotype (Fig. 2A) but adding
it later at 72 hpf does not (Farooq et al., 2008). This indicates that the VPA target is required
for an early stage of hepatic development. As RNA encoding hdac3 can rescue the
phenotype of VPA treated fish (Farooq et al., 2008), it is possible that VPA in zebrafish
embryos has a more potent effect on Hdac3 than on Hdac1. Together, these data indicate
that histone deacetylation is required for embryonic development and that the liver is
particularly sensitive to the loss of HDAC activity.

Histone Methylation
Histone methylation marks can be repressive (i.e., H3K9me3 or H3K27me3) or activating
(i.e. H3K4me3), depending on the lysine or arginine that is modified and to what degree
(Fig. 1). These marks are complex and their regulation, interplay and, in some cases, even
their functions are not fully understood. Moreover, some genes contain methyl marks that
are both activating and repressing. Additionally, unlike the broad-action of enzymes that add
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or remove acetyl groups, histone methyltransferases demonstrate high specificity. The three
groups of histone methylation enzymes consist of SET domain lysine methyltransferases,
non-SET domain lysine methyltransferases, and arginine methyltransferases (Trievel, 2004).

Several methylated histone residues have been reported in zebrafish, including those
associated with gene activation (H3K4me3 and H3K36me3) and repression (H3K9me3 and
H3K27me3). Two recent genome wide studies comparing the histone methylation patterns
in mammalian embryonic stem cells and in zebrafish embryos during genome activation
have revealed many similarities (Lindeman et al., 2010a; Vastenhouw et al., 2010). As
expected, H3K4me3 marks were primarily associated with promoters of activated genes,
while H3K27me3 marks were associated with silenced genes. Additionally, many genes
were marked with bivalent chromatin, possessing both activating and repressing (H3K4me3
and H3K27me3) histone marks (Lindeman et al., 2010a; Vastenhouw et al., 2010). Such
genes are restrained in the off state poised for activation and are associated with
transcriptional regulators and signal transducers involved in development (Lindeman et al.,
2010a; Vastenhouw et al., 2010). In contrast, a collection of repressive marks accumulate on
genes that become silenced during terminal differentiation. These studies add to the
emergent appreciation that histone methylation marks can have different effects on gene
expression depending on the cellular and developmental context. In addition, they
demonstrate for the first time that the chromatin modifications in the transiently pluripotent
cells of an embryo are similar to that of permanently pluripotent embryonic stem cells.

Similar to the changes in histone methylation marks during genome activation, there are
massive changes in these marks during tumorigenesis. A study in zebrafish found that
melanoma tumors were enriched in certain repressive histone marks (H3K9me3, HP1),
when compared with nontumor tissue. Meanwhile, they found decreased levels of the
activating histone marks, H3K4me3 and H4K20me2, when compared with normal skin
(Anelli et al., 2009), supporting the notion that there is a global increase in repression of
gene expression in tumors due to changes in chromatin marks. Approaches that manipulate
the histone methyltransferases required for these marks will further elucidate their
contribution to tumor onset or progression and may indicate the use of targeting these
enzymes to treat melanoma.

EPIGENETICS, LIVER DEVELOPMENT, AND CANCER
It is likely that a set of genes which drive hepatocyte proliferation under physiological
conditions—such as hepatic outgrowth in embryos or regeneration in adults—will be co-
opted by cells as they undergo malignant transformation. Studies in zebrafish have clearly
identified requirements for DNA methylation, histone deacetylation, and histone
methylation during liver development (Fig. 2A; Rai et al., 2006; Sadler et al., 2007; Farooq
et al., 2008; Noel et al., 2008; Anderson et al., 2009; Rai et al., 2010a). Interestingly, the
phenotype in uhrf1 mutants is attributed to a combination of decreased proliferation and
increased apoptosis (Sadler et al., 2007). We find the same effect in human cancer cells
depleted of UHRF1 (Tien et al., 2011). Many types of cancer, including HCC express very
high levels of UHRF1 (K.C. Sadler and J. Llovet, unpublished data). Thus, inhibiting
UHRF1 may be an effective target for chemotherapeutic agents aimed at killing cancer cells
(Bronner et al., 2007; Unoki et al., 2009).

The mechanisms by which interfering with epigenetic modifications halt cell proliferation or
induce cell death are unknown. One possibility is that tumor suppressors and proapoptotic
genes require epigenetic mechanisms for their silencing, and when DNA methylation or
histone acetylation is depleted, these genes are activated. Consistent with this possibility, our
preliminary data demonstrates that caspase 8 transcription increases in uhrf1 zebrafish
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mutants (R. Mudbhary and K.C. Sadler, unpublished data) and Caspase 8 is also required for
cancer cell apoptosis caused by UHRF1 depletion (Tien et al., 2011) in human cancer cells.
Alternatively, stripping the genome of DNA methylation or loading the chromatin with
acetylated histones may trigger a cellular response that initiates cell death. Indeed, cells
depleted of DNMT1 and thus DNA methylation undergo mitotic catastrophe (Chen et al.,
2007) via a mechanism that is likely unrelated to gene transcription and supports the
hypothesis that massive alterations to the epigenome may trigger a response similar to a
checkpoint.

Zebrafish provide a useful whole animal vertebrate system to differentiate between these
possibilities and hold the promise of identifying new players that regulate hepatocyte
proliferation. The future potential of this system may extend to developing models of liver
cancer that could be used for screening candidate drugs that target the epigenome.
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Figure 1.
Modifications of the tails of histones play an important role in regulating gene expression.
This figure demonstrates some of the better studied histone modifications on the tails of
H2A, H2B, H3, and H4. Those in green are activating marks, in red are repressive marks,
and in gray are those that are unknown.
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Figure 2.
DNMT and HDAC inhibitors disrupt zebrafish embryogenesis and liver development. (A)
Zebrafish embryos treated with VPA or 5-Aza develop small livers. VPA treatment starting
at 6 hpf delayed the appearance of the liver on day 3 and resulted in 100% of the affected
embryos displaying a small, ball-shaped liver. 5-Aza treatment at 1.5 hours resulted in 50%
mortality (not shown). The majority of survivors (84%) display a smaller, misshapen liver.
(B) Treatment of zebrafish embryos at 6 hpf with 20 μM VPA results in increased acetylated
histone H3 (Ac-H3) at 5 dpf. (C) Treatment of zebrafish embryos with 5-Aza at 1.5 hpf
results in a global loss of DNA methylation. The methylation sensitive (HpaII) and
methylation insensitive (MspI) enzymes were used to assess changes in methylation levels
in untreated and 5-Aza treated embryos. The smear in the HpaII lane of the 5-Aza treated
embryos indicates increased digestion of the DNA, reflecting decreased methylation.
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TABLE 1

Zebrafish orthologs and mutants lines of key epigenetic modifiers

Human gene Zebrafish ortholog Zebrafish mutant

DNA methyltransferases

DNMT1 dnmt1 dandylion

DNMT3A dnmt8, dnmt6

DNMT3B dnmt3, 4, 5, 7

Histone acetyltransferases

HAT1 hat1

CREBP crebbp a, crebbp b

MYST 1–4 myst 1–4 moz

KAT2A kat2a

KAT5/TIP60 zgc:92510

Histone deacetylases

HDAC1 and 2 hdac1 hdac1

HDAC3 hdac3

Others

UHRF1 uhrf1 uhrf1

BRPF1 brpf1 brpf1
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